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Abstract

In this study, a series of carboxylic acid functionalised pyrrole derivatives and ferrocene- and
ruthenocene-containing dipyrromethanes were synthesised. Porphyrin complexes bearing a
mono-carboxylic acid functional group in the B-position as well as ferrocene or ruthenocene in

the -5-, or -5,10-, or -5,15- meso positions have been prepared from these pyrrole derivatives.

A series of metal-free tetraphenylporphyrins containing nitro, amino or carboxylic acid
functiona groups on the para position of one of the phenyl rings were synthesised from pyrrole
and a substituted benzaldehyde. In addition, a series of metal-free porphyrins containing an
electron-withdrawing CF3 group in the ortho, meta or para positions of a phenyl group in one or
two of the four meso porphyrin position as well as three or two electron-donating ferrocenyl or
ruthenocenyl group in the other meso porphyrin positions were synthesised though a modified
statistical condensation procedure of a substituted dipyrromethane and an appropriately
functionalised benzaldehyde. Copper and nickel were also inserted into the cavities of these
porphyrins. Techniques to synthesise water-soluble polymers bearing a porphyrin side chain
were also developed. All complexes were fully characterised inter alia with *H NMR, IR and

UV /vis spectroscopic methods and by electrochemical studies.

The new porphyrins described in this study may enhance cancer therapy by synergistic effects
between the chemotherapeutically active metallocene groups and the photodynamically active
porphyrin macrocycle. The availability of water-soluble porphyrins via the water-soluble
polymeric drug delivery systems synthesised in this study may enhance clinical administration of
these new antineoplastic drugs to patients.

Electrochemical studies reveaed that all ferrocene-containing porphyrins exhibited chemically
and electrochemically reversible one-electron transfer steps for the Fc/Fc' couple. Because of the
use of [NBu4][B(CsFs)4] as supporting electrolyte, an electrochemical reversible Rc/Rc” couple
could be identified, rather than the usual irreversible Cp,Ru"/Cp,Ru' couple. The metallocene-
free porphyrins exhibited two one-electron oxidation waves as well as two one-electron
reduction waves. The metallocene-containing porphyrins exhibited only one one-electron

oxidation wave; the second went-off scale in the potential window that CH,Cl, as solvent allows.



ADF guantum chemica computations were performed on peripherally and non-peripherally
substituted phthalocyanines to optimise gas phase structures and to generate theoreticaly
predicted UV/vis spectra. The result indicated that DFT calculations could be utilised to design a
phthalocyanine that possesses Q-band Amax Values in its electronic spectra that is red-shifted
enough to render the phthalocyanine appropriate for application in photodynamic therapy of

cancer.

Keywords. Porphyrin, pyrrole, dipyrromethane, ferrocene, ruthenocene, polymer,
electrochemistry, ADF, DFT and phthal ocyanine
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Chapter 1

|ntroduction and aims of study

1.1 Problems associated with chemotherapeutic drugs

Cisplatin is probably the most successful metakaioing chemotherapeutic drug that was used
in resent times.It showed among others almost 100% cure ratesqisigavarian and testicular
cancers.However, most if not all anticancer drugs, or patdly useful antineoplastic material,
suffer from many negative side effects which eitharits or exclude their use in clinical
chemotherapy. For cisplatin, these negative sidectf includeinter alia poor agueous
solubility, high toxicity especially to the kidneysd bone marrowijt induces loss of appetite
(anorexia) and the metastatic nature of cancer cells quitddyls to the development of drug
resistance after combined drug dosageaddition, cisplatin, like many other chemothmratic
agents, is itself moderately carcinogenic and cauide, for example, lung cancer in a patfent.
Furthermore, chemotherapeutic agents are actuaipps. The defence mechanism of the body
recognise them as such and try to remove themsagagapossible. A high rate of excretion from

the body, however, often proves to be very detrialean chemotherapy.

For cisplatin, the 50% lethal dosage applicable to mice is 1l4kgdlody mass of the test
animal, the optimum doses is 7 mg/kg but at 3 mgikgdrug has no effect. Bearing in mind that
the biphasic excretion rate of cisplatin from tlelypis such that 50% of the initial administered
dose is removed by the reticuloendothelial systathinv20 hours, and that 70% of the initial
amount of administered drug is excreted within bQrs? it is obvious that in order to actually
obtain a beneficial effect in chemotherapy, an dese of the cytotoxic agent must be
administered to a patient. This explains the mamegative side effects associated with
chemotherapy. The most important limiting factor thee clinical use of most, if not all,
chemotherapeutic drugs is associated with the linalwf the drug to distinguish between
healthy and cancerous ce€llsTo combat these negative aspects associated wihy m
chemotherapeutic drugs, new antineoplastic mataral continuously being synthesised and
evaluated? combination therapy has been investigated in tbpehof finding synergistic
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effects;* completely new ways of fighting cancer, such astpthynamic cancer therapyjs
being investigated, and new methods of deliveringaative drug to a cancerous growth are

being developet.

1.2 Photodynamic therapy of cancer

Photodynamic therapy is a promising treatment forasety of oncological, cardiovascular,
dermatological and ophthalmic diseaSeBhotodynamic cancer therapy is based on the use of
photosensitisers, which are preferentially takenang/or retained by diseased tissue. Upon
photoactivation with visible light at the appropeawavelength, the generation of cytotoxic
species, such as reactive singlet oxygen, leadsetersible destruction of the treated tisSue.
Compared to current cancer treatments includingesyr radiation therapy and chemotherapy,
photodynamic therapy offers the advantage of aectffe and selective method of destroying
cancerous tissue without damaging surrounding Ine&iksue, because one can target the tumour
sight by mechanically aiming the activating ligleian at the cancerous growth.

The tumour-targeting properties of porphyrins areown to be dependent on their
hydrophobicity and hydrophilicity balance. In geadeinsolubility of most porphyrin derivatives
in aqueous solution causes serious problems irodicdl applications, but some amphiphilic

porphyrins are known to selectively accumulateumaur cells.

Today, Photofrin I, a purified hematoporphyrin igdative, is the most commonly used
photosensitiser and it is the only drug approvedhsy Food and Drug Administration for the
treatment of superficial bladder cancer in Canada @arly lung and advanced oesophageal
cancers in the Netherlands and Japan. Howeverpffimotl, a first generation photosensitiser,
suffer from several drawbacksFirstly, it is a complex mixture of several palftiaunidentified
porphyrins that show a poor selectivity in termgarfjet tissue/healthy tissue ratios. In clinical
terms this means the photodynamic therapy selgcimdex of Photofrin 1l is small. Secondly,
Photofrin’'s low extinction coefficients in the rddyht region f@ > 630 nm) require the
administration of relatively large amounts of drtgy obtain a satisfactory phototherapeutic

response. Furthermore, the absorption maximum ofd®in is at a relatively short wavelength
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(around 400 nm). At this wavelength, light penetsasery weakly into body tissue. Light of 630
nm or longer penetrates deep in body tissue. in@hotofrin 1l has a high accumulation rate in
skin, which induces a prolonged cutaneous lighagéinsitivity lasting for up to 6—8 weeks after
photodynamic treatment. During this post-treatmpertod, patients have to stay out of sunlight
to avoid a severe sunburn reactibthe problems encountered with Photofrin I, haad to the

development of so called second generation of [eoitisers such as new porphyrin

derivatives phthalocyanine&, naphthalocyanines and chlorifis.

These new compounds have the advantage of beirg gnot well characterised. They are
effective generators of singlet oxygen and havieang absorption peak in the range of 650-800
nm wavelength at which light penetration in tissienhanced. In addition, their high selectivity
for diseased tissues leads to a better ratio ebdisd to healthy tissue drug uptake. The relatively
fast elimination from the body of these drugs fraon-cancerous cells and body regions also
limits side effects. However, most of these phatsgesers are hydrophobic. This hydrophobic
nature may be an important factor affecting thégvemtial accumulation in cellular hydrophobic
loci since these molecules must be able to getdelis by crossing lipid membran&ddowever,
due to their minute solubility in water, intravesodrug administration is greatly hampered.
Thus, it is necessary to develop suitable delivarstems such as oil-dispersions, liposomes,
polymeric particles (nanoparticles and micropaesglor hydrophilic polymer—photosensitiser
conjugates. Moreover, to enhance the specific @pthly targeted tissue and improve
photodynamic therapy efficiency, other conceptaigigphotosensitiser complexed with serum
lipoproteins or conjugated with specific monocloaatibodies or other specific tumour-seeking

molecules have been developed in recent years.

1.3 Advantages of polymeric drug delivery devices

Regarding drug delivery devices that will improvancer cell specificity of a drug during
chemotherapy, what is needed, is a transportingcelewhich actually behaves as a shield or
protective envelope into which the drug may be gdiadVhile attached to, or absorbed by this
transporting device, the drug should be totallyrtinen a biological environment. The

administered transport device, with the drug atddo it, should then be capable of utilizing the
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bodies’ central circulation department to be dmtted through the body in order to reach and
gain access to a cancerous growth without beinggreézed as undesirable by the bodies’ own
defence mechanism, the reticuloendothelial systeanmake use of the blood to be distributed
through the body implies the carrier device mustvb# water-soluble. The carrier device should
further be capable of distinguishing between hgatthd cancerous cells, that is, it should be
absorbed by cancer cells only, not by healthy céllace internalised by cancer cells, the
payload of the drug must be separated from theéecaand delivered as a free drug in the cancer
cell interior. This implies that the bond keepirge tdrug and the carrier together should be
biodegradable. The controlled release of the dnsgle the cancer cell should in principle serve
to activate it and allow the drug to destroy or dgethe DNA of cancer cells in a way that is

sufficient to cause cancer cell death.

A good candidate for this ideal drug-delivering idevis a water-soluble polymeric drug carrier.
Some of the properties that should be built int@ tgholymeric drug carrier includes
biocompatibility, water-solubility, it must havelarge amount of drug attachment sites which
must allow easy drug-polymer coupling reactionshwitt side reactions to generate a
biodegradable bond between drug and polymer, it imaxge a sufficiently large molecular mass
to prevent quick excretion from the body (the thmdd for eliminationvia the kidneys isca.
70000 g mof) yet it must itself be biodegradable to allow migite elimination of the spent
polymeric carrier from the body after its payloddioug has been delivered to the target site and

it must be non-toxic, non-antigenic or non-provogatn any other respect.

By covalently anchoring the drugs on suitable pdayim drug carriers possessing water-

solubility, the drugs may be rendered water-solubke well. In addition, the clinical

administration of poly-bound drugs may significgrghhance therapeutic effectiveness in terms

of:

a. Accelerated and unencumbered drug distributioménaqueous central circulation system of
the body, thereby reducing the risk of prematuigragation and excretion.

b. Cell entryvia endocytosis — a cell penetration mechanism gdgeusavailable to non-
polymeric compounds, but highly desired for drugsrating intercellularly.

c. Restriction of drug concentration to the gap betwiegic and minimum effective levels.

d. An enhanced depot effect through delayed drug sel&am the polymer drug conjugate.
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1.4 Aimsof thisstudy

With this background, the following goals were fegtthis study:

1. Synthesis of a series of Cu and metal-im@so and/orp-carboxylic acid functionalised
meta-substituted tetraarylporphyrins, where aryl = deenyl, ruthenocenyl or a

substituted phenyl group.

-
- -~

electron-donating R ~
group,M=FeorRu @ \

B-pyrrole positions

meso
position

electron-withdrawing ~~~~=-=-~
group

Figure 1: A. Structure of a porphyrin indicating the&so andp-pyrrole positions where carboxylic acid substitisen
may be introducedB. An example of a porphyrin structure substitutédtree meso positions with electron-
withdrawing 3-trifluoromethylphenyl and electronsdding metallocenyl groups.

2. Synthesis of a water-soluble, biodegradable polierdrug carrier capable of undergoing
coupling reactions to bindmeso or B-carboxylic acid-functionalised porphyrin
derivatives.

3. Development of suitable procedures to allow anctwprithe carboxylic acid
functionalised porphyrins of goal 1 on the watdubte polymeric drug carriers of goal
2. The water-soluble polymeric devices will be wmaqin that neutral porphyrins
normally are totally insoluble in water.

4. Synthesis of porphyrins with electron-donating aeectron-withdrawing substituents
(Figure 1B). This will be attempted because previous stubage showmnt-conjugated
systems bearing simultaneously electron-donatingtalfoeenyl and electron-
withdrawing fluorinated groups show enhanced antiea activity*

5. Investigation of the electrochemical propertieshef synthesised porphyrin derivatives of
goal 1 and 4 and of the polymer-bound porphyrinvdérves of goal 3. Unique to this
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will be the opportunity to study aqueous electrocistry of neutral porphyrine once they
are bound on a water-soluble polymeric system.

6. Utilisation of Density Function Theory calculations deduce theoretical UV/visible

spectrums of zinc- and nickel-coordinated periphara non-peripheral phthalocyanine
derivatives. The experience and knowledge thusirddawill enable us to predict if the
Q-band UV/vis absorption maximum of yet unsynthegi€ompounds is red-shifted
enough to potentially have peak maximums at wagthenlonger than 630 nm. If so, it
will imply potential useful photodynamic anticancactivity. If not, time will not be

wasted to synthesise compounds that, due to sheaiezlength Q-band maximums, will

be very ineffective or useless as photodynamicatteutic agents.
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Chapter 2

Literature Survey

2.1 Nomenclature and reactivity

Porphyrins are aromatic macrocycles containingtal tof 22 conjugatedt electrons, 18 of
which are incorporated into the delocalised pathwagccord with Huckel’'s [4n + 2] rule for
aromaticity (n = 4). The porphyrin corg, is made up of four pyrrole units linked by methin

bridges with a central cavity sufficiently largedoordinate most metal ions.

pyrrole position
g 17 18
methine
.~ group
13 2
12 3 1
10
9 meso
a-pyrrole ¥ position
carbon 8 7

Figure 2.1: Numbering scheme used for porphyrihs,

One or two of the peripher@f3 double bonds of porphyrins can undergo additi@ettiens to
form chlorins 2, bacteriochlorins3 or isobacteriochloringl, without substantial loss of the
macrocyclic aromaticity. The positions at the pgmoh periphery available to undergo, for
example, electrophilic aromatic substitution, afee tunsubstitutedp-pyrrolic positions
2,3,7,8,12,13,17 and 18 and the fowso positions 5,10,15,and 20 in

~

-7 2 ~7 3 -7 4

Figure 2.2: The structures of chlorip, bacteriochlorir8, isobacteriochlorir.
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2.2 Applications of Porphyrins

2.2.1 General

Porphyrins and their derivatives are well knownraeteric macrocycles that, owing to their
expanded aromatig-electron system, display unique physical and chahproperties.? The
use of porphyrins as light harvesters on semicaiogsids particularly attractive, given their
primary role in the photosynthesis and the relagiase with which a variety of covalent or non-
covalent porphyrin arrays can be construét&bhme metalloporphyrins have been tested on
TiO, semiconductors as light or energy harvesting coraptsand reasonable effectiveness
have been measuréd.

Porphyrins and related tetrapyrrolic macrocyclesy @ number of essential roles in biological
systems such as energy migration, electron trankfgat harvesting, dioxygen transport and
substrate transformationThe significance of these biological processesdtiasulated intense
efforts in the synthesis of the new porphyrins dhneir metal complexes, with the aim of
developing model systems for carrying out similadustrial functions. As a result, synthetic
porphyrins and metalloporphyrins have found manpdrtant applications in various fields,
including homogeneous catalysis, controlled polysyatthesis, novel functional materials, and
photodynamic cancer therapy.

Some porphyrins and metalloporphyrins are known tggemsitisers and are used in
photodynamic cancer therdp§ and solar energy transfer researéhlue to their efficient
absorption of light. With their highly delocaliset-electron systems, porphyrins and
metalloporphyrins have also found a broad spectfiapplications in biological cataly$iand
electron transfer systentfs'* Attaching electron-donating or electron—withdragvgroups to the
porphyrin ring implies that significant electromeanipulation of the porphyrin electron cloud
should be possible. However, spectroscopic studiisate that the electronic manipulation in
tetraphenylporphyrin is limited byara-phenyl substituents.

Porphyrins with strong electron donor and accegteups have found applications as second-
order non-linear optical systefisThis generates the promise that asymmetricallystiubed
porphyrins bearing simultaneously electron-donatiegrocenyl and electron-withdrawing
fluorine substituents may have interesting chemiaéctrochemical and other physical

properties (goal 4 and 5, Chapter 1).
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2.2.2 Photodynamic therapy in cancer

2.2.2.1 Photoreaction process

Photodynamic therapy is a method of cancer tredtriert uses the combination of a dye (a
photosensitiser) and light to generate reactivegeryspecies, most prominently singlet oxygen,
to damage unwanted tissue or célls.
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5 " Ic -
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Figure 2.3: Modified Jablonski diagram. Diagram from L. B. dfsen and R. W. Boyld/letal-Based Drugs, 2008
Article ID 276109. ISC = intersystem crossing, |@hternal conversion.

The photo-physical process involved in photodynatimézapy is illustrated ifrigure 2.3" The
ground electronic state of the photosensitiser snglet state (§. On absorption of light of
appropriate wavelengths, the photosensitiser igexk¢o the short-lived electronically excited
singlet state (§ composed of a number of vibration sub-levels)(S'he photosensitiser can
lose energy by rapidly decaying through these subl via internal conversion (IC) to
populate the first excited singlet state)(®efore quickly relaxing back to the ground si{&g.
The decay from the excited singlet statg (8 the ground state ¢Sis via fluorescence. Singlet
state lifetime of excited fluorephores are veryrstfoy = 10°-10° seconds) since transitions
between the same spin states {S &) conserve the spin multiplicity of the electrondan
according to the Spin Selection Rules, are theeefmmsidered “allowed” transitiohg® °
Alternatively, the $ exited photosensitiser can undergo spin inveraiwh populate the lower-
energy first excited triplet state {jTvia intersystem crossing (ISC). This transition isnspi
forbidden, according to the spin selection rulag, @ good photosensitiser has nevertheless
high triplet state yield. ThejIstate is sufficiently long-lived to take part ihemnical reactions,



12 Chapter 2

for example the conversion of triplet oxygen tog#h oxygen, and therefore the photodynamic
action is frequently mediated by the-State. The excited electron can then undergo ansec
spin-forbidden inversion and depopulate the excitgdet state (T) by decaying back to the
ground state (§ via phosphorescence {F> &). Owing to the spin-forbidden triplet to singlet
transition, the lifetime of phosphorescente= 10°-1 seconds) is considerably longer than that

of fluorescence.

There are two types of photodynamic reactidn§ype | photoprocesses are electron or
hydrogen-transfer reactions between the photosensitiser and other molecules. These
processes produce reactive intermediates that armfll to cells, such as superoxide,
hydroperoxyl, and hydroxyl radicals, as well astogtn peroxide. The photosensitiser usually
returns to the &state during the Typlephotoprocesses. The tyflephotoprocess is an electron
spin exchange between thephotosensitiser and a (specific) molecule. In ptighamic cancer
therapy this molecule is triplet oxygei®,. It produces the cytotoxic first excited singl&ite

of oxygen tO,, lAg), while the photosensitiser returns to thestte.’O, is regarded as the
main mediator of phototoxicity in photodynamic tyey. Typel andll reactions both cause
oxidation of biomolecules in the cell. Becauseghetosensitiser returns to thg-&ate in these
reactions, it can generate a wide range of reactitermediates at different concentrations.
Eventually, however, the photosensitiser is degtathy light. This process, known as
photobleaching, can result from reactions of typer type ll. Porphyrin derivatives are

commonly regarded as first generation photoserssti®r photodynamic therapy.

2.3 Synthesis of porphrins

2.3.1 General

The synthesis of porphyrins provides the foundafmnstudies across a broad spectrum of
scientific disciplines. A recurring theme in thenthyesis of porphyrins involves the arrangement
of diverse substituents in specific patterns altbet periphery of the macrocycle. Synthetic
control over the molecular entities attached atpbmhyrin periphery enables porphyrins to be
designed and tailored for specific applicationsoTdistinct substituent patterns are possible by

substituting porphyrins at thB-pyrrole or meso positions Figure 2.1). The B-substituted
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porphyrins closely resemble naturally occurringpbyrins. Themeso-substituted porphyrins
have no direct biological counterparts but haventbwide application as biomimetic models
and as useful components in the materials industhe popularity ofmeso-substituted
porphyrins stems from their ease of synthesis andnability toward synthetic elaboration.
One-pot synthetic methods can be used to prepamesa-substituted porphyrin from an
aldehyde and pyrrole. With respect to this rese@rcigram, porphyrins substituted on fBe
pyrrole andmeso positions were synthesised and investigated (doalsd 4, Chapter 1).

2.3.2 Meso substituents tetraaryl porphyrins

The substituents at th@eso-positions can include alkyl, aryl, heterocycliec, @ganometallic
groups, as well as other pophyriMdeso-substituted tetraarylporphyrins, in particularpyde
versatile building blocks for creating 3-dimensibaachitectures. The challenge of creating
more elaborate structures has prompted the develofpof a variety of methods that go beyond
one-pot methods and enable the stepwise synthepisrhyrins having designated patterns of
meso-substituents.

There have been synthetic needs that promptedhtrdevelopment of a strategy for the
synthesis ofmeso-substituted porphyrins using a sequential proagissondensation and
oxidation steps. Mild reaction conditions were ddum an attempt to achieve equilibrium
during condensation, and to avoid side reactiorallisteps of the porphyrin-forming process.
Perhaps the most successful method that was dexetger the period 1979-1986 is shown in
Scheme 2.1 This approach was implemented as follows: A swoutof pyrrole and
benzaldehyde (each 10 mM) in dichloromethane amrdemperature was treated with
trifluoroacetic acid (TFA) or Bietherate. The ensuing condensation was foundvial [aff
after 30-60 minutes. Then in a second step, ahstoretric quantity of the oxidants 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) prchloranil was added, causing conversion at
room temperature of the porphyrinogénto the porphyrin9.

Purification by chromatography afforded metal-ftegaphenylporphyrin, 2H(TPP) in yields of
35-40%* *° This two-step one-pot room-temperature synthessstieen referred to by others as
the Lindsey method. The reaction was found to ke gensitive to concentration. At a fixed
concentration of acid catalysts (1 mM 8A0 mM TFA), the highest yields (35-40%) were
obtained with 10 mM benzaldehyde and pyrrole. Tieédylowered by about a factor of two at
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100 mM and 1 mM reactantsThe lower yield at higher concentrations couldbeially offset

by the use of increased quantities of acid cataRst example, at 100 mM benzaldehyde and
pyrrole, the yield reached 23% with 1 mM Bétherate, 30% with 3.2 mM and 29% with 10
mM BF;-etherate. These values are all less than the 3o3y4€ld obtained at 10 mM reactants
in dichloromethane with Bfetherate or 10 mM trifluoroacetic acid (TFA) cats? The
reaction is also sensitive to the concentratiothef acid catalyst. For 10 mM reactants;BF
etherate was found to be effective at 1 mM whil@TEquired a higher concentration of 20-50

mM 19

CHaCly, 25 °C

R / \
H o)
6 OH
cl CN cl CN
3 3
cl CN cl CN
o OH
7 8

Scheme 2.1Two-step one-flask room-temperature synthesimasb-substituted porphyrins.

I\ TFA or BFgetherate
4 + 4 RCHO -

CHaCly, 25 °C

o1 I—2Z

DDQ, 7, is a widely used dehydrogenation agent (oxidgwdjticularly for fused carbocyclic
ring systems: The oxidation invariably involves one or more bgiz sites, yielding an
aromatic product. Each of thmeso-positions in the porphyrirg, is benzylic and the ultimate
oxidation product, the porphyrin9, is a stable aromatic compound. Partially oxidised
porphyrinic intermediates generally are not isaafdess than a stiochiometric amount of the
quinine is used. DDQ is a 2@H" oxidant and the porphyrinogen is an octahydropgiptbut
only six of these H-atoms must be removed to géaagoorphyrinogen. Hence, three DDQ
molecules are required per porphyrinogen for stardletric oxidation. The rate of oxidation
increases with the one-electron reduction potewofidhe quinone, and DDQ reacts 5500 times
more rapidly tham-chloranil in the dehydrogenation 1,2-dihydronapiéhe®* * The quinones,
particularly DDQ, have a number of other reactitimst can pose side reactions with various
substituted aldehydes, including oxidation of arsfh@nd alteration or cleavage of some
protecting group$’ The rapid reaction of DDQ with the porphyrinogan\ypdes the basis for a
simple means of monitoring the pyrrole-aldehydedemsation. Aliquotes are removed from the
pyrrole-aldehyde condensation solution, treatedaféew seconds at room temperature with a

solution of DDQ, then examined spectroscopicafly NMR and mass spectroscopy) to
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determine the yield of the porphyfh.The mild room temperature conditions of the
condensation steps are compatible with a broadtsateof aldehydes and pyrroles.

As part of this studymeso-tetraarylporphyrins, with aryl = ferrocenyl, rutlomenyl and
substituted phenyl groups bearing substituentsherorttho, meta or para positions have been

synthesised. Porphyrins functionalised onfthgyrrole position have also been synthesised.

2.3.2.1 Mono-aldehydes condensations

The wide availability and reactivity of aldehydeasables diverse porphyrins to be synthesised
without extensive multi-step synthesis of precussdfunctional groups incorporated in the
aldehyde unit give rise to convenient handles enprphyrin for further synthetic elaboration
and for binding porphyrins to other components.

Perhaps the most famous monopyrrole cyclisatioterta porphyrins involves the synthesis of
tetra-arylporphyrins, such as 5,10,15,20-tetraplpemghyrin, 12, from the reaction of pyrrole,

5, with benzaldehydg,0, (Scheme 2.2

DDQ

Ph Ph Ph Ph
(0]
DO — *
| H
H
5 10 Ph Ph Ph Ph
H H
H H
Scheme 2.2:Synthesis of 5,10,15,20-tetraphenylporphyii, The side productl1l (meso-tetraphenylchlorin), is
reduced by DDQ back tb2.

The route was first developed by Rothentérahd, after modification by Adler, Longo and
colleagues$; was optimised by Lindsey’s grodbThe crude product from Rothemund and
Adler/Longo approaches contaihbetween 5 and 10% afeso-tetraphenylchlorinll, which is

best converted tal2 by brief oxidatio?” of the crude product with 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ). The Lindsey method isva-step procedure which includes

formation of the porphyrinogen intermediate, folexhby treatment with DDQ as its last step.



16 Chapter 2

2.3.2.2 Mixed aldehyde condensations

Condensation of an aldehyde with pyrrole affords plorphyrin having four identicaheso-
substituents. Many applications call for porphyrinearing multiple substituents arranged
regiospecifically about the porphyrin periphery. éOsimple but only partially successful
approach toward this objective is through a mixkeblayde condensatiors¢heme 2.3 The
reaction of pyrrole with a mixture of two aldehydsords, in principle, a set of six products.
The six porphyrins derived from aldehydes A anch@ude the two parent porphyrins 4(A3,)
and the four mixed-condensed porphyringsBACis-A2B,, trans-AB,, AB3) as shown in
Scheme 2.3

B-CHO + pyrrole + A-CHO

AgB-porphyrin ABgz-porphyrin B4-porphyrin

Scheme 2.3The set of six porphyrins formed upon a mixed-ajdke condensation utilising two aldehydes.

Mixed-aldehyde condensations are expedient buegagit, replacing elaborate synthesis with
elaborate separation procedures. The separatiaimeoimixture of porphyrins is invariably
accomplishedvia chromatography. The ease of separation of thehyans hinges on the
following factors:

) The difference in polarity of the two typesraéso-substituents, and

i) the extent of facial encumbrance (aggregatiorparted by theneso-substituents.

The latter can modulate the interaction of the pgnm macrocycle with the chromatographic
medium?® The expected ratio of porphyrins in mixed-aldehyd@densation is given by the
binomial distributior? With a 1:1 ratio of aldehydes and assuming eqeaktivity, the
distribution is as follows: 4 6.25%; AB, 25%;cis-A,B;, 25%;trans-A,B,, 12.5%; AB, 25%;
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B4, 6.25%. The AB-porphyrin is often sought in the mixed-aldehydedaensation. The fraction

of AsB is maximised by reaction of a 3:1 ratio of aldééy A and B. Product distribution then
is A4, 31.64%; AB, 42.19%;Cis-A2B,, 14.06%;trans-A,B,, 7.03%; AB;, 4.69%; B, 0.39%%
Higher ratios shift the distribution toward the-porphyrin and the absolute amount ofBA
porphyrin declines. However, the ratio giving thghest isolated yield of M-porphyrin
depends on the actual reativities of the two aldebyas well as the ease of separation from the
mixture of porphyring® In practice, the isolated yields ogBxporphyrins in the Adler method
tend to be around 5%, reflecting the approximagf¢o overall yield of porphyrins and the

statistical distribution of the mixture of porphyrcomponents.

2.3.2.3 Functionalisation of meso-substituents

Functionalisation chemistry of porphyrins has ages with three types of model compound
classes: benzene, pyridine and alkenes. The prepamtke of electrophilic substitutions which
typifies benzene chemistry is a main feature in ¢hemistry of tetrawneso-arylporphyrins,
formally a 22t electron analogue of benzene (though only &ctrons are at any time in a
delocalisation pathway). Functionalisation roéso-tetraphenylporphyrin at the phenyl groups
can be achieved in two possible ways:
i) Direct functionalisation on themeso-positions of 5,10,15,20-tetraphenylporphyrin or
i) functionalisation of benzaldehyde followed by cgation to form the porphyrin
In contrast to octaalkylporphyrins, electrophilienttionalisation of tetra-arylporphyrins are
mainly restricted to modification of thf&carbons. Addition at aneso-substituted position can
also occur, leading to isoporphyrins, porphodime#iseand eventually to ring-opened products.
Because of the greater reactivity of the porphgmacrocycle compared with phenyl, only a few
electrophilic aromatic substitutions can take placthemeso-aryl groups.
Functionalisation of theneso-aryl groups are better performed prior to porphylermation.
Most functionalities on the starting aryl aldehy@eth the exception of acid sensitive groups)
are compatible with the condensation procedureeldped by Adler et &P *° and by Lindsey
and coworkers’
The susceptibility of porphyrins to attack by nughiles is analogous to that of pyridine.
Indeed, nucleophilic addition of alkyllithium reads takes place on inactivated free base or

metallated porphyrins leading to stable phloringldorines (dihydroporphyrins). Furthermore,
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B-substituted tetra-arylporphyrins readily undergeclaophilic aromatic substitution without
requiring any activation by electron-withdrawingogps. Methods to enhance the porphyrin
susceptibility toward nucleophilic attack includeoocdination with high valent metal
derivatives, steric crowding, and peripheral substn with electron-withdrawing groups.
Some of the first examples of nucleophilic addisi@m porphyrins took place on thetcation
radicals affording variousneso- and (-functionalised porphyrins. Reactions at the inner
nitrogens lone pairs, including protonation, alkigla, N-oxide formation and coordination to
Lewis acids are also similar to those of pyridiaegd therraromatic system is not involved in
these reactions. A variety of methods for functlmiag the porphyrin nitrogen core have been
published with a special emphasis on direct N-alkgh?>> * Partial isolation of double bons
at the porphyrin periphery shows many parallelshwite chemistry of simple alkenes and
explains the peripheral reduction, oxidation andgyelic reactions.

B-Substitution alters the chemical reactivatiedhatwarious pyrrolic positions of the macrocycle
thus allowing further regioselective modificatiof the porphyrin macrocycle. 2-Nitro-tetra-
arylporphyring will exemplify the phenomenon of bond fixation the porphyrin macrocycle
and the role played by the inner NH-tautomerisncamtrolling the aromatic delocalisation
pathway. The3-nitro®® group allows one 18electron pathway to predominate, thereby making
the macrocycle susceptible to both Michael additon antipodal electrophilic substitution.
Regioselective functionalisations occur principatly metal-free porphyrins bearing such a
bond fixing entity (electron-withdrawing groups,s&d aromatic rings). The predominant
tautomeric species N(22)H-N(24)H of free base ¢héx leads as well to a “fixed” aromatic

delocalisation pathway resulting in regioselecfivectionalisation’

Unsymmetrically substituted tetra-arylporphyrinsvéicbeen prepared by total synthéSisy
fixed condensation of the different arylaldehyded pyrrole which invariably leads to mixture
of porphyrins from which the desired one must bpasated. In contrast, there are a few
examples of directmeso-aryl functionalisation which could potentially tka&o pure single
compound unsymmetrical porphyrins.

Electrophilic meso-aryl functionalisations are usually performed undgrongly acidic
conditions in order to deactivate the macrocyclgimtonation of the nitrogens. Protonation of
the porphyrin ring by sulphuric acid deactivatese f-pyrrolic positions and directs
sulphonation to theneso-aryl groups $cheme 2.1 The tetra-ammonium or sodium salts [f (
sulphonatophenyl)porphyrirl4, were obtained in 60 to 75% yield from 2H(TPRY, after
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purification from inorganic contaminants by repeét precipitation from methanol/acetotie,
precipitation of insoluble calcium sulph#teor dialysis®® Hydroylsis of tetraneso-(p-
chlorosulphonylphenyl)porphyrinl 3, constitutes an alternative to these tedious ipatibn
procedures. Tetrmeso-(p-chlorosulphonylphenyl)porphyrin 13, is obtained by reacting

2H(TPP),12, with chlorosulphonic acid at room temperattire.

2 n O

Cloy

HSO3CI i
3 hydrolysis

J % O

CHclgl HNO3

Scheme 2.4Meso-aryl functionalisation of tetra-substituted porghgt

Using fuming nitric acid Krupeet al.** obtained mono-nitroporphyriri,5, in moderate yields
(46-56%) by nitration of tetraphenylpophyrib2, in chloroform solution. Substituents at the
meta positions (methoxy or methyl) did not substanjiadliter the para-orientation of the
reaction. Under these conditions further nitratefrtetraphenylpophyrinl2, gave up to 28%
yield of the di-nitro-porphyrins and about 20% dfet tri-nitro-porphyrins. Macrocyclic
degradation products were also observed. Highddsyiere reported by Menrg al.** using a
combination of nitric acid and acetic or sulphuacids (namely up to 74% yield for mono-
nitroporphyrin, 15), and reaction times ranging from 1 h to 7 daysese somewhat milder
reaction conditions produced better yields of thegéted nitro-porphyrins. However when
sodium nitrite in trifluoroacetic acid is used tgioselectively nitrate tetraphenylporphyrin at
the para-phenyl position, mono-nitroporphyrid5,** *° is obtained in yields superior to other
reagents as described by Luguya and co-workdeduction of the nitro groups with excess
tin(ll) chloride in the presence of concentratedrwoghloric acid)” *® or by sodium borohydride
and 10% Pd/C in methanlgives the corresponding aminoporphyrir. Diazotisation of

aminoporphyrin, 16, with sodium nitrite and concentrated hydrochlaad at OC to give the
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diazonium saltl7 as unstable, temperature sensitive intermedialiewed by a addition of a
saturated aqueous solution of potassium iodate d#dyded iodoporphyrin]8, in high yield>®
The halogenated porphyrin compound, suci&san undergo a number of organic reactions

for modification, for example, Suzuki couplifigi? or formylation3?

COOH
HOOC,

Hooc_©_<H . [/ \5 CH3CH,COOH
o
|
19 H
5 J L)

HOOC 20 COoOH

Scheme 2.5Synthesis of 5,10,15,20-tetpagarboxyphenyl)porphyrir0.

Meso-tetrap-phenylcarboxylic acid)porphyrir20, on the other hand , is prepared by starting off
with p-carboxybenzaldehyd&9, in the porphyrin cyclisatioff. The obtained product is purified

by recrystalisation from chloroform/methanol mixur

2.3.3 B-Substituted porphyrins

2.3.3.1 B-substituted octa-alkyl porphyrins

Much more demanding than the synthesimedo-substituted porphyrins, is the synthetic routes
towards-substituted octa-alkyl-type porphyrins by tetraiseion of monopyrrolesScheme
2.6). The biggest stumbling block lies in obtaining tthesired precursor pyrrole. Provided the
substituents at positions 3 and 4 in the monopgrale identical, symmetrically ocfa-
substituted porphyrins may be obtained easily.h# pyrrole 3- and 4-substituents are not

identical, then porphyrin mixtures can result.

HsCp CoHs

4 3 1l H=C CoH
5/\2 5%-2 25

H Hs5C; CaHs

22

HsC) CoHs

Scheme 2.6Synthesis of metal-free 2,3,7,8,12,13,17,18-obtdebrphyrin,22.
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As shown inScheme 2.6fully symmetrical porphyrins such as octaethyfporin, 22, can be
prepared in one step, once 2,3-diethylpyrralk,is available, by cyclisation in the presence of
agents such as formaldehyde in 55-73%he aldehyde is the source for the four carbons

required for themeso positions of the porphyrin.

2.3.3.2 Condensation of 3-substituted pyrroles

Mixed-pyrrole condensations have been performedldas frequently than mixed-aldehyde
condensations, undoubtedly due to the greater abibily of the substituted aldehydes
compared to the substituted pyrroles. A 3:1 rafipyrrole and a pyrrole bearing a styryl or
carboxy handle was reacted with benzaldehyde-fofuoladehyde) in refluxing propionic acid.
Workup and separation of different condensatiordpets afforded the porphyrin bearing one
B-substituted carboxylated pyrrol&sgheme 2.Y. This substituent provided a handle for

covalent anchoring to a polym@®r.

(CH,),COOH CHg

JUN LU \; .4 © CH3CH,COOH
| |
H H
5 23 CHo

24

Scheme 2.7A mixed-pyrrole condensation. Only one porphrindarct is shown. n =0, 1, and 3.

2.3.3.3 Self-condensation of 2-substituted pyrroles

If the pyrrole is substituted in the 2-position lwé suitable substituent, condensing agents such
as an aldehyde or formic acid is not required. Batkelf-condensation of the pyrrole takes

place.
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HaG CoHs
/ \ Hg \\ // CyHg
. NH  H
CH,0AC
CH,0Ac
| H 27 2
26 |
HaG CoHs
CoH
porphyrin <222
Haf
HaC CoHs

Scheme 2.8:Synthesis of unsymmetrical octa-substitutedporiplegen, 30. Reduction of30 in DDQ results in
porphyrin inFigure 2.4

Self-condensations of pyrroles such2égproceed through dipyrromethangg, tripyrranes28,
bilanes,29, even oligomers, and porphyrinogeB3g,(Scheme 2.8 All of these, under acidic
conditions, can scramble to give mixtures of porptsysuch as (for the specific case of pyrrole
26) the four “primary type-isomers31-34 of the etioporphyrins as a statistical mixtureg(re

2.4). The porphyrinogen scrambling process was firstestigated in an early paper by

57
Mauzerall®
H3C, CoHs H3C, CoHs
HsC ! CHj Hg CoHs
Haf \ CoHs H5C \ CHg
HsCS CHs HsC7 CHgz
31 32
H3C CoHg H3C, CoHs
HsC) CoHs Hz CH3
H3 CHg HsC CaHs
H3C CoH, HsCy CH3
33 °° 34

Figure 2.4: Possible isomers as a statistical mixture of Etippgrin I-1V, 31-34.

There have been some ingenious developments whihlee one isomer of a porphyrin to be
obtained by tetramerisation of a monopyrl&n example is that of Chanigjn which the
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steric requirements of one of the tg«substituents on the pyrrole enforce the formatibanly
the corresponding type-I porphyrin. No scrambliagbserved in such systems. The same can
be done, but more generally, by avoiding the usea@tl catalysts in the monopyrrole

condensatioff

2.3.3.4 B-Functionalisation of preformed arylporphyrins

The first peripheral functionalisatiofs-Substituted) studies of tetraeso-arylporphyrins were
with bromo, nitro, and formyl groups. Many curreynthetic endeavours are based on use of
thesebeta-substituted porphyrins to build sophisticated pgrm arrays® Those relying on
well-established organic procedures, such as Wittigpalladium-catalysed reactions, will be
discussed according to the introduction of spedificctional groups.

Most electrophilic reactions on the porphyrin nuslerequire prior metallation in order to
protect the inner porphyrin nitrogens from the deating effect of protonation: nickel(ll) and
copper(ll) are commonly used.

Preparation of-haloporphyrins from condensation of aldehydes @italopyrroles are scarce

in the literature probably because of the low $itgbiand prior to the work of Muchowski and
co-workers? due to the difficult preparations of theBepyrroles. The mono-bromination of
Ni(TPP), 36, with PhSeBs proceededvia an intermediate resulting from the electrophilic
addition of PhSeBracross thg-p double bond? Re-aromatisation occurred by elimination of
PhSeH affording Ni(2-BrTPP)38, in 40-60% vyield. Here TPP = tetraphenylporphyrin.
Bromination of 2H(TPP) using NBS/CH{lvas initially described by Samuedsal .** and then
reinvestigated by Calltt® who isolated 2H(2-BrTPPRB8, 2H(2,3,12-BsTPP), 2H(2,3,12,13-
Br,TPP) and a regiosomeric mixture of 2H{BPP). Excess NBS was needed to complete the
tetrabromination, and pure 2H(2,3,12,13-B?P) could be isolated in 75% yield. Treatment of
Cu(TPP) with bromine in CHEICCIl, in the presence of pyridine gave, after subsequent
demetalation with perchloric acid, 2H@PP) in 75% yield! Further manipulations of
brominated porphyrinssia palladium mediated cross-coupling reactions oir thirogen core
methylatior® provide some entries to non-planar porphytisAlkynylporphyrins, 39, could

be prepared from coupling of Ni(2-BrTPRg, with alkynes in the presence of Pd(EEl,

and copper(l) iodide in triethylamine at 80°C in-8%% yields”” Their hydrogenation over
palladium led to 2-alkyl-tetraphenylporphyfi.
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CHO
DMF

HNOgZ
“Focr, >

36 37

lPhSeBr3

Ph, Ph

Br

38

Scheme 2.9Peripheral substitution of tetraeso-arylporphyrins. M = Ni, Cu or 2H.

B-Formylation of tetraarylporphyrins36, using the Vilsmeier reagent (prepared by mixing
dimethylformamide, DMF, and PO£hat O°C) to give 35 creates a versatile intermediate for
further derivatisation. These reactions requiresvaiton toward electrophilic attack by core
metallation with metals such as Ni(ll) or Cu(ll)hd acidic conditions of formylation preclude
using Mg(ll) or Zn(ll). CuTPP in chloroform reactgth large excess of Vilsmeier reagent to
give, after basic hydrolysis of the iminium salty(@-formylTPP),35, in excellent yield (95%).
2H(2-fomylTPP),35, was also obtained by the acidic hydrolysis ofithimium salt’

B-Nitroporphyrins,37, are very useful starting compounds to achieve ifications of new
porphyrin derivatives, both for their relative easynthetic availability and for the peculiar
nitroalkene-like reactivity they display. Those jployrins undergo reactions with a wide range
of nucleophiles revealing the Michael acceptor abtr of such moleculés’* >

Nitration of Ni(TPP),36, gave selectively an excellent yield of tBenitro derivative37.
Attempts, undertaken towards optimising this reactby varying the concentration of nitric
acid (from 5% to 50%), allowed the maximum yield33tf(81%) to be found when usirg.
25% concentration nitric acid (reaction time: 0,5under argon). However, more polaB-
dinitro-products were also isolated from the reactmixture. Similar results were obtained for
the Cu(TPP) complex36. Its reaction with 25% nitric acid proceeds readilhe yield of 2-
nitro-5,10,15,20-tetraphenylporphyrid?, was high (77%), and it was reproducible. Analagou
to the results with Ni(TPPR5, the copper derivative also gave product mixtumeslving the
more polar dinitro by-products in total yield of%0A more recent example of this process,

involving the NaNQ/CRCOOH system, gave similar resufts.
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2.3.4 Porphyrins from dipyrrolic precursors

The most commonly used dipyrrolic precursors fappgrin synthesis are dipyrromethenes and
dipyrromethanes. Because dipyrromethanes are senttacidic reagents, most of the earlier
developments depended upon dipyrromethenes asyporiuilding blocks. There are inherent
symmetry problems associated with all [2 + @ndensation approaches to porphyrins since, in
the absence of methodology to prevent equal rapctat both ends of each dipyrrole
component, mixtures will results. It is therefoerassary to carefully plan the synthetic strategy
to be used for synthesis of a single pure porphgtnoh that symmetry considerations are
employed to avoid this complication. Additional gesl considerations also pertain. Modern
synthetic principles in natural product chemistguaily demand that a single pure compound
be the product from any synthetic approach. Butetlae times when access to a particular
compound, a porphyrin for example, is so importhat preparation of a mixture of porphyrins
followed by chromatographic separation is an a@dptand useful approach.

2.3.4.1 Dipyrromethenes

Most porphyrin synthesis from dipyrromethenes weeseloped by Hans Fischer's grotp.
Good yields of porphyrin can be obtained if 1-bre@amethyldipyrrolemethene39, is
condensed in boiling formic acid or in organic acidlts (succinic, tartaric, etc.) at temperatures

up to and occasionally exceeding 2@ (Scheme 2.10”

HaC CoHs

oH H5Co X N N CH3
HsCo 3 NHO e
HaC Br=  Br
CyHg CHg
HsC CoHs 41
Hs XY Y \\—CaHs A
—_— -—
N\ _nH o H= RCOOH HCOOH +
5 39 * ohg HsCo \ CHg
! HaC CoHs
3
e H5Co X N N CHg
CoH
¥ 407 NH O HN=

BrH,C Br= Br

42

Scheme 2.10:Synthesis of an unsymmetrically octa-substitutecobyrin, etioporphyrin 140. Scrambling may
take place.

" Two dipyrrolic intermediates.
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The organic acid, RCOOH, that is to be used asesoblis determined by trial and error and
relates to the temperature required to provideotst yield of porphyrin, and not to any specific
chemical property of the organic acid. It is alswsgble to heat 1-bromo-9-
bromomethyldipyrromethene hydrobromides, such42a$ 1-bromo-9-methyldipyrromethene
perbromides, such a&l,” or a mixture of botli in formic acid to give very good yields of
centrosymmetrically substituted porphyrins sucte@sporphyrin 1,40. This type of synthesis
can be adapted to the synthesis of more compleghydn by condensation. Oxidation of

dipyrromethanes with DDQ is a viable route to dipymethene§:

2.3.4.2 Dipyrromethanes

Reduction of dipyrromethenes with sodium borohyerifilirnishes dipyrromethan&sand
establishes that dipyrromethenes and dipyrrometharefully interconvertible in the synthetic
sense. Fischer’'s successful porphyrin synthesisgudipyrromethenes tended to inhibit the
development of porphyrin synthesis using dipyrrdrages as intermediates. It was believed,
with some justification, that dipyrromethanes we&re unstable toward acidic reagents (those
used by Fischer) to be useful as porphyrin precarsdhis is true in one of Fischer's
procedure$? where it has been shown that self-condensatiosyaimetrically substituted
pyrromethane-1,9-dicarboxylic acids, suchdsin formic acid gives a mixture of type-isomers

rather than pure etioporphyrin 82, or coproporphyrin 1144 (Scheme 2.11*

H3C R

R CHg3
32: R=CH,CH;
44 R = CH,CH,COOH

Scheme 2.11Synthesis of coproporphyrid4.

5-Substituted dipyrromethanes (usually aryl compisiircan also be synthesised by treatment

of an aldehyde with excess pyrrole in the presefi@n acid catalyst. For the purpose of this
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study, Lindsey's methdt is employed to synthesise the desired porphyriith wiectron
donating and electron withdrawing properties framable dipyrromethanes (goal 4, Chapterl).

2.3.5 Functionalisation of pyrrole rings

Pyrrole readily undergoes electrophilic aromatibstilution reactions, whereas nucleophilic
substitution is not known for pyrroles except ire tbase of protonated species. Pyrroles are
more reactive towards electrophilic substitutioanttiuran, thiophene and benzene. A variety of
electrophilic substitution reactions are known pgrroles including sulfonation, halogenation,
nitration, alkylation and acylation. All these diephilic reactions must be performed under

mild reaction environment due to the tendency ofgg to polymerise under acid conditions.

— — ]
g+ QVE QQVE pr— QE
| &) H

4—3 H c
51/ "\52
|
H E E
. H H
| - s . 5
e| e | d
H H

Figure 2.5: Electrophilic substitution of pyrrole.

The intermediate fos-substitution offers three resonance structurégufe 2.5a-c) while that
arising fromp-substitution offers only two contributor&igure 2.5 d-e). Therefore, a lower
energy of activation is required farsubstitution. However, this preference éesubstitution is
substrate and reaction dependent.

Although pyrrole ring systems constitute key stouak elements of diverse families of natural
products and pharmaceutically active agents, fewhgjic routes to such target molecules are
based on the selective functionalisation of anrexpgrrole ring. This is maybe attributed to the
high reactivity of the pyrrole nucleus and the @msential lack of selectivity observed in many
of its reactions. In this regard, protection of fyerole nitrogen can play a vital role in syntheti
planning, since the protecting group can servetédirect substitution as well as attenuate the

normally high reactivity of thisrexcessive ring system. For example, whereas gyrrotmally
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undergoes reaction with electrophiles predominaraty the C-2 positioff, electrophilic
substitution can be effectively diverted to the Qg3) positiorf” if the ring nitrogen is
substituted with either a phenylsulphdfiybr trisisopropylsily?® protecting grouf® This

unusual regioselectivity (C-3) may be attributaiol¢he steric bulk of the protective group.

For example the triisopropylsilyl group served agsaful block for the pyrrole N-H during a
synthesis of 3-formyl pyrrole from pyrrole itsélfThe steric bulk of the triisopropylsilyl group
helped direct electrophilic substitution of pyrra@ay from the normal C-2 to the C-3 position.

51
+
! 5 Me,N=CHCI Cl - I\ NaoH I\ 9y
@ 5 > Q\cmﬁMez a- = Q\‘{ 46
} W % L
DMFlNaH
iPrgsicl
+ + ) Q
51 CH=NMe, CI - CH=NMe, CI H
* -
{/ \! Me,N=CHCI Cl d 4s . @ 4o NaOH R
| 47 | 50
SiPry SiiPrg H !

Scheme 2.12The synthesis of 2- and 3- substituted carboxysldepyrroles46 and50 respectively.

Bray and Muchowski prepared 2-pyrrole-substituted N,N-dimethylforraimi chloride, 45,
from corresponding pyrroléy, and N,N-dimethylchloroforminium chlorid&s¢heme 2.1 In
contrast, the 3-substituted iminium sdl§, was prepared, in nearly quantitative yield anthwi
excellent regioselectivity}, by reaction of N-(triisopropylsilyl)pyrrol&,47, with the Vilsmeier-
Haack reagenfl, in dichloromethane at reflux temperature. Thehipgsitional selectivity of
these reactions and the absence of the silyl moiet9 indicate that the rate of formation of the
primary product48 must be considerably greater than the rate ofdgeir chloride induced
desilylation of the starting material and proba#8/as well. Basic hydrolysis @5 and49 gave
46 and50 respectively $cheme 2.1p

0 =ZN

H
< O A =D
= O\g/\/;@/f(o/\ﬂ. 2l (A Sy s
<z <> <>
53

N

@ piperidine N hydrolysis

52 54 55

Scheme 2.13Synthesis of 3-ferrocenylpyrrolB5.
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Rose and Kon prepared 3-ferrocenylpyrrole using firecedure in Scheme 2.13°
Ferrocenecarboxyaldehyd&?, was heated with ethyl cyanoacetate in the preseoic
piperidene to give ethyl 2-cyano-3-ferrocenyladgja53, which was converted to 2-
ferrocenylsuccinonitrile,54, by treatment with alcoholic KCN. Reduction &4 with

diisobutylaluminium hydride, followed by hydrolydsad to 3-ferrocenylpyrrol&5, in 21%.

2.4 Ultra-Violet/Visible Spectroscopy of porphyrins

Porphyrins absorb light in the ultraviolet and bisiregions and have characteristic absorption
spectra consisting of a strong Soret band in tigone390-450 nm and up to four weaker Q
band absorptions in the region 480-700 migyre 2.6). Both these spectral features arise from
TET? transitions, and are described by the Gouternwmur-6rbital modet! The four-orbital
model predicts that the porphyrin macrocycle hae twearly degenerate highest occupied
molecular orbitals (HOMOs) and two nearly degereetatvest unoccupied molecular orbitals
(LUMOSs). The Soret- and Q-band absorptions se¢hdarJV/visible spectrumRigure 2.6) can

be accounted for by electronic transitions invavihese four molecular orbitals (MOs).

Ph Ph
e M
T 12
X
r r et e v Ph Ph
300 400

10
500 600 700
Wavelength (nm)

Abs.T

AIxm 56

—_— Ph Ph
] ] ] ) L]

300 400 500 600 700

Wavelength (nm)

Figure 2.6: UVlvisible absorption spectra ofmeso-tetraphenylporphrin, 12, (top) and meso-
tetraphenylporphyrinatozinc(l1g6, (bottom) in dichloromethane show an intense Sbagid at 416 nm and 418
nm respectively®> The Q band region is magnified in the insert. Bamgs from H. S. Gill, IV, PhD Thesis,
University of Florida, USA2004
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The electronic absorption spectra of porphyrin atsd derivatives are characterised by
complexity, low molar extinction coefficients)(of the visible bands, high intensity of the Soret
band ¢a. 400 nm), low sensitivity of the bands to the nataf inert solvents, and extremely
high sensitivity to protonating and complexing ageas well as strong bases. Porphyrin
derivatives feature electronic absorption spectassified by Stern into three typeBidqure
2.7):%°
1. The etio-type consists of symmetrically substitupedphyrins and the visible Q-
band intensity diminish in the peak order IV >3}lI > |, Figure 2.7
2. The rhodo-type of porphyrins were a formyl or caydcsubstituents participate in
conjugation with thawelectron system of the molecule. Here the Q-bawehsity
diminish in peak order Il > IV > 1l > IFigure 2.7l5 and
3. The phyllo-type characteristic of porphyrin and idatives with a monoalkyl
substituent in one of iteso-positions. Here the Q-band intensity diminish eak
order IV > Il > Il > |, Figure 2.7¢

500 I 600 I 500 600 500 600
A (nm)
Figure 2.7: Typical visible absorption spectra of porphyringhloroform: (a) etio-type, (b) rhodo-type, (c)ypb-

type. For explanation of terms see text above. @iag from K. M. Smith, IrPorphyrins and Metalloporphyrins,
Elsevier, Amsterdant,975 ch. 1, p. 21.

Most of the widely known porphyrins belong to the4ype (protoporphyrin, mesoporphyrin,
haematoporphyrin, deuteroporphyrin, tetraphenylpgrp, etc.). Characteristically, the
intensity ratio of individual bands and their pasitmay vary significantly from one porphyrin
to another. The absorption spectra of porphyrinsdbexhibit bands oh - T1t* transitions

because of the symmetry of therbitals and antisymmetry of theorbitals with respect to the
plane of the porphyrin moleculeAll bands are oft - 1 origin. The Soret band is due to an

electronic'A;4 — 'E', transition to the highest-energy vacahorbital }**
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Figure 2.8: The absorption spectra of zinc porphyrin compléregichloromethan& (Spectra adapted from C.-W
Huang, K. Y. Chiu and S.-H Chenigalton Trans., 2005 2417.

The absorption spectra of zinc porphyrin complexeseal a number of interesting
characteristics. Typically zinc-tetraphenylporphyB6, exhibits a strong Soret band at 418 nm
and two weaker but still easy observable Q bandstéol at 548 and 586 nm. Zinc-
tetraarylporphyrins withp-phenyl substituents in dichloromethane usually egitypical
absorption spectra, with one very intense Soretdbanh 424-430 nriY. Zinc-tetrap-
aminophenylporphyrins7, exhibit a similar absorption pattern, howeverthbihhe Soret and Q
band regions are located at longer wavelengths. c-@tmap-(di-p-
phenylamino)phenylporphyrifg8, displays a 20 nm reshift in the Soret band when compared
with the absorption wavelength of zinc-tetrapheagyyrin. Thepara-methyl groups of the
zinc-tetrap-(di-p-tolylamino)phenylporphyrin59, show an additional 4 nm shift. Additionally,
the Q band at longer wavelength has a larger didimccoefficient compared to zinc-
tetraphenylporphyrins6. It is also noted that significant band broaderang spectral shift are
observed when diaryl groups are substituted atr@rteno positions. The spectral patterns of
58 and 59 are not the same as for the phenylene-based pampbdgndrimer, where the
absorption spectra remained unaltered with thensida of phenylene dendron unitdkather,
they more resemble the aryl ether-based porphwidmer, where the Soret band slightly red

shifted upon increase in the number of aryl ettegrddons”
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2.5 Synthesis of ferrocene and ruthenocene derivatives

The chemistry of ferrocene and its derivatives haen well documentetf. 1% 192 193 The
cyclopentadienyl rings are aromatic and due togresat stability and ability to maintain the
ligand-metal bond, it is possible to carry out aevivariety of organic transformations on the
cyclopentadienyl ligands. For the purpose of thisdg some use is made of ferrocene,
ruthenocene and their derivatives, because of tleeiox properties and also of its inherent
anticancer activity. Therefore an outline of feene and ruthenocene chemistry as shown in
Scheme 2.14s relevant.

Ferrocenium salts are known for their antineoptaattivity against Ehrlich ascites tumor cell
lines!® These ferrocenium salt§2, can be obtained by the oxidation of ferroce6é,
Aminomethylation (Mannich reaction) involves thendensation 060 or ruthenocenegl, with
formaldehyde and aminé$: Using dimethylamine gives dimethylaminomethylfeene,63 or
dimethylaminomethylruthenocené4, a compound useful in the preparation of many rothe
derivatives like the sal65.'®> FerrocenecarboxaldehydB2, and ruthenocenecarboxaldehyde,
70, is obtained by the Sommelet reaction, which ingslvthe reaction betweeN-
methylformanilide, phosphorus oxychloride atlor 61.*°" Ethylene glycol converts2 into the

cyclic acetal71, but71 can hydrolyse back &2 with extreme ease.

< ==

M
68 M = Fe 66 M = Fe 52 M =Fe 71M=Fe

69M=Ru o 67M=Ru 70M=Ru

AlCls POCI
MeCOCI 3
PhMeNCHO

ch Li B(OH),
N w0 & & <~
M CH3/ NHMe, " nBuLi o B(OH)3 "
63 M =Fe 60 M = Fe 72M=Fe 74 M =Fe
64 M =Ru 61M=Ru 73M=Ru 75M=Ru

+

Mel Chemical

oxidation AgO

.
@M/\Fﬁﬂj <> ' <<
CH3 Te x Fe Fe

62

Scheme 2.14:Some organic reactions of ferrocene (M = B6) and ruthenocene (M = RW§1). X =
[CCI,CO0].2CC}COOH in62.
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Ferrocenef0, andruthenocene6l, undergo Friedel-Craft catalysed acetylatibmery readily
on one ring to give acetylferrocer@®, or acetylruthenocenéy, and less readily on both rings
to give 1,1'-bisacetylferrocené8, and 1,1’-bisacetylruthenocer@9. The reaction is catalysed
by any Lewis acid, most commonly AlJbut the use of BPO, as catalyst can be effective as it
limits the amount of di-substituted product form#&d.

Another reaction typical of the ferrocene and roteene aromatic systems is metallation.
Lithiation reactions are thought to involve nucleiig attack of the hydrocarbon portion of the
lithium-containing reagent on a hydrogen atom eftidrget aromatic compound and this proton
must be relatively acidic. Mono-lithiated ferrocei2 and mono-lithiated ruthenocen&, can

be prepared by treating0 or 61 with stoichiometric quantities oh-BuLi or t-BuLi in
hexane/ethet? *** Alkali metal derivatives of ferrocene and ruthesoe have found extensive
application as intermediates in the synthesis dietring-substituted species and lithium,
sodium, mercury and boron derivatives can be ugeémployed, for example reactions %2

or 73 going to74 or 75and76.1%

2.6 Polymeric supports

Many good pharmaceutical agents are dose-limitedtapoor solubility in agueous media or to
the severe side effects they exhibit at high cotmagons. For other, inability of the drug to gain
access to the tumour site at suitable dosages idimeisi theiin vivo therapeutic effectiveness. In
addition, the metastatic nature of tumour cellsitamlithlly require that total tumour cell
destruction be achieved early in treatment, befesestance to the drug is developed, or a
metastatic cancer cell line render the drug totahlgffective. The multitude of problems
associated with chemotherapy imply that vehiclesraguired that are capable of rapidly and
selectively carrying cytotoxic agents in a concatel form to the tumour tissue, while largely
avoiding healthy surrounding cells. This may, impiple be achieved if the drug is bound to a
suitable polymeric drug carrier. Synthetic watelubte polymeric drug carriers may be tailored
to fulfil this role. Therefore, part of the aim diis study is to synthesise water-soluble
polymeric drug carriers and to demonstrate theilbdeg of anchoring selected porphyrins on
them (goals 2 and 3, Chapter 1). The use of polychemistry to obtain a specific mono-

functionalised porphyrin will also be discussed.
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2.6.1 Polymers as synthetic tools in porphyrin chemistry

Asymmetrical porphyrins can be prepared from sqiltase (polymer support) synthesis
(Scheme 2.1p'? p-Carboxybenzaldehyde19, was attached to a 2% cross-linked
divinylbenzene/polystyrene beads containing 1 meqpiiv of benzyl chloridef7, by published
procedures?® The functionalised polymer support with the bowdehyde,78, was used to
synthesise the porphyrin. Addition of excess pgrahd benzaldehyde to the polymer in
refluxing propionic acid followed by DDQ oxidationelded the mono-substituted produt$,

on the resin and only tetraphenylporphyrin in tlduton phase. Since benzaldehyde and
pyrrole are inexpensive reagents, the sacrifigeaking tetraphenylporphyrin in solution is well
compensated by the fact that only the mono-sulstitporphyrin is synthesised on the polymer.
After washing the unbound reagents and products ftbe resin with dichloromethane,
cleavage of the covalently attached porphyrin ftbenbeads with sodium hydroxide led to the
isolation of the desired compoun80), in good purity and 6% overall yield. The yield is
comparable to solution phase synthesi8®fn refluxing propionic acid} however, the crude
isolate is not complicated with mixtures of mulibstituted porphyrins, and thus the

purification proved to be straightforward from the&lymer beads.

CHi
cl _EtgN/EtOAC
+ reflux 2 h, 85%
HO,C
7 19
NH
1 CHO 2. CH,Cl,, DDQ
N/ reflux, 2h

(excess)

propionic acid, reflux, h

1. wash resin with CHZCIZ
2. NaOH, THF, reflux
12h, 6% (4 steps) tetraphenyl
porphyrin
in solution

Scheme 2.15:Synthesis of mono-substituted porphyrins on insielypolystyrene/divinyl benzene cross-linked
polymer, here shown a$>—".

Limitations in the use of solid polymers in synibathemistry are pronounced by the difficulty

in using NMR to characterise intermediates, andhiterogeneous nature of the chemistry that
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could result in low yields. However, soluble polym&an be used as an alternate matrix for
organic synthesis. These polymers are non-crokediriong chains, and exhibit both soluble
and insoluble characteristics depending on the esplwsed in the reactidH. Synthetic
approaches that utilise soluble polymers couple ddgantage of homogeneous solution
chemistry (high reactivity, lack of diffusion phenena and ease of analysis) with those of solid
phase methods (use of excess reagents and easiois@nd purification products).

2.6.2 Selected examples of polymeric drug carriers

Water-soluble poly(La-amino acids) often show immunogenic propertiesveheless, they

are attractive choices of carriers since they astlyebiodegradable. Also, co-polymerisation of
amino acids with especially ethylene glycols, hagcsssfully eliminated immunogenic
properties of polyf-amino acids})®> Several attempts have been made to synthesise non-
immunogenic poly(La-amino acids) for biological us&.Of these, derivatives of poly(aspartic

acid) are central to this study.

CONH
OH
_HsPOs HZN CONH
lSOOC
<5Torr H
2.5 hours 2

1200C
1 hour
CONH
o CONH
COOH
COOH
y z
Ha
be
o 85

Scheme 2.16: Compounds82 and 85 highlight the effect of different experimental citions on the

polymerization of aspartic aci®l. a,3- Poly(N -2-hydroxyethyl)-DL-aspartamid@&4, a proposed blood plasma
expander, is a derivative of polysuccinimigg,

" It should be realised th&% and other derivatives @2 actually consists of a mixture afandf isomers but for
simplicity, in this study only the-isomer will constantly be shown.
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Neri and Antoni'’ polymerised aspartic aciBBl, thermally to polysuccinimide82, of
molecular mass 57 000 g rifowithin 2,5 h at 180°C according ®cheme 2.161t was also
demonstrated in this laboratory that less harsyinpetisation conditions to convert aspartic acid
to polysuccinimide,82, (120°C, 1 h) lead to a polymer in which not dlk taspartic acid
molecules that are built into the polymeric baclkdamderwent cyclisation. Part of the

monomer remained in the uncyclised state, stru@hire

The five-membered succinimide ring 81 can afterwards be opened by nucleophilic attack
with, for example, amines. In this way, the wateluble biocompatible polymei84, a,B3-
poly(N-2-hydroxyethyl)-DL-aspartamidé'*® of relative molecular mass (M70 000 was
obtained by a simple reaction of ethanolamine wpittlysuccinimide,82. Polymer84 is so
biocompatible that it has been proposed as a bjdasima expandef:® In a potential drug
anchoring step, the OH functional group8& can be reacted with a drug that is functionalised
to have either a carboxylic acid or isocyanate grd@reactions not shown). Some anti-
inflammatory and antiviral drugs have been covdydirtked to84.'*°

Peptidyl carbamate molecules, which are human legkcelastase (HLE) inhibitors, have also
been linked tad84 and the resulting synthetic macromolecular systeamntained then vitro

HLE inhibitory capacity of free low molecular weiglirugs:*°

o -
COO
+
OH H3
+ Y
+ o
H3
o
81 86
CONH HN  CO. HN  CO
NHCOCF3
CONH
2x
180°C

8 hoursJ< 6 Torr [D NH, 0.7x NHCO 0.3x

CO,
N HN  CO. /\
pi 1R SN o I
Co —\—/> | B
X 2. deprotection at pH>9 HOOC: N=== M ---N COOH
3. phthalocyanine coupling | —
\

87 “
NHCOCF3
y

HaPO,

COOH

Scheme 2.17The synthesis of a co-polymer of lysine and agpardid to which a phthalocyanine moiety has been
anchored. M = Co or Zn.

Swarts and Maré# co-polymerised aspartic acigl], with N°-trifluoroacetyl-L-lysine,86,*** the
target co-polymeric drug bein@7, (Scheme 2.1y with an x:y ratio of 2:1. However, in

practice, an x:y ratio of 7:1 was found ®#. Ring opening reactions of the succinimide frattio
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of 87, followed by removal of the trifluoroacetyl protexg group has lead to a polymer which
was water-soluble and had a side chain contaimngnaine functional group as drug anchoring
site.

Mareé®* utilised 87 to synthesise the water-soluble conjug®® which contains the
phthalocyanine moiety. The phthalocyanine moietyagtive in photodynamic cancer therapy
provided M = Zn or Al. It was establishétd** that drug anchoring becomes progressively easier
with more methylene spacers separating the polyinoen the functional group that will be
utilised for anchoring purposes. Polyn8&has four CH spacer groups between polymer main

chain and drug anchoring site.

2.7 Electrochemistry

Cyclic voltammetry (CV) is possibly the simplestdamost versatile electroanalytical technique
for the study of electroactive species. The efiectess of CV is its ability to probe the redox
behaviour of an electroactive species fast oveida wotential rang&? Cyclic voltammetry is a
simple and direct method for the measurement ofdimeal reduction potential of a compound
when both oxidized and reduced forms are stablegluhe time when the voltammogram is
taken*® Both thermodynamic and kinetic information are ikalde in one experiment.
Therefore, both reduction potential and heterogeseectron transfer rates can be measured.
The rate and nature of a chemical reaction coufiethe electron transfer step can also be
studied. Knowledge of the electrochemistry of aahebmplex can be useful in the selection of

the proper oxidizing agent to oxidize the metal ptar to an intermediate oxidation state.

75 - Epa
Fe'(Cp)y—» [FeT(Cp)] + &

50 A

25 A

Current/ “A

cathodic wave [FE"(Cp)]" + & —» Fe'(Cp),

'50 T T T 1
-300 -100 100 300 500

Potential / V vs Ag/Ag"

Figure 2.9 Cyclic voltammogram of a 3.0 mmol dmferrocene, 60, measured in 0.1 mol dn
tetrabutylammonium hexafluorophosphate/acetonitnie glassy carbon electrode at 25°C, scan raterhGs™.
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The current response on a cyclic voltammogram i¢adraxis) is plotted as a function of the
applied potential (horizontal axislrigure 2.9 shows a typical CV. Often there is very little
difference between the first and successive sddonsiever, the changes that do appear on
repetitive cycles are important in obtaining anddenstanding information about reaction

mechanisms.

2.7.1 Parameters of cyclic voltammetry

The following cyclic voltammetry fundamentals arellwreviewed elsewhergs 12" 128 129 gnd
only a few key aspects will be highlighted in tlsisction. The most important parameters of
cyclic voltammetry are the peak anodic potentifds)( peak cathodic potential (& and the
magnitudes of the peak anodic curref) (and peak cathodic currend (Figure 2.9. One
method of measuring involves the extrapolation of a current baselmeltminate background
currents. Establishing the correct baseline isrggdefor accurate measurement of the peak
currents. A redox couple may or may not be elebiaucally reversible. By electrochemically
reversibility it is meant that the rate of electitbansfer between the electrode and substrate is
fast enough to maintain the concentration of thielis&d and reduced species in equilibrium
according to the Nernst equation at the electranlfase at the particular scan rate. The formal
reduction potential for an electrochemically reugdesredox couple is midway between the two

peak potentialsHquation 2.1)

E® = (Bat B2

Equation 2.1

This E®' is an estimate of the polarographig Falue provided that the diffusion constants of
the oxidised and reduced species are equal. Tlaeggohphic k, value can be calculated from

E° via Equation 2.2

Eip = E* + (RTHF) In (Dr/Do)
Equation 2.2

Here Dk = diffusion coefficient of the reduced specig, B diffusion coefficient of the oxidised
specie. In cases whereDo = 1, B~ E°.
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For electrochemical reversible couples theoretical difference in peak potentialAf,) should
be 59 mV at 25°C for a one electron transfer prec€be number of electrons) transferred in
the electrode reaction for a reversible couplelmadetermined from the separation between the

peak potentials frorkquation 2.3

AEp = BEpa— By = (59 mV)h

Equation 2.3
This (59 mV)h separation of peak potentials is independent efdtan rate for reversible
couples, but slightly dependent on the switchingeptial and cycle numbé® In practice,
within the context of this research program, a xedouple with arexperimentally determined
AE; value up to 90 mV will still be considered as &lechemically reversible. This is done
because peak separation may be larger than thedhetipredicted because of cell
imperfections, over potentials or high solventstsice.
The peak currenty, is dependent on a few variables and is descrifyethe Randle-Sevcik
equation for the first sweep of the cycle at 252quation 2.4).

ip = (2.69 x 1Hn*’ADYAMC

Equation 2.4
ip = peak current (A)n = amount of electrons transferred per molecule;, Working electrode
surface (crf), C = concentration (mol ¢t not dm®), v = scan rate (V¥ and D = diffusion
coefficient (cnf s%).
The values ofp, andip: should be identical for a reversible redox coupleich is not followed
by any chemical reactiofEQuation 2.5).

ipdipa=1

Equation 2.5
Systems can also be quasi-reversible or irrevergigure 2.10. An electrochemically quasi-
reversible couple is where both the oxidation asdluction processes take place fast, but the
measuredAE, value exceeds the theoretical value of 59 mV. Thappens if the solvent
conductivity is low and the dielectric constantass than 10. Due to cell imperfections, within
the context of this thesis experimentally determing&, values of 90 m\k AE, < + 150 mV
will be considered to indicate an electrochemicalyasi-reversible couple. A complete
chemical irreversible system is one where only ati@h or reduction is possibl&.In cases
where the system is quasi-reversible or irrevegsiBiquations 2.2, 2.3 and 2.4 are not

applicable.
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Chemically and
electrochemically
reversible (AE <90 mV)

Chemically reversible
and electrochemically
quasi-reversible
(90mV < AE < 150 mV)

Chemically reversible
and electrochemically

Current/ A

irreversible (AE >150 mV)

Chemically and
electrochemically
irreversible

Potential / mV

Figure 2.10: A schematic representation of the cyclic voltamraogexpected from an electrochemical reversible,
an electrochemical irreversible and a chemical/@rsible system. The indicated potential limits aoé theoretical
predictions. Rather, they indicate limits that ased for classification purposes from practicabyedimined values
within the scope of this study. Cyclic voltammogesafrom P. T. N. Nonjola, PhD Thesis, Universitytobé Free
State, RSA2006

2.7.2 Solvents and electrolytes

A suitable medium is needed for electrochemicalnphgena to occur. This medium generally
consists of a solvent containing a supporting edge. The most important requirement of a
solvent is that the electrochemical specie undegstigation must be soluble and stable i#it.
The electrochemical species under investigationt imesoluble to the extent of at least 1 £ 10
mol dm? and the electrolyte concentration must be at [#@stimes but preferably 100 times
that of the electrochemical specie under investgatAn ideal solvent should possess
electrochemical and chemical inertness over a watential range, it should be a good solvent
for oxidised and reduced electrochemical speciesvels as the electrolyte, and it should
preferably be unable to solvate or coordinate &dlectrochemical specie being studied. Non-
aqueous solvents that are often used are polati@mavents, which have large dielectric
constant¥ 10) and low proton availability. Acetonitrile (GBN) has a dielectric constant of 37
and is most commonly used in anodic (oxidativedliets; THF is useful in cathodic (reductive)
studies. CHCN is an excellent solvent for both inorganic saltsl organic compounds and is
stable after purification. Dichloromethane (DCM) used when a strictly non-coordinating
solvent is required.

In the majority of electroanalytical and electroghatic experiments, a supporting electrolyte is
used to increase the conductivity of the mediumsiMid the current is carried by the ions of the

supporting electrolyte. Tetrabutylammonium hexaftyphosphate, [NBJ[PF¢], is the most
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widely used supporting electrolyte, in organic soits. A [NBu][PFs] solution in CHCN
exhibits a wide potential range with positive (3/% and negative decomposition potentials
(2.9 V)vs SCE™™

In the past, in nearly all publications, experinadigtdetermined potentials of an electro-active
substance are reportad normal hydrogen electrode (NHE) or saturated caloelectrode
(SCE). However, IUPAC now recommend that all etsdtemical data are reported an
internal standaré In organic media the Fc/Fcouple (Fc = ferrocene) is a convenient internal
standard® *® The Fc/F¢& couple exhibits E*' = 0.400 W NHE.** NHE and SCE are used for
measurements in aqueous solutions. However, in nmstgnces electrochemical measurements
in water are impossible due to insolubility or atstity. With non-aqueous solvents, an
experimental reference electrode such as A§/fgO01 mol dri¥ AgNOs; in CHsCN) or
Ag/AgCl may also be used.

Recent developments in the development of new stipgoelectrolytes and the use of non-
traditional solvents have increased options intedebemical studies. The use of the non-
coordinating  but very expensive supporting elegteol tetrabutylammonium
tetrakis(pentafluorophenyl)borate, [NBB(CsFs)4], improves electrochemistry results
compared to electrochemistry results obtained lijsing the weak coordinating electrolyte
tetrabutylammonium hexafluorophosphatelt was shown that with the use of this new
electrolyte, electrochemistry could be conductedsatvents of low dielectric strength and
reversible electrochemistry could be obtained fanpounds that are normally irreversibfelt
was also shown that the peak separation betweendvyoclose oxidation peaks could be better
analysed with the use of this electrolyfeOhrenberg and Geiger demonstrated that by using th
non-coordinating solvent,a,a-trifluorotoluene or trifluoromethylbenzene and thlectrolyte
tetrabutylammonium(tetrakispentafluorophenyl)bgrate  [NBus][B(CgFs)4], reversible

electrochemistry could be achieved for nickelocamé cobaltocene as shownFigure 2.11'*
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Figure 2.11: The cyclic voltammograms of 0.5 mmol dnsolutions (a) nickelocene and 1 mmol drtb)
cobaltocene measured i a, a-trifluorotoluene containing 0.1 mol ridof [NBu,][B(CsFs)s] on glassy carbon
electrode at a scan rate of 0.1V Biagrams from C. Ohrenberg and W. E. Geiggarg. Chem., 200Q 39, 2948.



42 Chapter 2

2.7.3 Electrochemistry of some metallocene derivatives

2.7.3.1 Ferrocene

Electrochemical properties of ferrocene have beadied extensively? These studies have
revealed that the oxidation of ferrocene and itsvd@ves proceeds reversibly as a one-electron
process in non-aqueous solutions. Their reversielduction potentials change in ways
dependent on the substituent: the reduction paileotithe derivatives with electron donating
substituents, such as alkyl groups, is less peasithan that of ferrocene, while electron
withdrawing substituents lead to more positive ctidun potential relative to ferrocene itself.
Substituents on the cyclopentadienyl ring that aonfunctional groups which itself undergoes
electrochemichal reaction will make the redox bémavmore complicated. Since it is the
purpose of this study to covalently link ferroceteea porphyrin (goal 4, Chapter 1), the
electrochemistry of ferrocene compounds possesiingtional groups, such as carboxylic

acids, ketones, alcohols, etc. is of interest.

F.[..,.,._
I

-0.4 6.0 c.4 0.8
E(V ve.5CE!}

Figure 2.12: Cycliv voltammograms for (a) 3-ferrocenylpyrroi, (0.04 mol drif) and (b) ferrocenes0, (0.04
mol dni®) in 0.1 mol dnf LiCIO4/CHsCN at a Pt disk electrode at €5 and a sweep rate of 0.1 V/s. Cyclic
voltamograms are from T. L. Rose and A. B. Komorg. Chem., 1993 32, 781..

Rose and Ko documented the formal reduction potentidt, Bf 3-ferrocenylpyrrole55, as
0.25 Vvs SCE and\E, = 160 mV. The value af4i,c of 1.04 is very close to the expected value
of 1.00 for a reversible reaction. Balic, = 160 mV and . — E/2 = 90 mV are larger than the
expected value for a reversible reaction. Howesge these same values were obtained with

both 3-ferrocenylpyrroleb5, and ferrocenefO, the largeAE value was attributed to the
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presence of uncompensated solution resistance beetie reference and working electrode.
There was no additional oxidation reaction obsem®dhe positive limit was increased to 1.25
V vs SCE, as is customarily found with pyrrole and Bstituted pyrrole$?® Repeated cycling
to this upper potential limit, however, resultedairshift of B, to more positive potentials and
almost complete loss of the cathodic wave indicatormation of an electroinactive film on the

surface of the working electrode.

The Ba value of 3-ferrocenylpyrroleg5, is shifted 150 mV negative of that of ferroce6e,
This is the largest negative shift observed foreaocene derivative with a single organic
substituent!2144142146147 Tgple 2.1 lists the reduction potential for several pyrrolaad
ferrocenes. The reduction potential of the ferrecercreased when it was directly attached to
the nitrogen in pyrrole. This is expected as thiegen lone pair is involved in thresystem of
the ring giving the nitrogen a formad® charge and electron-withdrawing properties.
Interestingly, the reduction potential 85 is intermediate between that of biferrocene adt 1,
terferrocené?”® A lowering in the reduction potential of ferrocederivatives is generally
associated with an electron-donating property ef gbbstituent. In bi- and terferrocene, each

ferrocene act independently as an electron donibr avisubstituent” effect of -90 m\%

Table 2.1: Peak potentials of Ferrocene and pyrrole derieafiv

Compounds Ba (V vs SCE)
1, I-terferrocen&® 0.22
3-ferrocenylpyrrole55°® 0.25
terpyrrolé*® 0.26
biferrocené® 0.37
(p-aminophenyl)ferrocen# 0.37
ferrocen&” 0.40
N-ferrocenylpyrrol&? 0.45
Bipyrrole™® 0.55
Pyrrolé® 1.20

2 potentialvs SCE measured in acetonitrifeFirst reduction potentiaf. Calculated from the shift in the reported

Ei.svalue.
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It is proposed that the low reduction potentiabdfresults from the resonance through the
conjugated system of the oxidised intermediate laswe in Scheme 2.18 It is not
distinguishable if the electron is initially remalérom the ferrocene (path a) or the pyrrole
(path b). 3-Ferrocenylpyrrol&5, is much more easily oxidised than pyrrole itsalid most
other pyrroles substituted in the 3-positi6fh For terpyrrole, however, where delocalisation of
the radical cation formed by the oxidation can jpead over a three-ring system, the reduction
potential is reduced by 904 ni¥.If 55 is considered comparable to a “bipyrrole” subsgitiu
pyrrole, the pyrrole could be the site of the alibxidation. Regardless of the position or place
of the initial electron transfer, the electron daliisation in the intermediate can be considered
as a planar “fulvalene” resonance structure shav8cheme 2.18Such a resonance structure is
sterically allowed fos5 where two five-membered rings are joined. A simbeyclic planar
resonance structure was recently proposed to exflai stability of 1-ferrocenyl-1-cyclopropyl
cation®**

Shown inTable 2.1, the reduction potential fop{aminophenyl)ferrocene is shifted negatively
by 70 mV, which is the largest negative shift reépdrfor apara-substituted phenylferrocene.
The larger shift in oxidation potential f&5 thus indicates that more than just an inductive
effect is involved and supports the importanceesionance in the intermediate leading to the
ferrocenium product89. The absence of a second anodic wave in the cyoliammogram
even at potentials up to 1.25W¢ SCE is consistent with the pyrrole fragment ofaraspecies
89 being more difficult to oxidise than neutral 3-stituted pyrroles. However, both the shift of
the anodic peak to more positive potentials andréfdeiced current in the cathodic peak with

successive scans indicate a homogeneous followremical reaction 089 to a species which
<F 1D
+
_Fe N
(a) "/'A\\
/ <SI + ‘27
<< >
N I

passivate the electrode.

Fe

@ 55 @89
<

Scheme 2.18Mechanism of the electron transfer in 3-ferronpmsiole, 55.
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2.7.3.2 Ruthenocene

In contrast to the extensive use of ferrocene a®del redox system for non-aqueous studies,
the electrochemistry of ruthenocene has been stddidess and remains less well understood.
In an ethanol/dme (dropping mercury electrode)etmrabutylammonium perchlorate system the
oxidation of ruthenocene is reported to proceedamyirreversible, Zeprocess? 153 154 155 A
guasi-reversible 1@xidation of ruthenocene has been observed ind agid-base molten salts
(Figure 2.13."° The solvent was a mixture of 0.8:1 A§Qk-butylpyridinium chloride, into
which the ruthenocene was dissolved. It was latews that a 1 ‘ereversible electrochemical
process occurs, when a non-coordinating electrolfegrabutylammonium tetrakis[3,5-
bis(trifluoromethyl)phenyllborate, [NBUB(CeFs)4]} and a non-coordinating solvent such as

dichloromethane is useéigure 2.13."’

0.2V 20 |,L~XI

Figure 2.13: Left: Quasi-reversible Iexidation of ruthenocene in Lewis acid-base mo#alts (from R. J. Gale
and R. Job,Inorg., 1981, 20, 42.). Right: The 1 é reversible electrochemical process of ruthenocine
[NBug][B(Ce¢Fs)4] and CHCI, (from M. G. Hill, W. M. Lamann and K. R. Manmorg. Chem., 1991, 30, 4687.).

Geiger and co-workers have found that, the elebotcal oxidation of ruthenocene in
CH,CL/[NBu4][B(C¢Fs)s], gives the dimeric dication [@Els),Rul,**, 91, in equilibrium with the
17 electron ruthenocenium cation §G).Ru]’, 90, (Figure 2.14.1%® At room temperature the
rapid equilibrium accounts for the quasi-Nernsti@V (Ey;» = 0.41 V vs Fc). Direct
electrochemical evidence f&1 is seen by CV and bulk electrolysis at 2434. undergo a
highly reversible 2 ‘ecathodic reaction at,g= 0 V. At reduced temperature the oxidation
displays decreased electrochemical reversibility amew cathodic wave for a reaction product,

ascribed t®1, is observed ifrigure 2.14
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Figure 2.14:Right: Equilibrium betweer®0 and91 Left: Cyclic voltamogram of ruthenocene in [NFB(CgFs)4]
and CHCI,, T = 243K, inset at ambient temperature. Cyclitaramograms from S. Trupia, A. Nafady and W. E.
Geiger,Inorg. Chem., 2003 42, 5480.
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Irreversible electrochemical behaviour has beemddor binuclear ruthenocene compoufits.

190 1t was shown that in C}I/[NBug][ClO,4] the compound 1,4-bis(ruthenocenyl)benzene has
two oxidation peaks at 0.42V and 0.56% Fc/F¢, the reduction peak occurred at 0.28¥
Fc/FS (Figure 2.15. The cyclic voltammetric behaviour of a novelhemocene surfactant
(dimethylaminomethylruthenocene) also shows twalation peaks at 0.74V and 0.91V, but no
reduction peaks could be observed even at highrates Figure 2.15.*"
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Figure 2.15:Left: Irreversible electrochemistry of the binuclear pound, 1,4-bis(ruthenocenyl)benzene (from M.
Sato, G. Maruyama, A. TanemudaOrganomet. Chem., 2002 655, 23 Right: Irreversible electrochemistry of the
ruthenocene surfactant, dimethylaminomethylruthenec in CHCI/[NBu,][CIO,4] (from C. Jacob, A. Y.
Safronov, S. Wilson, H. A. O. Hill and T. F. Booth Electroanal. Chem., 1997, 427, 161).

The electrochemistry of ruthenocene-contairfirdiketones, (RCCOCKOR, where R = G§-
CHs, Ph, Fc and Rc), in GJ@N/[NBu,][PFg] revealed irreversible electrochemical behaviéur.
Except for R = CE; al thep-diketones showed two oxidation peaks, which weydagned by
the keto and enol forms of tiflediketones Figure 2.16. It was also shown that there exists a
linear relationship between the group electrongggtof the R groups and the first oxidation

peak of the ruthenocene-containjigiketones Figure 2.16.
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Figure 2.16: Left: Cyclic voltammograms of 2 mmol disolutions of ruthenocene-containifediketones
measured in 0.1 mol dMCH,CN/[NBu,][PF¢ at a scan rate of 250 mV* ®n a glassy carbon working electrode.
B-diketones are Rc-COGBO-R with: (a) R = Ck (b)) R =CH, (¢c) R =Ph, (d) R =Fc, () R = Rc. Fc =
ferrocenyl and Rc = ruthenocenfight: The linear relationship between group electroreigatof the R groups
and the first oxidation peak of the ruthenocenyitaming p-diketones. Diagrams from K. C. Kemp, E. Fourie, J.
Conradie and J. C. Swart@rganometallics, 2008 27, 353.

2.7.4 Electrochemistry of porphyrins

Porphyrins containing redox-inactive metals tydicanhdergo two one-electron (1e) oxidations
and four one-electron (1e) reductidfisi® However, within the window that GBI, allows,
only two reduction processes are observed. Theuptedf le-oxidations ame-cation radicals,
whose electronic structures have been studied sixtpn*> *°° As an example, Hodge and co-
workers® reported electrochemical experiments that showat therecation radicals derived
from the highly distorted (non-planar) tetrakis(ftuorophenyl)porphyrins, ZnTFPRXX =

Cl, Br, Me) complexes are kinetically unstable pdigortionating rapidly to ZnTFPRX and
the corresponding neutral speciegyire 2.17).

95: ZnTFPP

4.' 92: ZnTFPPCI

92 R = CgFs, X =Cl

A oa.
[\e3: znTFPPBIy > 93 R = CgFg, X = Br

S 94 R = CgFg, X = CHg

95 R:CGFs,X:H

— 1 i L I

/
L
20 1.5 10 05 00 05 -0 15 20
V va. AgCUAg

Figure 2.17: Cyclic voltammograms of ZnTFPB5, and ZnTFPPX(X = ClI, Br, CH), 92, 93 and94 respectively
in 0.1 mol dn? tetrabutylammonium hexafluorophosphate/ dichlorbvmee at 100 mV s scan rate. Cyclic
voltammograms from J. A. Hodge, M. G. Hill, H. Brdy, Inorg. Chem., 1995 34, 809.
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Halogenation of the pophyrin causes a positivet shifthe reduction potentials, as well as
merging of the two Ieoxidations into a single 2eesponse. ZnTFPP£192, and ZnTFPPBY
93, are respectively easier to reduce, but only @2 0.20 V harder to oxidise. The smaller
gap between Ej and E%. for ZnTFPPBg, 93, is consistent with the macrocycle being
somewhat more distorted ZnTFPR&2.'%® In the case of ZnTFPPMe94, the macrocycle is
0.4 V easier to oxidise and only 0.19 V hardereduce than ZnTFPBRS (Table 2.2.

Table 2.2: Reduction potentials of Zinc (I1) porphyrirs Ag/AgCl in 1.0 mol dnt KCI, F¢”° = 0.48 V; 0.1 mol
dm® tetrabutylammonium hexafluorophosphate/ dichlortiaee.

Porphyrin E 240/ V | E® sl V E ol V E®o./V E° o/ V
ZnTPP 56 1.16 0.80 -1.33 -1.66
ZnTFPP 95 1.58 1.37 -0.95 -1.37
ZnTFPPB§, 93 1.55 1.58 1.57 -0.48 -0.76
ZnTFPPC}, 92 1.60 1.57 1.63 -0.47 -0.75
ZnTFPP(CH)s, 94 | 0.98 0.99 0.97 -1.14 1.5%

2 Potentials are in good agreement with literatuaties

3 P Calculated from the respectivegd§ and E%.o

values, and the expressions I NF(E° 0 - E°'5..)/RT and the E3Lo= (E®o + E>'4/:)/2. € Epe.

2.7.5 Electrochemistry of metallocenes linked to porphym

macrocyles

Burrell and co-worker® studied the electrochemistry of some ferrocenetfanalised

porphyrins in dichloromethane.

-20

b
-15 a . 7
|
0 .
<L Q2 i
= 5 R1 O{J\;.'
g R2 M j /J
s’ [ —
: N
10 ;‘\J
15 o . g e iy
=2500 1500 =500 500 1500 2500

Potential/mV

Figure 2.18: (a) Cyclic voltammogram of addu®8 in dichloromethane. (b) Structure of porphyrinréeene
conjugates. A. K. Burrell, W. M. Campbell, D. L. fi@er, S. M. Scott, K. C. Gordon and M. R. McDonald
Chem. Soc. Dalton Trans,, 1999 3349.
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The electrochemistry of strongly coupled units stdarge shifts in the E values of the
coupled species from those of the parent mononemiesi’® Electrochemical studies performed
on 96, 97, 98 and 99 showed these compounds to undergo little redoxreaommunication
(Figure 2.18 Table 2.3. All oxidations and reductions observed are relpde one-electron
processes. The first oxidation, centred on ferrecés observed to remain at a very similar
value of E' to that of unsubstituted ferrocene for all foumgmunds. This suggests that the
porphyrin moiety has very little influence on trexrbcene. The remaining two oxidations and
two reductions are those of the porphyrin moietyl aare largely unchanged from free

tetraphenylporphyrif’t 1%

Table 2.3: Electrochemical data for compounds (1.00 ¥ tol dni®) in dichloromethaness. SCE, supporting
electrolyte 0.1 mol diitetrabutylammonium tetrafluoroboron at a scan o200 mVs'.

E®/V
Compounds Oxidation Reduction
96 0.48 1.07 1.18 -1.20 -1.49
97 0.48 1.03 1.31 -1.32 -1.70
98 0.48 1.10 1.23 -1.27 -1.65
99 0.48 0.98 1.20 -1.34 1.72

2.8 Computational Chemistry and Structure

2.8.1 Introduction

Computational chemistry is a powerful tool in expig and understanding experimental
phenomena. The application of quantum mechanicsalecular problems in different physical
and chemical states leads to a detailed knowleddbeoelectron distribution. The methods,
generally known as quantum chemical methods, asedban the solution of the Schrédinger
equation. This task can be performed eithbrinitio, i.e. without any reference to the
experimental data, oempirically by using parameters obtained by fitting atomicadair

through combination of the two approaches. Howether solution of the Schrédinger equation
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for multi-electron, multi-nuclear systems is a vepmplex task. Therefore, methods based on
different types of approximation have been deveadope this study, Density Function Theory
(DFT) is employed to deduce the geometry and spswbpic properties of zinc and nickel
coordinated peripheral and non-peripheral phthaoie derivatives. We focussed in this study
on phthalocyanine derivatives rather than porphgignvatives because the issues surrounding
porphyrin derivatives have been addressed subaslignty previous research of Ghosh and
Conradie from this department. Phthalocyaninesediffom porphyrins only in theneso-
position where the porphyrin carbon has been regldzy a nitrogen atom. In addition, in

phthalocyanines, the porphyiftrhydrogens has been substituted by annulatiorpbiayl ring.

The density functional theory (DFT) method has become more and more popular during the
last decades, and perhaps it is, nowadays, the fneggtently used approach in molecular and
solid state physics and chemistry. It allows to pate relatively large systems at a reasonable
computational cost, and it treats many problene aifficiently high accuracy. Time dependent
density functional theory (TDDFT7 is the extension of DFT to the case of a time ddpat
applied field. TDDFT is usually employed to computee optical excitation of valence
electrons. It has many applications, among themnrtbst relevant for this research program is

calculation of electronic excitation energies.

2.8.2 Nonplanar distortions in porphyrins and

phthalocyanines

Like most other aromatic compounds, many porphyans phthalocyanines are planar or
nearly planar molecules. However, factors suchtascsinteractions between substituents, or
between the macrocycle and axial ligands or coatitin of a metal whose radius does not
match the cavity size of the macrocycle core, @neother factors such as specific metal (d)-
marcrocycle £) orbital interactions can induce significant drsttn of the flat plane of
porphyrin or phthalocyanine macrocycles. Many hjydal cofactors such as hemes of
hemoproteins, pigments of photosynthetic proteinscafactor k3o of methylreductace are
nonplanar and this fact has drawn a lot of attentiiothe study of nonplanar porphyritisit has
been shown that important properties such as r@ddentials,® electron transfer abiliti€’s;
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and photophysical propertiésare all influenced by the deformation of the magote. The
most common nonplanar deformation for porphyriressirown inFigure 2.19
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Figure 2.19: The four most common symmetrical nonplanar deftiona for porphyrins. The filled circle
represent atoms displaced above the porphyrin mpéare (calculated for the 24-atoms of the porphyone),
while open circles represent atoms displaced béhievwporphyrin mean plane (From D. J. Nurco, C. édfdrth, T.
P. Forsyth, M. M. Olmstead and K. M. Smith, Am. Chem. Soc., 1996 118, 10918). A 3D view of the nonplanar
conformations is added to the right (From J. A.I&k, X.-Z. Song,J.-G. Ma,S.-L. Jia,W. Jentzerand C. J.
Medforth, Chem. Soc. Rev., 1998 27, 31).

As illustrated inFigure 2.19 in the ruffled conformation, theneso-carbons are alternately
below and above the mean porphyrin plane. The mastmon cause of ruffling is a small
coordinated central ion, the reason being thatingfidecreases the size of the porphyrin cavity
and allows shorter M-Nbond distanceS? Additional factors causing the flat porphyrin

macrocycle to deform by ruffling are steric intdrags and electronic effects due to axial

ligands and large peripheral substituents.
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The saddled conformation involves pyrrole rings tv@ alternately tilted above and below the
mean porphyrin planeF{gure 2.19. The meso-carbon lies in the mean porphyrin plane.
Saddling is most commonly brought about by stemaevding of the porphyrin periphery.

The waved conformation is rarely observed. In tteaformation, two opposing pyrrole rings

are tilted above and below the mean porphyrin pkmethe other two opposing pyrrole rings
are both twisted parallel planefiqure 2.19. Even though “waving” is rare, certain

porphyring” and phthalocyanin&$have being identified with this conformation.

In the domed conformation, the metal ion, the pgrrotrogens and the-carbons are above the

mean plane and th2carbons below itKigure 2.19. This conformation is often observed when
the central metal ion is large and requires largbldonds. Steric interactions with large axial

ligands and other porphyrins in sandwich systerastrer driving forces.

All these deformations for porphyrins have also ngeiidentified in many nonplanar
phthalocyanines. Huckstadt and coworkeérnsave shown that metallated phthalocyanines can
adopt saddle, ruffle, dome or even wave conformatiugh crystallography.

2.8.3 Spectral properties of phthalocyanine

A typical electronic absorption spectrum of a metaithalocyanine (MPc) consists of a distinct
band in the visible region at 600-800 nm called @¥and. The Q-band is the most intense
phthalocyanine absorption band. A second bandBtbe Soret band lies just to the blue of the

visible regiori® near 340 nm, sdeigure 2.2Q

Q band
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Figure 2.20: Typical electronic absorption spectrum of metaliaphthalocyanine. Diagram from B. O. Agboola,
PhD Thesis, Rhodes University, RSA07.
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The absorption spectrum of porphyrins, phthaloayasiand other related complexes is well
explained by Gouterman’s four-orbital linear condtion of atomic orbital modé¥ Figure
2.22 next page. According to this model, the highestupied molecular orbitals (HOMOS) of
the MPor ring are the;a(r) and a, (n), which are degenerate. The lowest unoccupiedadrbi
(LUMO) of metallophthalocyanine ring is the doulilggenerate () orbital. The Q and B
bands arise from transitions from thg @) (Q-band), anda (n) (B bands), respectively to the
gy orbital.

@ &
b | . 1y (1)
‘ ' HOM

O

Figure 2.21: Molecular orbital diagram for the four-orbital meddf metalloporphyrin absorbances, together with
their highest occupied molecular orbitalg,@nd &, symmetry) and the lowest unoccupied moleculartaklge,
symmetry). Diagram from A. V. Soldatova, Ph.D. TiseBowling Green State Universit006

As illustrated inFigure 2.21 the HOMO and HOMO-1 are purely macrocycle orbitalhe
HOMO & has contributions mainly from the, @nd G atoms, while electronic density on the
HOMO-1 g, orbital is largely localized on the pyrrolic nitreigg andmeso-carbon atoms. For
phthalocyanine substitution of th@eso carbons with a nitrogen atom leads to a different
electron density spread, and this is discussedfteravith the aid oFigure 2.23 The LUMOs
(ey) are largely delocalized on the porphyrin ringthaa very small contribution from the metal
d. orbital. Since the HOMOs {@and a,) happen to be nearly degenerate in the porphyaimng,
the g orbitals are degenerate by nature, two electroaitsitions, from HOMO to LUMO and

from HOMO-1 to LUMO lie close in energy and are egged to interact. The strong
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configuration interaction of the {ge,") and (a,'e,") excited configurations result in a high-
lying state corresponding to the B band, and aliomg state corresponding to the Q batid.
Moreover, the oscillator strength for these traosg in porphyrins is the highest for the higher
energy transition (B band). For the lower energnsgition, the two large transition dipoles
cancel each other resulting in a weakly alloweddit;on and a low intensity Q band. Different
metal centers and substituents at theso-carbon or at the periphery of the porphyrinic
macrocycle influence the energies of four Gouternmahitals, removing the accidental
degeneracy of the alu ang and shifting their position relative to the LUM@) This affects
the energies and intensities of the Q and B bamkifions that still can be interpreted by the

four-orbital model.

There are other bands exhibited by metallated jpintlanines, bands such as N, L and C bands
which occur at high energy (below 300 nm) in theugid state electronic absorption spectra of
some diamagnetic metallated phthalocyanines suchirescontaining phthalocyanines and
magnesium phthalocyanin&s. There are also possibilities of charge transfanditions
(CTTs)®* which usually appear as weak absorption bandsde#tW and B bands. If the central
metal has d-orbital lying within the HOMO-LUMO gélpere is a possibility for CTT to occur,
which either can be metal to ligand (MLCT) or ligato metal (LMCT) Figure 2.22

Pc ring orbitals metal orbitals Pc ring orbitals metal orbitals
b?_u by ——
b1u b1u
e, e,
h1g
B Q
Ay,
a,, a,, et X b
XK — &
Ay [ b X Ay b X X —
b2u — X — XX b2u — X
I I — —
ay, s XX by, 2, — ) — XX by
= — X — e, — Y, —
metal to ligand (MLCT) ligand to metal (LMCT)

Figure 2.22: Gouterman’s four linear combination of atomic tabmodel also showing MLCT and LMCT. From
M. Gouterman, IrPorphyrins, Physcical Chemistry, Part A (Ed.: D. Dolphin), Academic Press: New Yofl§78
vol. 3, p. 1.
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Rosaet. al. have investigated the changes in the absorptiestispin metalloporphyrin and
phthalocyanine by time-dependent density functiaghabry*®” The calculations showed that in
metal phthalocyanines, the HOMO and HOMO-1 degeaneta removed and the lowest
transition becomes pure;(gy) with larger intensity. The B band in these compk however,
no longer can be described by the four orbital mhosiace more complicated configuration
mixing occurs®’ Degeneracy is removed by the stabilisation ofah®rbital upon introduction
of the more electronegative aza bridges (correspghdthis orbital has large amplitude on the
bridging atoms as seen kKigure 2.23 and large destabilisation of the, arbital due to the
benzoannulation (fronfFigure 2.23 this orbital has amplitude on theg Gtoms, where

condensation of the benzene rings occurs).
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Figure 2.23: Molecular orbital diagram for the four-orbital meddof ZnPc absorbances, together with highest
occupied molecular orbitals,(@nd a, symmetry) and the lowest unoccupied moleculartakipg symmetry). The
molecular orbitals are obtained from ref 188 , Nkmet . al.J. Phys. Chem. A, 2007, 111, 12901.
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Chapter 3

Results and discussions

3.1 Introduction

The results presented in this chapter, represbatsesearch results obtained from the author. It
firstly describes the synthesis and characterisaifa selection of pyrrole-containing carboxylic
acid and organometallic compounds, which includeotene and ruthenocene derivatives.
Secondly, anchoring of the carboxylic acid funcailised pyrrole to a water-soluble polymer is
focussed on. Thirdly, the discussion focuses orcyleésation of the pyrrole compounds to form
new and knowr3-pyrrole andmeta-substituted porphyrins. Spectroscopic charact@isaof
these complexes was performed by proton magnesionemce ‘H NMR), infrared (IR) and
ultra violet/visible (UV/Vis) spectroscopy. All simesised complexes were electrochemically
analysed (cyclic, Osteryoung square wave and lis#aep voltammetry) and the data are
reported. Lastly, results from quantum chemical gotations on the zinc and nickel coordinated
peripherally and non-peripherally octa-substitytbthalocyanines are presented.

3.2 Synthesis

3.2.1 Pyrrole derivatives

In pursuing goal 1 (Chapter 1) of this study, thietesis of carboxylic acid pyrrole derivatives
according toScheme 3.lare first described. Friedel-Craft acylation oe fiposition of the
pyrrole ring requires protection of the pyrrole NMkbup’ This was achieved by the treatment of
pyrrole, 5, with phenylsulphonyl chloride in a biphasic sated aqueous sodium hydroxide and
dichloromethane solution using tetrabutylammoniuydrogen sulphate as a phase transfer
catalyst to liberare N-protected pyrrole in 87%ldier'he obtained 1-(phenylsulphonyl)pyrrole,

100, was used as a precursor in the synthesis of r@®gijcarboxylic acid, 102 (3-
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pyrrolyl)acetic acid, 104 and 4'-(3-pyrrolyl)butanoic acid, 107.  3-Acetyl-1-
(phenylsulphonyl)pyrrole101, was prepared by the Friedel-Craft acylationl®0 with acetic
anhydride in 90% vyield. Oxidation df01 with sodium hypobromide gave deprotected (3-
pyrrolyl)carboxylic acid, 102 in 87% yield.

ch=hicra), o CH= CHCOOH (CH2),CO0H

/ 51
(CH3 2N ~cner - {! Z g _malonic acid Z \g Hp,Pd/C Z/ \g
plperldme ethanol |

| pyridine

H
48 108 109
CISI[CH(CH 3
NaH/DMF
COOH

Dioxane / \
Vs ; 102

COCH3 H
acetic

Phsozcl anhydride \ 0
CH,Cl,/NaOH AICI 3/CH2CI2 101

SOzPh CH,COOCHg CH,COOH

\Th(NOg)3-3H,0  Jf \ NaOH i\
HCIO 4/MeOH MeOH
| |
( ) SO,Ph H

| 103 104
100 o=s=o
CO(CHy),COOH (CH,)3COOH (CH,)3COOH
succinic / \ / \ / \
anhydride Zn, HgCl , NaOH
AICI3/CoH4Cly 105 HCl/Toluene 106 MeOH
) 107
SO,Ph SO,Ph H

Scheme 3.1Synthesis of pyrrole-containing carboxylic acids.

(3-Pyrrolyl)acetic acid104, was prepared in three steps, also starting \weghfdrmation ofLOQ,
and acetylation td01 The second step, involves treatmentl01 with thallium(lll) nitrate in
methanol in the presence of perchloric acid to rdffo3-(carbomethoxymethyl)-1-
(phenylsulphonyl)pyrrole103 in 56% yield. In this reaction, the @GHragment of the acetyl
group in101 rearranges in position to gii®3 The hydrolysis of the protected estEd3 with
sodium hydroxide yielded deprotected (3-pyrrolyd@c acid,104, in 66%. For carboxylic acid,
107, 1-(phenylsulphonyl)pyrrolel00, and succinic anhydride were reacted under stdndar
Friedel-Craft acylation conditions to give 3'-[1hgnylsulphonyl)-(3-pyrroloyl)]propionoic acid,
105 in 41% yield. The carboxylic acid07, was then obtained in two further steps involvimg
Clemmenson reduction of keto-group 905 followed by the hydrolysis of the resulting
protected carboxylic acid,06 to give 4'-(3-pyrrolyl)butanoic acid,07, in 56% vyield. Infrared
spectra indicated the presence of @ Signal at around 1363 ¢hfor all the N-protected pyrrole
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derivatives (se€igure 3.1). The presence of two strong carbonyl peaks (¥8&i71675 cril for
105 is consistent with the presence of a keto-carbhoyacid group. For compounds6 and
107 the carbonyl peaks could be identified at 1702 a@85 cm' respectively. The CO
stretching frequency of 3-acetylpyrrol)1, is at 1662 cnl.

a. 3500-3000 (NH) (CHsco0H
a cy b b 2800-2440 (OH) [ \
C. 1705 (C=0) \ 107
C H
CH a a.. 3000'2480 (OH) (CH2)3COOH
b. 1702 (C=0) =
b oL c. 1360 (S=0O 106
SO,Ph
cH 2 a. 3000-2400 (OH) CO(CH,);COOH
b. 1697 (C=0, ketone) /\
b d C. 1675 (C=0, acid) 105
C d. 1363 (S=0) Losen
gl EERRRN a. 1360 (S=0)
CH
B
|
a O:?:Oloo
. . . . Ph
3500 3000 2500 2000 1500 1000

wavenumber / cm

Figure 3.1: Infrared spectra with assignments and structurésl-gphenylsulphonyl)pyrrole,100, 3'-[1-
(phenylsulphonyl)-(3-pyrroloyl)]propionoic acid05, 4'-[1-(phenylsulphonyl)-(3-pyrrolyl)]butanoic akil06, and
4'-(3-pyrrolyl)butanoic acidl07.

In our hands it was not possible to obtain (3-pytjocarboxyaldehyde50, from phenyl-SQ
protected pyrrole 100, the deprotection procedures to remove Ph-fied. However, upon
using a different pyrrollic NH protecting group,-f&IH-(CHs),]3, the synthesis db0 could be
performed successfully. Thus, 3'-(3-pyrrolyl)propanacid,109 (Scheme 3.1 was prepared in
five steps, starting with the protection & with triisopropylsilyl chloride to give 1-
(triisopropylsilyl)pyrrole,47, in 87% yield. Treatment ¢f7 with the Vilsmeier-Haack reagent,
517 afforded the 3-pyrrole-substituted deprotectedniom salt,48, in 90% yield. Alkaline
hydrolysis 0f48 gave 3-formylpyrrole50, in 79% yield. The fourth synthetic step involvibe
Michael addition of malonic acid in two-fold excessyield 3'-(3-pyrrolyl)propenioc acid,08
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(a substituted acrylic acid) in 31%. Hydrogenatmin108 with hydrogen gas catalysed by
palladium on activated charcoal gave 3'-(3-pyripisdpanoic acid109 96% vyield.

Data for proton NMR spectra is provided in chagter

a.  2500-3000 (OH) (ChpsCO0H
Hydrogen b. 1707 (C=0) =
bonded 109
NH and COOH b H
a. 2500-3000 (OH) ,cH=cHcooH
Hydrogen b. 1654 (C=0) I
bonded C. 1597 (C:C) | 108
NH and COOH C H
a. 1625 (C=0) CHO
(/ \;
NH hydrogen rlﬁ 50
bonded
a
\
"" s

3500 3000 2500 2000 1500 1000

wavenumber / cm

Figure 3.2: Infrared spectra with wavenumber assignments amnattares of 1-(triisopropylsilyl)pyrrole47, (3-
pyrrolyl)carboxyaldehydeqO, 3'-(3-pyrrolyl)propenoic acid,08 and 3'-(3-pyrrolyl)propanoic acidP9.

Infrared spectroscopy clearly shows the presence adrbonyl peak in the carboxylic acids in
Figure 3.2 at 1625, 1597, and 1707 ¢nfor compound50, 108 and 109 respectively. The
alkene group for 3'-(3-pyrrolyl)propanoic acit)8 was identified HC=CH stretching peak at
1654 cm'. For 1-(triisopropylsilyl)pyrrole47, the stretching frequency for N-Si was identified
at 1709 crit. A final observation worth mentioning is the way@ stretching frequencies differ
for the synthesised carbonyl-containing pyrroleivdgives. For the free acids, (3-pyrrolyl)-
(CH,),COOH, the C=0 frequency decreased as a functiamcoegasing n as follows:

n (compound numbevgo / cmit) = 0 (102, 1723); 1 104 1710); 2 109, 1707); 3102 1705)

The keto C=0 stretching frequency for aldehy&® ketone1l0l1l and keto acidl05 was:
compound numbengo / cmt) =50 (1625);101(1662);105 (1697).

Data for proton NMR spectra provided in Chapter 4.
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3.2.2 Ferrocene-pyrrole conjugates

Reductive amination of acetyl ferrocer®, with sodium cyanoborohydride in the presence of

ammonium acetate, gave 1-ferrocenylethylamine rofdaside, 1107 in 78 % yield.

o NH#HCI
@)k @K (CHp);—COOH (CHy)—CONH
T ) CH3COONH,, NaCNBHg 13 . I\ coupling agent _ /\ )\©
ii) HCI TEA
< < | | g
i i <>
66 110
109: rR=H,n=2 111: rR=H,n=2
106: R=PhsO,n=3 112: rR=Phso,n=3

Scheme 3.2 Synthesis of ferrocene-substituted pyrrole$]l and 112 Coupling reagent = O-benzotriazol-1-yl-
tetramethyluronium hexafluorophosphate, TEA = fiygmine.

The ferrocene-pyrrole conjugatd, 11, under the influence of the coupling reagent, O-
benzotriazol-1-yl-tetramethyluronium hexafluoropploate, was obtained in 78% vyield with the
successful condensation D9 and110, while 112 was obtained in 69% yield from pyrrdl@6.
The ferrocene derivativekll and112 was synthesised with the specific aim of estabigithe
effect of pyrrolic NH protecting Ph-Sn the redox potential of electro-active substitaeon
the 3-pyrrole position. Any observed electroniceetfof the Ph-S©group on the ferrocenyl
substituents o111 and112 can be due to through-bond or through-space &#ketts? For 111
and 112 through-space field effects is expected to domeitmcause the Phg@nd ferrocenyl
groups are separated by a non-conjugating grougpater atoms. The existence of CO-NH
amide | and amide Il peaks at 1637 and 1543 éwn 112 and at 1619 and 1535-1504 ¢ror
111in the infrared spectrunfrigure 3.3) are apparent.

Data for'H NMR spectra is provided in Chapter 4.
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(CH)3—CONH

2990-2850 (NH)
1637 (C=0) @

(:?
T

{
o0 oo

A 1543 (C-N) Y 3
N 1251(S0)  i° 45, &
L (CHp)7—CONH
VP a 3700-3000 (NH)*@
a CH ¢ b. 1619 (C=0) ¥
b c.  1539,1504 (CN) * 111 S,

* NH = pyrrolic and amide

3000-2800 (NH) [z
1506 (C-N)

a @F 110
CH a. 1658 (C=0)
[e]
a <> 66

4000 3500 3000 2500 2000 1500 1000
wave-number / cm

;
o

Figure 3.3: Infrared spectrum with wave-number assignmentfegbcene derivatives. Fdrl0 the NH peak is
shifted to shorter wave numbers due to its,N¢haracters. Fatll, the sharp peaks associated wihis probably
related to the pyrrolic NH.

3.2.3 Porphyrin derivatives

Having successfully synthesised pyrrole-functicseadi carboxylic acids, attention was focused
on the synthesis aheso- andp-pyrrole substituted porphyrins (goal 1, ChapterTlyo types of
porphyrins were targeted for this study. The fitgpe consists of metal and metal-free
tetraphenylporphyrins substituted on thmeso- or B-pyrrole position with a carboxylic acid
group. The successful synthesis of such porphymdd allow us to anchor these porphyrins on
a water-soluble polymeric drug carrier. The secpagphyrin-type investigated were porphyrins
in which multiple metallocene groups are substduia themeso position of the porphyrin ring.
These porphyrins would have the unique propertyoafibining in the same molecule a potential
photodynamic anticancer moiety, the porphyrin meycte and a chemotherapeutic molecular
fragment, the metallocene group. In addition, tbeext choice ofmeso-substitutuents would
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create a highly polarised macrocycle possessingul&meously electron-withdrawing and
electron-donating substituents.

3.2.3.1 Tetraphenylporphyrin and its derivatives

The synthetic procedure followed for tetraphenyyrin, 12, (Scheme 3.3was in accordance
with the method described by Adler and co-workePyrrole, 5, and benzaldehyd€,0, in
refluxing propionic acid reacted to form 5,10,15t80aphenylporphyrinl2, in 19% vyield,
together with a small quantity of chlorin. The aimo(Chapter 2, page 8) was removed through
exhaustive washing with methanol. 5,10,15,20-T &teaglporphyrin copper36, was obtained
by inserting Cé" into the metal-free derivativé?, in 98% vyield.

Ph Ph Ph Ph
o
!/ \> . ©_< CH,CH,COOH Cu(CH3CO0),
| H
H 12
10
S Ph oh Ph L, 36

Scheme 3.3Synthesis of 5,10,15,20-tetraphenylporphyiia,

To obtain an unsymmetrically substituted porphytih3 statistical condensation of pyrroks,
benzaldehydelO, andpara-carboxylic acid benzaldehyd&9, was performed in a 4:3:1 ratio
(Scheme 3% The desired producil3 was then isolated by chromatography from the
tetraphenylporphyrin12, in low (5%) vyield. This yield of113 is very low and clearly
demonstrates a need for a more effective syntpediocol. Such protocol was developed in the

synthesis of ferrocene- and ruthenocene-substifudgahyrins and will be described later.

o

o o
!/ \> . ®_< v Hoos <:> /< CH,CH,COOH
| H H
H
5

10 19

OH

113

SR

Scheme 3.4Synthesis of 5g-carboxyphenyl)-10,15,20-triphenylporphyriti 3
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The above synthesis describes the functionalisatibrporphyrins using pre-functionalised
precursors, her@ara-carboxylic acid benzaldehyd&9. Another approach would be to first
synthesise a suitable porphyrin and then to funetise it. The synthesis of p-aitrophenyl)-
10,15,20-triphenylporphyrin37, Scheme 3.5epresents an example of this approach.

NO, NH,
P . & () ) ()
TFA/ NaNO, SnCl,. 2H,0
—e T’
12 37 114
P“ " SERe SERe

Scheme 3.5Synthesis of 5g-aminophenyl)-10,15,20-triphenylporphyritil 4.

The mono-nitroporphyrin37, was obtained in 79% yield through treatment a@oacentrated
solution of tetraphenylporphyrid2, in trifluoroacetic acid with 1.8 equivalents afdsum nitrite
(Scheme 3. Conversion of the nitro derivative into the @sponding aminoporphyrii,14,
was achieved by the reduction of the Ngdoup of37, with tin(ll) chloride and hydrochloric
acid in 56% vyield.

a. 3463, 3379(Nb)
b. 3313 (pyr-NH) Q s
L b
a 114
@ 9,
a NO,
a. 3303 (pyr-NH) ® ()
b b. 1594, 1473, 1442,
1349 (NQ)
37
a L1 < O
b 3 OH
4 a. 3310 (pyr-NH) 1) ()
b.  3000-2600 (OH)
c. 1682 (C=0) N
a SERe
a. 3306 (pyr-NH)
35'00 30'00 25'00 20'00 15'00 1000

wavenumber / cm

Figure 3.4: Infrared spectra of 5,10,15,20-tetraphenylporphyril2, 5-(p-carboxyphenyl)-10,15,20-
triphenylporphyrin, 113 5-(p-nitrophenyl)-10,15,20-triphenylporphyrin37, and 5-p-aminophenyl)-10,15,20-
triphenylporphyrin114.
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The infrared spectra indicated the presence of niaerocycle C-NH-C group for all the
porphyrins in Figure 3.4 5-(p-Carbohydroxyphenyl)-10,15,20-triphenylporphyrihl3 also
showed strong transmission peaks at 3000-2600 (0882 (C=0) and 1177 (C-O) ¢hwhich

are associated with normal carboxylic acid vibmadioThe nitro group signals are observed at
1594, 1473, 1443 and 1349 ¢mfor compound 37. 5-(p-Aminophenyl)-10,15,20-
triphenylporphyrin,114, showed vibrational signals between 3463 and 38W9 which are
characteristic of the Nfgroup.

Data for'H NMR spectra is provided in Chapter 4.

The above two reactionsS¢heme 3.4and Scheme 3.5 demonstrates functionalisation of
tetraphenylporphyrinl 2, at themeso position. One can also selectively functionalieat thef-
pyrrole position, provided th@-pyrrole position becomes activate@hPyrrole activation is
achieved by metallation df2 to give for example the copper porphyi@6, as shown irscheme
3.3

Thus, the electrophilic Vilsmeier formylation of pyer (II) tetraphenylporphyrin36, was
carried out as described elsewliei® give the intermediate iminium sa¢heme 3.5 In the
follow-up reactions that included hydrolysis amdsitu demetallation of the iminium salt, 2-
formyl-5,10,15,20-tetraphenylporphyri5, was isolated in 67% vyield. The Wittig reaction
between35 and ethyl(triphenylphosphoranylidene)acetate gatrans/cis isomeric mixture of
3'-(5,10,15,20-tetraphenylporphyrin-2-yl) ethyl @ate, 115 in a 60%/40% ratio of yield.
Evidence for two structural isomers d15 were observed on thi#d NMR (Figure 3.5 top).
Isomerisation of theis isomer of115in dichloromethane using iodine as a catalyst gavg
the trans isomer of metal-free 3'-(5,10,15,20-tetraphenydpgrin-2-yl) ethyl acrylate115 in
91% yield Figure 3.5bottom).

CHy
P Ph 3 Ph N/\+ 0,PCly"
CHy
POCI,/ DMF H
_—
H,50;
36
PH Ph Ph Ph

intermediate
iminium  salt

|

COOEt
~. COOEt _
i) PhgP; H
i) 15, CH,Cl,

P Ph
115

Ph Ph Ph Ph

Scheme 3.6:Stepwise synthesig-pyrrole substituted porphyriri15 The | catalyses conversion to theans

isomer.
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CDCl,
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o c- a CH
c-CH, 3
H _ CH g
__Jth (St ECH Sl : M L 1 t-NH ,&NH

Pl bl lebel et e I .25 Dl e el
EEBEE=ZreRr 8 s moQ 58
C:CDC!C!I;“\L’\IHD_-HCI Iv—| 1—|v|—| . i Il."".l ; - - Cl1—|I
Q = 7 =} =1 < 2 2 1 ] -1 -2 -3
Hzo Ph Ph
CDCl; \
/ ~. - COOEt
CH,Cl,
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Ph Ph
. Jn ) I\
o L by d it f i
= o E [uu] u = = =
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— U U)o~ —~ — [N £ ~—
T T L T T T T T T T ¥ T T
=l a8 7 =} =] <4 =] =2 1 a =] -2 -3

Figure 3.5: Top: Proton NMR oftrans/cis isomeric mixture of 3'-(5,10,15,20-tetraphenylgonin-2-yl) ethyl
acrylate,115, in CDCk. Bottom: Proton NMR of thdrans-3'-(5,10,15,20-tetraphenylporphyrin-2-yl) ethyl date,
115 in deuterated chloroformg.= cis, t = trans.

Figure 3.6 shows the infrared spectra pfpyrrole substituted porphyrins. Strong vibrational
peaks at 1665 and 1703 ¢nfor compounds35 and 115 respectively are characteristic of
carbonyl (C=0) groups. The wavenumber of 1620"dar compoundL15is associated with an
alkene group.
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g | a. 3304 (pyr-NH)
CH b. 1703 (C=0)
C. 1620 (C=C)~ o
d d. 1262 (C-O) S
115
b Ph Ph
W a. 3315 (pyr-NH)
CH b. 1665 (C=0) o
PH’ 35
b
a |\, a. 3313 (pyr-NH)
CH

Ph

b}

36

3500 3000 2500 2000 1500 1000
wavenumber / cm

Figure 3.6: Infrared spectra with wavenumber assignments 19,%5,20-tetraphenylporphyrin copper (186, 2-
formyl-5,10,15,20-tetraphenylporphyrid5, and 3'-(5,10,15,20-tetraphenylporphyrin-2-yl)yétcrylate,115.

3.2.3.2 Metallocene-substituted porphyrins

Attention was next focussed on synthesising mixé&g/rGetallocene-substituted porphyrins in
order to investigate electronic characteristicthefelectron-pull effect of GFand electron-push
effect of the metallocene group (goal 6, Chapteroh)the electronic properties of such polar
porphyrins. The porphyrins of this section was adyathesised to gain access to molecules
which in principle are capable of acting simultangg as a photodynamically active anticancer
drug, due to the presence of a porphyrin ring,asad as a normal chemotherapeutic drug due to

the presence of either the ferrocenyl or ruthenglametallocene groups.

Ferrocenylcarboxyaldehydb2, and ruthenocenylcarboxyaldehyd®, were used as precursors
in the synthesis of metallonecedipyrromethai@ehéme 3.8 The carboxyaldehydeS2 and70
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(Scheme 3.Y were prepared by treatment of ferroced@,or ruthenocenegl, with phosphorus
oxychloride and N-methylforanilide. The yields fitve two metallocenecarboxyaldehydes were
74% 62) and 33% T0).

< . @* 0,

M
i ~PhMeNCHO CF3COOH

60: M=Fe 52. M= Fe 116: M=Fe
61: M=Ru 70: M=Ru 117: M=Ru

Scheme 3.7Synthesis of metallocene-dipyrrometharigdgand117.

As one of the aims of this research is to succgdynthesise controlled rather than randomly
meso substituted metallocene-porphyrins, a metallocrgaining dipyrromethane is a
necessary precursor. The reaction of pyrrblewith metallocenecarboxaldehydé® and 702
gave, after addition of a catalytic amount of triftoacetic acid under nitrogen and
chromatographic purification ferrocenedipyrrome#hahl6 and ruthenocenedipyrromethane,
117, in 76% and 58% vyield respectively. The high yislghthesis ofl16, which decompose
faster in solution when exposed to atmospheric \was also described elsewheand is
considered the result of the presence of the stetexjron-donating ferrocenyl group. The lower
yield of 70 and 117 is attributed to lower reactivityof ruthenocene6l, compared to that of

ferrocenepO.

To obtain a porphyrin bearing a single ferrocemgup and three substituted phenyls on the
meso position requires statistical condensation of thgyrromethane with an appropriately
substituted benzaldehyde. The synthetic route ¢éofénrocene-substituted porphyrins of this
study is illustrated inScheme 3.8 The MacDonald-type 2 + 2 condensation of 5-
ferrocenyldipyrromethane, 116 and para-trifluoromethylbenzaldehyde,118 or meta-
trifluoromethylbenzaldehydd,19, was performed to obtain the new unsymmetricallystituted
5-ferrocenyl-10,15,20-trigftrifluoromethylphenyl)porphyrin, 121, and 5-ferrocenyl-10,15,20-
tris(m-trifluoromethylphenyl)porphyrinl 24, respectively $cheme 3.8 The cyclisation reaction
was carried out in dichloromethane (DCM) at roomperature by addition of the acid catalyst,
trifluoroacetic acid to equimolar of dipyrromethadé6, and substituted benzaldehyd&%8 or
119 Condensation was complete after one hdaorsitu oxidation of the intermediates to
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porphyrin derivatives was achieved with additior2¢8-dichloro-5,6-dicyano-1,4-benzoquinone.
This was followed by quenching of trifluoroaceticida with triethylamine. A mixture of

porphyrins was recovered and separated by columomatography on silica gel.

+ other isomers

+ Otherisomers

2.0DQ

+ other isomers

CF3COOH

Scheme 3.8:Synthesis ofmeso-substituted ferrocenylporphyrins. For the purpasfethis study thetrans
conformational isomer implies metallocenyl groupsbstituted in opposingmeso positions while thecis
conformational isomer implies metallocenyl substitts in adjacenteso positions of a porphyrin.

The first band eluted was 5-ferrocenyl-10,15,28fririfluoromethylphenyl)porphyrin121, or
5-ferrocenyl-10,15,20-tris¢-trifluoromethylphenyl)porphyrin,124, respectively. An unusual
and unexpected feature of the synthesis2ifor 124 using the MacDonald’s 2 + 2 methodology
was the isolation of two scrambled analogues faheg/nthesis. The second chromatographic
fraction contained 5,15-bisferrocenyl-10,20-pitr(fluoromethylphenyl)porphyrin122 or 5,15-
bisferrocenyl-10,20-bis-trifluoromethylphenyl)porphyrin,125 analogues respectively. The
third recovered chromatic band was identified aslO#isferrocenyl-15,20-bip{
trifluoromethylphenyl), 123 or 5,10-bisferrocenyl-15,20-bisftrifluoromethylphenyl), 126,
scrambled products df18 or 119 respectively. These scrambling products were ueebea but

is attributed to the electron-donating propertieshe ferrocenyl group. All the eluted fractions

for the two statistical condensation reactions widemtified through'H NMR. The results of
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these fractions and the ratio of the eluent usezbliect each fraction are summarisedlable
3.1

Table 3.1: Summarised results from the statistical condeosatif 5-ferrocenyldipyrromethand16, and para-
trifluoromethylbenzaldehydd,18 or meta-trifluoromethylbenzaldehydd,19, (Scheme 3.Y.

Isolated Solvent eluent R values Yield 1H NMR
compound (n-hexane:DCM) (n-hexane:DCM) | (%) (Appendix)
121 2:1 0.28 14 Spectrum 28
122 1:1 0.45 4 Spectrum 29
123 1:1 0.44 3 Spectrum 30
124 2:1 0.25 12 Spectrum 31
125 1:1 0.44 3 Spectrum 32
126 1:1 0.43 2 Spectrum 33

'H NMR distinguished conclusively between tinans conformational isomet22 and thecis
conformational isomel23 For the purpose of this study theans conformational isomer
implies metallocenyl groups substituted in opposiego positions while theis conformational
isomer implies metallocenyl substituents in adjaameso positions of a porphyrin. Th&H
NMR spectrum forl22 showed a simple pattern in the aromatic regioe Esgure 3.7). Four
doublets at 9.88, 8.62, 8.34 and 8.05 ppm intedritefour protons each and were assigned to
two sets of four3-pyrrolic protons, fourortho-phenyl protons and foumeta-phenyl protons
respectively. The porphyrin pyrrole protons areegalty at lower field than the phenyl protons.
This perfectly reflects thrans-A,B, symmetry of isomet22 The electron-withdrawing effect
of the para-trifluoromethylphenyl groups through thlreconjugated system of the porphyrin core
is believed to deshield thepyrrolic protons &” adjacent to theara-trifluorophenyl groups and
result in the low-field chemical shift peak positiof 9.88 ppm. Inversely, the electron-donating
effect of the ferrocenyl groups shields tRepyrrolic protons b” adjacent to the ferrocenyl

groups, causing the resonance peak to be at thefikid position of 8.62 ppm.
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Figure 3.7:'H NMR spectra of porphyrins22 (top) and123 (bottom). All resonances are associated to probons
the structures 0122 and123 as indicated by the labeds—f, or the ferrocenyl cyclopentadienenlyl ringsHg or
C5H5.

The'H NMR signal pattern for theis isomer123 were more complex when compared to the
trans isomerl22 Rather than two clean doublets for flapyrrolic protons, two pairs of doublet
and two singlets are observed, each integratingwor protons figure 3.7). The one pair of
doublet and singlet, resonate at 9.98 and 9.82 ni@smectively, while the other pair resonate at
8.67 and 8.62 ppm. The broad singlet signal at @®8is assigned to the pyrrole protons
between the-CF;-CgH4 group labelled in &” in Figure 3.7 while the doublet signal at 8.82
ppm is assigned tob" pyrrole protons between the phenyl and ferrocegrglups. The pyrrole
protons €” is resonating as a doublet at 8.67 ppm while ¢hiostween the ferrocenyl groups,
protons d”, are resonating as a singlet at 8.62 ppigure 3.7 highligts all assignments 22
and 123 Characterisation of theis andtrans meta-substituted derivativesl?5 and 126) and
ortho-substituted derivatives were treated in a simitay, 'H NMR assignments can be found
in Chapter 4 (experimental) and spectra can beise&ppendix 1, spectra 32, 33, 35 and 36.
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In order to complete a series of porphyrins whelfg €libstituents on phenyl rings are not only
on themeta positions andgara positions, but also on th&tho position, porphyring 27, 128
129  (Scheme 3.8 were also synthesised. 5-Ferrorecenyl-10,158®4r
trifluoromethylphenyl)porphyrin127, was obtained as the first chromatographic fractrom
the statistical condensation 0f16 and ortho-trifluoromethylbenzaldehyde, 120, under
MacDonald-type 2 + 2 standard reaction conditiamsl4% vyield. 5,15-Bisferrocenyl-10,20-
bis(o-trifluoromethyylphenyl)porphyrin128 was obtained as the second product in 4% yield.
The third product was isolated to be 5,10-bisfernyd-15,20-bisg-
trifluoromethylphenyl)porphyrin,129, 2% yield. This reaction mixture proved to be very
difficult to purify because of the large amountprphyrin products that are obtained during
statistical condensation. These three bands cauiddntified througHtH NMR, though all the
other fractions contained mixture of compounds, prabably included rotamers (atropisomers)

due to the restriction on free rotation of th€F;-CgH,4 groups in the porphyriartho-position.

a. 1720 (C=C)
b. 1165 (C-F)
a b
a. 1119 (C-F)
a

WY a. 1103 (C-F) <

3000 2500 2000 1500 1000
wavenumber / cm

Figure 3.8: Infrared spectra of 5,15-bisferrocenyl-10,20-ti{fluoromethylphenyl)porphyrin, 128 5,15-
bisferrocenyl-10,20-bis-trifluoromethylphenyl)porphyrin, 125 5,15-bisferrocenyl-10,20-bjs(
trifluoromethylphenyl)porphyrin1 22
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The infrared spectra={gure 3.8 shows the C-F vibrational peak for 5,15-bisfeemy-10,20-
bis(p-trifluoromethylphenyl)porphyrin, 122, (1103 cnif), 5,15-bisferrocenyl-10,20-bisk
trifluoromethylphenyl)porphyrin, 125 (1119 cnt) and 5,15-bisferrocenyl-10,20-his(
trifluoromethylphenyl)porphyrin, 128 (1165 cnt) all around the same value. The C=C
vibrational peak is much stronger on the porphyvhere the Cggroup is substituted on the
ortho position. This can be due to the close proximifyttte Ck group to the porphyrin
macrocycle which will tend to retard free rotatmwinthe o-CF;-CgH,4 group. To illustrate how the
shift in CR substitution position from g@ara-, to a meta- to a ortho-substituted C{CgH,
influenced théH NMR of porphyrinsFigure 3.9 showing the spectra of tltés orientated 5,10-
bisferrocenyl-15,20-bis(trifluoromethylphenyl)pospins 123 126 and 129 respectively, is

instructive.
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Figure 3.9: '"H NMR spectra of 5,10-bisferrocenyl-15,20-pis(ifluoromethylphenyl)porphyrin,123 5,10-
bisferrocenyl-15,20-bisf-trifluoromethylphenyl)porphyrin, 126, and 5,10-bisferrocenyl-15,20-his(
trifluoromethylphenyl)porphyrin129 in CDCL.
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In the para substituted derivativel23 the eight protons on the four pyrrole rings reded in
four groupings involving two protons each. The éigfotons on the two phenyl rings resonated
at two positions involving four phenyl protons eabhthemeta substituted derivativel, 26, the
pyrrole protons still resonated at four frequencezgh involving two protons, but now the eight
protons on the phenyl rings also resonated at filguuencies involving two protons each. For
the ortho substituted derivativel29 the eight pyrrole protons were still detectedfair
frequencies involving two protons each, but thieetithe eight phenyl ring protons showed a
complex signal pattern with three main signal giogg involving three, three and two protons
respectively. The differences are the consequehsymmetry becoming lower and lower in
moving from 123 to 129 This contrast the highly symmetrical spectrumtlad trans- para-
derivativel22 (Figure 3.7) which shows eight pyrrole protons as two resoaaticvolving four
protons each, and the eight phenyl protons whichifests also a two resonating signals
involving four protons each. The slightly lower symtric compound125 (meta, trans
derivative, spectrum 35) still showed the eightrplg ring protons resonating at two frequencies
involving four protons each, but in this compouruk teight phenyl protons was observed

resonating at four frequencies representing tweopoeach.

The metallated porphyrind30-138 were obtained by inserting Wi into the metal-free
derivatives121-129 in 82% vyields or larger. To achieve this, the éte porphyrins and
nickel acetate were refluxed in dimethylsulphoxigler nitrogen gas for 4 hours before water
was added and the precipitate collected. Puriboatwith column chromatography with

hexane/CHCI, (1:1) as eleunt gave the desired products.

Ry R
Ni(CHZCOOH),
—_——
R3 RZ
121: ry=R,=R3=p-CFsPh; Ry = Fc 130: r; =R, =R3=p-CFgPh; R, = Fc
122: R, =R3=Fc; R, =R, = p-CFPh 131: Ry =R3=Fc;R, =Ry = p-CF3Ph
123 Ry =R, =Fc; Rg = Ry = p-CF4Ph 132: Ry =R, =Fc;R3= Ry = p-CF3Ph
124: Rr,=R,=Rg=m-CF4Ph; Ry =Fc 133: R; =R, =Ry= m-CFaPh: Ry =Fc
125: Rl = R3: Fc; R2 = R4 = m—CF3Ph 134: Rl = R3 =Fc; R2 = R4 = m-CFSPh
126: r; =R, =Fc; R3= Ry = m-CF3Ph 135: r; =R, =Fc;R3 =R, = m-CF4Ph
127: Ry = Ry =Ry= 0-CFgPh; R = Fc 136: Ry =R3=Ry= 0-CF3Ph; R = Fc
128: Rr; =R3=Fc; Ry = Ry = 0-CFgPh 137: ry=R3=Fc; Ry =Ry = 0-CF4Ph
129: Ry =R, =Fc;R3 =Ry = 0-CF3Ph 138: Ry =R, =Fc;R3= R, = 0-CF4Ph

Scheme 3.9Synthesis of nickel-metallated porphyrin derivatibearing one or more ferrocenyl group.
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A shift to higher field in the NMR positions of tlegomatic and cyclopentadiene protons were
observed in moving from the metal-free porphyrims rtickel-metallated porphyrins. For
example,Figure 3.10 shows the!H NMR spectra of metal-free 5-ferrocenyl-10,15, 86
trifluoromethylphenyl)porphyrin124, and [5-ferrocenyl-10,15,20-tris{trifluoromethylphenyl)
porphyrinato] nickel(11),133 The chemical shifts move from positions betwe@r? land 7.9
ppm for 124 to positions between 9.8 to 7.8 ppm for the aramatotons of133 The GH,
protons moved from 5.57, 4.84 and 4.21 ppm 124 to 5.17, 4.75 and 3.99 ppm faB3
respectively. The other metallated-nickel porphyderivatives follow suit. The metallated
porphyrins generally showed the same peak patferngrotons as in the metal-free porphyrin
derivatives (Chapter 4).
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Figure 3.10:Proton spectra in CDgbf 5-ferrocenyl-10,15,20-trigttrifluoromethylphenyl)porphyrinl 24, and [5-
ferrocenyl-10,15,20-tris(-trifluoromethylphenyl)porphyrinato] nickel(11%,33

One example of a ruthenocene-containing porphyr@s wlso made for the first time in this
study. To achieve this, the MacDonald-type 2 + 2demsation was also employed to synthesise
metal-free 5,15-bisruthenocenyl-10,20-pis(fluoromethylphenyl)porphyrin, 140, using 5¢p-
trifluoromethylphenyl)dipyrromethane, 139, and ruthenocenylcarboxyaldehyde/0, in
dichloromethane catalysed by trifluoroacetic aéidlowed by oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinonié. 5-(p-Trifluoromethylphenyl)dipyrromethanel39, was obtained
through a reaction of pyrrol®, with para-trifluorobenzaldehydel 18 after a catalytic amount
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of trifluoroacetic acid and chromatographic puation. Metallation ofL40 with nickel acetate
was done in N,N-dimethylformamide to give [5,15rbtkenocenyl-10,20-bip{
trifluorophenyl)porphyrinato] nickel(11)141, in 88% yield.

Ru

<
) <>

CF3

N 70

/ \ 5 \ VA Ru

N . Ni(CH3COOH),
—_—

CF3COOH s 1. CF3COOH

NH 2. DDQ
o 139
118 F

141 cFs
Scheme 3.10:Synthesis oftrans meso-substituted 5,15-bisruthenocenyl-10,20-pésé-trifluoromethylphenyl)
porphyrins.

The replacement of a more stronger electron-dogd&mgroup with a less reactive Rc in 5,15-
bisferrocenyl-10,20-bigttrifluoromethylphenyl)porphyrin 122, to give 5,15-bisruthenocenyl-
10,20-bisp-trifluoromethylphenyl)porphyrin, 140, does not change th&H NMR patterns,
although it does change the positions of protéigufe 3.11). The phenyl an@-pyrrole protons
for 140 are slightly shifted (< 0.06 ppm for each groupit@ga higher field compared 22 A
larger proton shift is observed in the metallocand NH protons. The less electron-donating
effect of ruthenium compared to iron is believedénise the deshielding of theHz and GHs
protons resulting in low-field chemical shift pepdsitions for the metallocene fragmentld@i.
Metallation of 5,15-bisruthenocenyl-10,20-Ipd(ifluoromethylphenyl)porphyrin140, to [5,15-
bisruthenocenyl-10,20-bis¢rifluoromethylphenyl)porphyrinato] nickel(l1)141, increase the
electron density in the porphyrin macrocycle, resglin the aromatic and cyclopentadiene
protons chemical shifts resonating at higher fiétdghe nickel metallate compared to the metal-

free porphyrin Eigure 3.11).
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Figure 3.11: Correlation in H NMR spectra in CDGl of 5,15-bisferrocenyl-10,20-bjs(
trifluoromethylphenyl)porphyrin122, 5,15-bisruthenocenyl-10,20-his{rifluoromethylphenyl)porphyrin140, and
[5,15-ruthenocenyl-10,20-bisgrifluoromethylphenyl)porphyrinato] nickel(l1Y,41,

The infrared spectraF{gure 3.12) indicated the carbonyl peaks at 1657 and 1652 fonthe
ferrocenecarboxyaldehyd&?2, and ruthenocenecarbocyaldehyde, respectively. The two NH
signals, the stronger are at larger wavenumber 60 3fm' and the weaker signal at.

1678 cni can be observed for the dipyrromethanes and pdnshgs a broad peak.
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Figure 3.12:Infrared spectra of metallocene derivatives.

This part of the synthetic program of this resegraject thus convincingly demonstrated how

molecules having both a photodynamically activecancer moiety, i.e. the porphyrin centre,
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and a chemotherapeutic centre, i.e. either theodenyl or ruthenocenyl group, may be
synthesised. In a follow-up study these moleculesy he subjected to biological tests to
determine actual anticancer activity. Prior to thiatis imperative that the spectroscopic,
photophysical and electrochemical properties ofeheew molecules must be researched. This
study will highlight the spectroscopic and elech@wmical properties of these new complexes,
while the photophysical properties will be studieé follow-up study.

3.2.4 Polymer synthesis

It was also an aim of this study to investigate dhehoring of a porphyrin macrocycle onto a
water-soluble polymeric drug carrier (goal 2, Cleaff). Poly-DL-succinimide was selected as a
polymer that may be readily converted into watdwisie polymeric derivatives. Side-chains
introduced into polysuccinimide may be functionadisfor drug anchoring purposes. Here a
primary amine was chosen. All the polymers thatewsynthesised were fractionated with
dialysis in 12000 molecular mass cut-off membranleingg to rid the product from small

molecular mass fractions. The final product wasveced by freeze drying.

3.2.4.1 Thermal polymerisation of aspartic acid

Poly-DL-succinimide 82, was prepared by the heating of DL-aspartic aidto 180C under
reduced pressure in the presence of &#0-phosphoric acid§cheme 3.111'* The reaction
mixture was kept under vacuum to remove water Was$ liberated during polymerisation.
Recovery of polysuccinimide,82, was accomplished by very slowly pouring a
dimethylformamide solution into rapidly stirring tea

COOH 1. 3/4nH pN(CHg)3— N CONH CONH
__HgPO
+ _ ~vacwum / 2. excess HoN CH2)2NH2 CONH 3x CONH
Hg coo
n=4x

81

H2N
[ j 142
(@)

Scheme 3.11:Polymerisation of aspartic aci8,l, to form polysuccinimide82, followed by the synthesis of a
water-soluble polymef42 4x = n; HN(CH,),NH, excess was 1.3x.
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Poly-DL-succinimide 82, is insoluble in water, but reactive enough toelsily derivatised to
become water-soluble. Techniques to do this hawg heen a main research effort of this UFS
research grouf. Derivitisation was achieved by anchoring 4-(3-ampiropyl)morpholine onto
75% of the polymeric repeating units. An excess3 (limes the required amount) of
ethylenediamine was then reacted with the 25% m@nmairepeating units to give the non cross-
linked, well water-soluble amino-functionalised yroker, 142 Polymerl42 has NH-containing

side chains that can react with carboxylic acids.

3.2.4.2 Anchoring carboxylic derivatives on a water-solublgpolymer

With the availability of the amine-fuctionalisedlpmer 142 (Scheme 3.1}, it was possible to
initiate research into determining ways how to amdaarboxylic acid functionalised porphyrins
onto this water-soluble polymeric drug carrier. &ss in this would open the way for an
entirely new class of photodynamically active aaticer drugs to be studied, which may have
substantial beneficial effects over presently udeds, not least because it will generate a class
of drugs which is much more biocompatibi@ enhanced water solubility. Classic porphyrins
used in photodynamic cancer therapy is notoriouspluble in water which makes them very
difficult to administrate and also somewhat inaéfid.

Two approaches to achieve porphyrin anchoring vilevestigated in this study. In the first
approach, a derivatised pyrrole was anchored dh20This enabled porphyrin formation to take
place on an existing polymer. In the second approac preformed porphyrin bearing a
carboxylic acid functional group was anchored optdymeric carrierl42 Hence, polymers
143147 were synthesised according ficheme 3.12 The polymers143 and 144 were
synthesised by reacting equimolar B2 with 3'-(3-pyrrolyl)propanoic acid109, and 4'-(3-
pyrrolyl)butanoic acid,107, with the aid of a coupling reager®-benzotriazolyl-N,N,N’'N’-

tetramethyluronium hexafluorophosphate.
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Scheme 3.12Synthesis of water-soluble polymeric drug carrigith the porphrinyl moiety covalently anchored
onto it.

Based on théH NMR integral values from the pyrrole rinca. 80% and 50% of the available
amine on polymetd42 reacted with compounds09 and 107 respectively. Integration of the
pyrrole protons 0fl43 and 144 should indicate 3 protons if coupling was quatiti|a An
assessment of tHél NMR spectra ofL43 (spectra 50) and44 (spectra 51) detected, however
only 2.25 pyrrole protons ih43 and 1.5 protons it44. These integration results is consistent
with 80% successful coupling 409 with 142, and 50% successful coupling D®7 with 142

To explain how this result was obtained, the reampfor 143 will be highlighted. In the proton
NMR for 143 (Figure 3.13, theB-pyrrole “a” signal was set to integrate for one. This ensured
that the other pyrrole ring protons at 6.2 andgp® should also integrate for one. If coupling of
109 and 142 was quantitative, the protonk™adjacent to the CHgroup in the 3-aminopropyl
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sidechain of the morpholine ring should intergrfate6. However, they integrate for 7.52. This
means that coupling df09 was ontol42 was achieved in 6/7.52 x 100 = 80%. This implied
polymer 143 was obtained with successful pyrrole attachem&r@8086 of the theoretical, i.e.
0.8x subunits. Similarly polymefi44 was obtained with 50% successful rate of pyrrole
attachement, which represent 0.5x in strucl44

P ~ :
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Figure 3.13:Proton NMR of polymef43in D,O (signal at 4.8 ppm).

Polymersl45-147 were then obtained after condensation of an eXsessaldehyde and pyrrole
with polymers143-144in propionic acid to prevent crosslinking. A fdiatd excess of pyrrole,

5, and aldehydd0 were used'H NMR integral values from the phenyl ring protarsd thep-
pyrrolic protons of the porphyrin macrocycle, shaas31% and 40% of the available pyrroles
on the polymersl45 and 146 reacted in this statistical condensation to gdeeparphyrins.
Yields after dialyses were, however, low: 44% Id6 and 38% forl46. This is attributed to the
reaction mixture refluxing at 141°C for 1 hour Iretpresence of propionic acid. The presence of
H*/H,O would catalyse hydrolyses of the amide bond utcttte polymer backbone into shorter
chains according to the equation:

H+

R—NHCO—R' + H»0
catalyst

R—NH, + R'—COOH

This hydrolyses reaction would lower the averagdemwar mass ofl45 and 146, thereby
creating a large loss in material during dialysest2000 molecular mass cut-off membrane
tubing. On the positive side, the pophyrin struesuof 145 and 146 were completely water-
soluble since dialyses in water was possible. Thrgrasts simple tetraphenyl porphyrin which

is totally insoluble in water.
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In the final synthetic thrust of this study, aneaftative approach to anchor a porphyrin on a
polymeric drug carriel42 was researchedS¢heme 3.12middle reaction). This time, the
preformed fuctionalised porphyrihl3 was anchored onto polymé&n2 under conditions that
does not promote amide hydrolyses (absence @fnid high temperatures). This time, according
to the proton NMR spectrum, only 30% of the avddadimine sites 0142 reacted with 5-
carboxyphenyl)-10,15,20-triphenylporphyriil3 to give 147 in 42% vyield after aqueous

dialyses.

These two encouraging results clearly shows “pajafoncept” in that it is possible to anchor
porphyrins on a water-soluble polymeric drug cayteit the sheer mass of work associated with
optimisation of conditions of the described reawsiavas considered outside the scope of this
study. However, in a follow-up study, reaction cibieths can now be optimised to achieve the
highest pay-load of drug on polymeric cariddi2, and to initiate anticancer studies on these new
molecules. For later optimisation studies, a lagy@ess of pyrrole (10 fold or even more) would
probably do the trick of better polymer anchoringowever, anchoringvia the B-pyrrole

positions can also be considered.

3.3 Ultra-violet/visible spectroscopy of selected porpyrins

3.3.1 Introduction

Porphyrin systems are characterised by an interesepw absorbance band in the ultraviolet
region. This is the Soret band in the region betwé4@0-450 nm. A relatively weak set of
absorbance bands in the visible region the Q-bamshrbs between 500-800 nm. The Soret band
arises from a strong electron transition from tloeppyrin ground state to the second singlet
excited state ((~S,), Figure 2.3 page 11), whereas the Q-band is a result of & waasition

to the first excited singlet statey(SS;). The dissipation of energya internal conversion (IC) is

so rapid that fluorescence is only observed fropogalation of the first excited single state to
the lower-energy ground state;{SS,). Therefore, to characterise the porphyrins dékea
prepared in this research program, the UV/Vis specbpic properties of these compounds are

analysed.
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3.3.2 UV/Vis spectroscopy of tetraphenylporphyrin derivaives

Tetraphenylporphyrin derivatives synthesised irs ttdsearch program are dark purple in the
solid state but have a greenish colour in soluthmindicated inFigure 3.14andFigure 3.15
the electronic spectra of these porphyrins in THExhibit the characteristic strong Soret band.

12 S
Porphyrin Amax / NM
Soret band (10°g)* Q-band
_10 A
g 12 416 (4.35) 513, 547, 589, 648
T 8 A 37 416 (4.12) 513, 547, 589, 647
E 114 418 (3.78) 516, 554, 594, 651
V) 6 -
-g 0.5 o
~ 0.4 A
w 4 4 0.3 o
'9 0.2 -
2 - 0.1 o
114 = 2HTPP-p-NH, 0 . . . . ===
450 500 550 600 650 700
O ) ) ) 1
300 400 500 600 700 800

wavelength / nm

Figure 3.14: UV/vis spectra in THF of metal-free tetraphenyjpoyrin derivatives. The inset graph highlights the
Q-band region on a more sensitive scaleuhits are drmol™* cmi.

The spectra of the unsubstituted tetraphenylpoiphyt2, and the tetraphenylporphyrin
substituted at thgara position with NH, NO, and COOH functional groups on one of the
phenyl groups overlapped almost exactly, especiallthe Soret band region. Differences of
only of 1 or 2 nm Figure 3.14 were observed ihnax values. The most significant red-shift in
the Q-band was observed fbi4 The second Q-bankax for this NH-containing compound
was red-shifted by 7 nm compared to the parent i An introduction of an electron-
withdrawing carbonyl group on one of the phenylug® onl12, to give 113 increased the

extinction coefficientg, more than twice compared 1@.
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Porphyrin Amax / NM
n Soret band (10°¢) Q-band

< 8 . 12 416 (4.35) 513, 547, 589, 648

g 36 415 (9.48) 540, 583, 615, 647
\n

-g 6 - 12 = 2HTPP 115 427 (2.69) 521, 560, 602, 659
O’JE 0.4

Sad4Q) A 2 ]
L(I)w 0.2

9' 2 - Q 0.1

36 = CuTPP O 0 ' ' ' '
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— B /'\
O L) L) ) 1
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wavelength / nm

Figure 3.15: Electronic spectra d,10,15,20-tetraphenylporphyri@HTPB, 12, 5,10,15,20-tetraphenylporphyrin
copper(ll) (CuTPP),36, , and 3'-(5,10,15,20-
tetraphenylporphyrin-2-yl) ethyl acrylate (2HTPRERB=CHCOOEL) 115in THF.

Metallation of tetraphenylporphyrin with copper seen to have a minor influence on the
electron density of the macrocycle ring as the Soaedimnax Value only decreased from 416 to
415 nm Figure 3.15. As for extinction coefficients, the opposite is observed, there is a large
increase in the-value from 4.35 x 10dn? mol* cm* for 2HTPP,12, to 9.48 x 18 dn?® mol*
cm* for CuTPP,36. The first three Q-bands of copper compB&«are red-shifted more than 25
nm compare to that of 2HTPR2, while the fourth Q-band are almost the same fhb
compoundsl2 and36). Unlike para substitution on theneso phenyl ring, substitution on orfie
pyrrole position showed significant changes in 8wret band wavelength values at maximum
absorbtion for 2HTPP-2-CH@5 and 2HTPP-2-CH=CHCOOEL15, compared to 2HTPH2
The red-shift (shift okmnax to longer wavelength) observed for porphygtand115is consistent
with porphyrins substituted with electron-withdragyigroups, where the electron density of the
macrocycle ring is reduced. The Q-bands for 2HTREHD, 35 and 2HTPP-2-CH=CHCOOEt,
115 also follow the same trend, an increase in theeleagth value. The copper complag
showed largest red-shifts iax values of the first three Q-band peaks (shift By & and 26
nm respectively) compared tt®, while the aldehyde&5 shows the largest red-shifts Afax
values of the last Q-band peaks (shift by 13 n®s) abmpared to the 2HTPPE2. The extinction
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coefficient,g, of 2HTPP-2-CH=CHCOOET 15, is lower compared to 2HTPR2, and 2HTPP-
2-CHO, 35, due to longer pathlengths of conjugation.

As one of the purposes of this study was to ingagti the anchoring of a porphyrin macrocycle
onto a water-soluble polymeric drug carrier (gaaCRapter 2), the characteristic of the obtained

polymers145147were also investigated by UV/Vis.

10 N Polymer )\fmax/ nm /@coru? /@comﬂ\ icow? /@cowﬂ\
Soret band (10°¢) Q-band conr | s C°§N“ o °°§“ o C%N“ 02x
o 12 416 (4.35) 513, 547, 589, 648 ?
'E 8 1 15 418 (4.53) 516, 552,596,649 | [ ) e
o 146 416 (9.77) 513, 560, 582, 654 146 I
i\
S 6 A =] T =] T
E 'CONH | 3x° CONH | 0.2x: CONH | 0.5x CONH | 0.3x
m ? Hng COHNg COHNg
T 4 - .
~
w
o
o i
= 2
0 T T T T
350 450 550 650 750

wavelength / nm

Figure 3.16: Electronic spectra of water-soluble polymers toiclwha tetraphenylporphyrin group has been
anchored.

Soret band values for polyméd5 to 147 almost exactly overlapped with that of metal-free
tetraphenylporphyrin12. Lower extinction coefficient is consistent witbwl anchoring of the
tetraphenylporphyrin group onto the water-solubtdymer as confirmed by proton NMR.
However, upon relating the extinction valuelatx to actual tetraphenylporphyrin contesnt
values forl45increases to 4.5 x 10for 146t increases to 9.8 x 1@nd for147it increases to
6.4 x 16 dn? mol* cm™.
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3.3.3 UV/Vis spectroscopy  of metallocene-porphyrin

derivatives

Ultraviolet-visible spectroscopical data was cdhiec to characterise the new porphyrins

indicated inFigure 3.17as well.

CF3
F3C, F3C

M1

@ 121: M =2H @ FaC 123:M=2H
130: M =Ni CF3 122:M=2H,M1=Fe CF3 132: M =Ni

131: M =Ni, M1 =Fe
140: M = 2H, M1 =Ru
141: M =Ni, M1 =Ru

124: M = 2H 125: M = 2H 126: M = 2H i
133: M = Ni 134: M = Ni L, 135 M= Ni @

Fe Fe

127:M = 2H @ 1285 M =2H 129: M =2H
@ 136+ M = Ni 137:M=Ni 138: M = Ni

Figure 3.17: Structures of new nickel and metal-free metalleeeontaining porphyrin complexes studied by
UV/Vis spectroscopy. Definition: The compounds abdwas metallocene groups on opposite or adjavesd
positions. For brevity the compounds above is rohed in the IUPAC manner in the discussion. Rabpgosite
meso position substituted compounds will be labelled trans derivative, e.g. 2HPprCF;-Ph)-(Fc)-trans, 122,
while adjacentmeso substituted compounds will be labelled tiederivative e.g. 2HPop{CFR-Ph)-(Fc)-cis, 123

The absorbance spectra of each of the porphyrimatetes inFigure 3.17was recorded in THF
between 300 and 800 nm at room temperature. Asnaowigration, the spectra of 5,15-
bisruthenocenyl-10,20-bis¢rifluoromethylphenyl)porphyrin, (2HPop{CFs-Ph)-(Rc)-trans),
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140, and [5,15-bisruthenocenyl-10,20-mpg(ifluoromethylphenyl)porphyrinato] nickel(ll),
(NiPor-(p-CFRs-Ph)-(Rc)-trans), 141, are shown irfrigure 3.18

1.2 -~ Porphyrin Amax / NM
Soret band (10g) Q-band
Ty
g 131 421 (0.41) 561, 620, 661
140 439 (1.19 540, 584, 675
< 0.8 - ¢19
-g 442 (0.34) 555, 596, 664
5
W 0.4 -
o i
300 400 500 600 700 800
wavelength / nm
Figure 3.18: Electronic spectra for. . , NiPor-(p-CFs-Ph)-(Fc)-trans, 131,

2HPor-p-CRs-Ph)-(Rc)-trans, 140, and NiPor-(p-CFs-Ph)-(Rc)-trans, 141, recorded at concentration .
6 pmol dn® in THF. The inset highlights the Q-band region.

The spectra of the free base 2HRBGF:-Ph)-(Rc)-trans, 140, exhibits an intense Soret
absorption band at 439 nm and low intensity Q-baids10, 584 and 675 nrRigure 3.18and
Table 3.2. The intensity of the Soret band at 439 nm isosinT times higher than that of the Q-
band at 584 nm. The absorption spectra of its hastal complex, NiPorptCFs-Ph)-(Rc),-
trans, 141, exhibits a 3 nm red-shifted Soret band with &peaxima at 442 nm. The Q-bands
red-shifts’ to larger wavelengths were 15 and 12fanthe first two Q-bands but a blue-shift of
11 nm was observed for the third Q-band. The reptent of the two ruthenocenyl groups with
ferrocenyl groups to form 2HPop-CFR:-Ph)-(Fc)-trans, 122, caused the wavelength of the
Soret band to be blue-shifted by 15 nm, the firdia@d was blue-shifted by 36 nm while red-
shifts of 38 and 21 nm were observed for the se@mlthe third Q-bands respectively. The
absorption spectra of NiPop-CFs-Ph)-(Fck-trans, 131, shows a 3 nm blue-shift in the Soret
band compared to 2HPopo-CFs-Ph)-(Fck-trans, 122 and the first Q-band shifts to larger
wavelengths by 57 nm, but the second and fourttab are blue-shifted by 2 and 35 nm. The
Soret band of the metallated ruthenocene compkék, exhibits a 21 nm red-shift compared to

the metallated ferrocene compléxdl, while the Q-bands blue-shifts to smaller wavetbady
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6 and 24 nm for the first two Q-bands but a merarBred-shift was observed for the third Q-
band.

The spectra of the other free base derivativesesiud this section, overlap almost exactly with
the exception of the ruthenocene derivatii4], that is about 15 nm (Soret band) red-shifted
compared to its ferroceng22 counterpart (se€able 3.2. Upon comparing Soret bang .y of
the metal-free metallocene-porphyrin complexes i of 5,15,15,20-tetraphenylporphyrin,
12 (Figure 3.14, the metallocene-porphyrin derivatives exhibitea-shift in the Soret band
maxima, the Q-band also exhibit a red-shift for gkeond and third bands while first Q-band is
blue-shifted with less than 9 nm in general termiBe spectra for the nickel-metallated
derivatives overlapped also almost exactly exchptruthenocene derivative which was more
red-shifted compared to the other derivatives. Tiekel derivatives were all blue-shifted
compared to the free base except for the four comg® (meta-substituted and the ruthenocene
derivative) which were red-shiftedFiure 3.18 and Table 3.2. The UV/vis could not
unambiguously differentiate between tinans andcis meso-substituted porphyrin counterparts,
as can be seen fable 3.2 the values for the Soret bands and Q-bands ayecl@se to each
other for the two complexes. For example titees complex,122, has a Soret barighax at 424
nm while thecis complex,123 has thé\nhax at 425 nm. Of all the characterisation techniques
available to us, proton NMR was the only technithe could distiguish between th@ns and
cis conformations. There is an apparent decreaseeimsttinction coefficientg, value observed
due to the introduction of a metal in the porphyavity except in thgara-substituents with
ferrocene derivatives, where thevalue seem to increase. Lower extinctions areisterg with

stronger aggregation of metallated porphyrins eahsence of an axial ligand.

The Beer-Lambert law (A €Ct, where A = absorbance,= molar extinction coefficieniC =
concentration and = path length of light = 1 cm) was used to deteenio what extent the

porphyrins under investigation were aggregated.
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1.2 A Soret band (426 nm

0.8 1

Absorbance
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Figure 3.19: Graph demonstrating the Beer-Lambert law, AG¢, for 2HPor-(M-CFs-Ph)-(Fc)-cis, 126, and
NiPor-(m-CFs-Ph)-(Fc)-cis, 135 A linear relationship was obtained fb26 and135 as well as other metallocene-
porphyrin derivatives under investigation.

Graphs of absorbanceersus concentration for all the porphyrins were drawrd an linear
relationship was observed for the Soret band hfoabance of 2 upon using a cell with path
length of 1 cm Figure 3.19. Larger absorbance values are scientifically nmegess. No
deviation in the Soret band could be observed witloincentration range that was used,@ <

10 pmol drit.

A change of the Cfsubstituent from thpara to meta on the phenyl ring does not seem to have
any significant influence on the electronic spectrahe porphyrin derivativesléble 3.2. For

the ortho-position on the phenyl ring df29, there is slight (about 5 nm) blue-shift in Sqretk
maxima wavelength compared to the othisrsubstituted compound423 and 126 in Figure
3.20 This can be attributed to tloetho directional effect which is substantially strong¢fean the
meta and para directional effect. For the Q-band, tbeho substituted derivativé29 showed
blue-shifts inAmax Values for the second and third Q-bandsaf20 and 30 nm respectively

compared to theneta andpara CF; substituents derivative26 and123
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Figure 3.20: Graph of extinction coefficieng, as a function of wavelength for 2HTPE2, 2HPor-{-CFs-Ph)-
(Fc)-cis, 123 2HPor-m-CFs-Ph)-(Fc),-cis, 126, and :

In the free base metallocene-porphyrin derivatihesextinction coefficient, for thepara- and

meta- substitution on the phenyl ring is larger thaattbf theortho-substitution Figure 3.20,

while for the nickel-metallated compounds the ojeosas observed-{gure 3.21).

Porphyrin Amax / NM
Soret band (10 €) Q-band
12 416 (4.35) 513, 547, 589, 648
130 419 (0.68) 545, 610, 661
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136 420 (1.27) 559, 621, 663
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Figure 3.21: UV/vis spectra of 2HTPPL2, NiPor-(p-CFs;-Ph)k-Fc, 130, NiPor-(m-Cks-Phk-Fc, 133 and
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The increase in the number of ferrocene moietyhenpgorphyrin macrocycle did not seem to
have any drastic effect on the electronic spedttae studied compounds. Also, the position of
the two ferrocene groups on thaeso-positions of the porphyrin (eitheais or trans to each

other) did not influence the wavelength of the $bend peak maximas.

In conclusion, by inspection of data Trable 3.2it can be said that the replacement of one or
two phenyl rings on theameso position of a porphyrin macrocycle with electroordting
metallocene does not influence the Soret band sakignificantly. Another point is that
replacement of phenyl groups on thmeso position of a porphyrin macrocycle with electron-
donating (Fc or Rc) and/ electron-withdrawing ¢&¥h) groups seem to reduce the extinction

coefficient,g, slightly.

Table 3.2: Summary of the strong Soret band with the extimctioefficient,e, and the weak Q-band maxima for
the porphyrin derivatived-{gure 3.17).

Porphyrins A/nm
Soret band (10° £/ mol*dm?® cm™)? Q-band

2HTPP,12 416 (4.35) 513, 547, 589, 648
CuTPP 36 415 (9.48) 540, 583, 615, 647
2HPor-p-CF-Ph)-Fc, 121 421 (0.28) 507, 603, 679
2HPor-(m-CFy-Ph)-Fc, 124 421 (1.79) 507, 602, 675
2HPor-p-CFs-Ph)-Fc, 127 419 (1.35) 507, 604, 668
2HPor-p-CFs-Ph)-(Fc)-trans, 122 424 (0.31) 504, 622, 696
2HPor-m-CFs-Ph)-(Fc)-trans, 125 424 (1.27) 505, 621, 697
2HPor-p-CFs-Ph)-(Fc)-trans, 12¢€ 423 (0.45) 509, 610, 686
2HPor-p-CF3-Ph),-(Rc),-trans, 14C 439 (1.19) 540, 584, 675
2HPor-p-CFs-Ph)-(Fc),-cis, 122 425 (0.91) 504, 623, 694
2HPor-(CF3-Ph),-(Fc),-cis, 12€ 426 (1.50) 506, 625, 698
2HPor-o-CFs-Ph)-(Fc)-cis, 12€ 419 (1.62) 506, 606, 669
NiPor-(p-CF;-Ph)-Fc, 13C 419 (0.68) 545, 610, 661
NiPor-(m-CFs-Ph)-Fc, 132 423 (0.12) 567, 623, 664
NiPor-(0-CFs-Ph)-Fc, 13€ 420 (1.27) 559, 621, 663
NiPor-(p-CFs-Ph)-(Fc)-trans, 131 421 (0.41) 561, 620, 661
NiPor-(m-CFs-Ph)-(Fc)-trans, 134 420 (0.16) 551, 619, 658
NiPor-(0-CFs-Ph)-(FC)-trans, 137 421 (0.21) 547, 621, 692
NiPor-(p-CFs-Ph)-(Rc)-trans, 141 442 (0.34) 555, 596, 664
NiPor-(p-CFs-Ph)-(Fc),-Cis, 132 424 (1.07) 567, 625, 668
NiPor-(m-CFs-Ph)-(Fc)-cis, 135 423 (0.28) 566, 622, 664
NiPor-(0-CFs-Ph)-(Fc),-cis, 13€ 418 (0.92) 565, 623, 665

a Only the extinction coefficieng, for the Soret band are given, Q-bandalues can be read off from the spectra
in this section.
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3.4 Electrochemistry

3.4.1 Introduction

Cyclic voltammetry (CV), Osteryoung square wave tammimerty (SW) and linear sweep
voltammetry (LSV) were conducted on selected sysitieel complexes. The effect that a
substituent type and its position have on the mebemistry of the porphyrin macrocycle were
investigated.

The redox active centres that were studied eleotmmécally in this study are the ferrocenyl and
ruthenocenyl groups, and ring-based electron teaqwbcesses in porphyrin macrocycles. These
redox active couples vary from being electrocheftyigaversible (theoretically this implieSE

= 59 mV but experimental values AE < 90 mV were still considered in this study tgplgn
electrochemical reversibility to allow for large ewpotentials in the cell), quasi-reversible
(defined for the purpose of this study as 90 mXEkK< 150 mV to irreversible) or irreversible
(AE > 150 mV). Formal redox potentials (E°'), peakhodic potentials () and peak anodic
potentials (B.) are reportedvs Fc/FC as suggested by IUPAC, but were measured
experimentally vs. an in-house constructed Ag/Ag reference electrode. Fc* =

decamethylferrocene were also employed as an aitstandard.

3.4.2 Ferrocene-pyrrole conjugates

This study is focused on studying the effect ofalletene substituents on the redox properties
of porphyrins. Since porphyrins are tetrapyrrolenptexes the interaction between ferrocene
and a single pyrrole ring was investigated firstdyglic voltammetery. For these experiments,

cyclic voltammetric experiments were conductedsitity [NBug][PFs] as supporting electrolyte.

Cyclic voltammograms of ferrocene-pyrrole conjugatell and 112 (Figure 3.22 data is
summarised inmable 3.3 show an electrochemically reversible ferrocengedaredox wave at
E° = 10 and -13 mWs. Fc/F¢ respectively. The ferrocenyl group of bdthl and 112 were
involved in electrochemical reversible one-electt@nsfer processes becaude values at all
measured scan rates (100-500 myVaere smaller than 90 mV and current ratigfi,s were

close to a unityTable 3.3.
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Figure 3.22: Left; Cyclic voltammogams of 1.0 mmol dhsolutions of compounfl12, measured in 0.2 mol din
[NBu,J[PFs)/CH,Cl, on glassy carbon working electrode at 25°C at sates of 100, 200, 300, 400 and 500 MVs
Right; Cyclic voltammograms of ferrocene and feeme-containing pyrroles at 100 mV%sFc* =
decamethylferrocene, the internal standard at BI5mV. All potentials are versus Fc/Fc

The 23 mV difference at = 100 mV§" in formal reduction potential af11 and 112 can be
attributed to the presence of a protection grouphenN-group of the pyrrole ring dfl2 since
an increase of one methylene group should only sh@mall (if not negligible) effect on the
formal reduction potential. This implies that th&,yroup in112 withdraws electron density
from the ferrocenyl group, either through througimth or through through-space field effects
resulting in a more difficult to oxidise ferrocergroup in the case dfl2

Table 3.3: Electrochemical data of 1.0 mmol drsolutions of ferrocene-pyrrole conjugaté4l and112, in 0.2
mol dm?® [NBu4][PFs)/CH.CI, on a glassy carbon working electrode at 2880Fc/F¢. Eya = anodic potentialAE,

= Epa - By With B, = peak cathodic potential; E*' = %(EE,) = formal reduction potentials;, = peak anodic
currents and,. = peak cathodic currents.

v/ Epa/ AE,/ E'/ ipa! ipc/ ipa Epa/ AE,/ E'/ ipa! ipc/ipa
mvs?! mvV mvV mvV HA mvV mvV mvV HA
111 112
100 17 59 -13 4.24 0.99 44 68 10 3.45 0.99
200 20 62 -11 6.31 0.97 49 75 12 4.77 0.9¢
300 27 70 -8 8.15 0.94 54 80 14 5.8 0.94
400 32 80 -8 9.73 0.93 59 86 16 6.61 0.94
500 34 84 -8 11.42 0.92 62 89 18 7.37 0.9
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3.4.3 Dipyrromethanes

Next, the electrochemistry of the ferrocenyl anthemocenyl group in compounds havitwgp
pyrrole units were investigated. Dipyrromethariek; and117, because they are precursors for
porphyrin macrocycles, were chosen for this cyeaitammetric investigation. Experiments
were conducted in C#l, utilizihg 0.1 mol dnf tetrabutylammonium
tetrakispentafluorophenylborate ([NBUB(CsFs)4]) as supporting electrolyte. The [Bfks)s]
salt were chosen as supporting electrolyte ratraar the [P salt, because the latter are known

to interfere with the electrochemistry of espegiallthenocene-containing compounds.
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Figure 3.23: Left; Cyclic voltammogams of 1.0 mmol ¢hCH,Cl, solutions of compound 16, measured in 0.1
mol dm® [NBu4][B(C¢Hs)4] on a glassy carbon working electrode at 2880Fc/F¢ at scan rates of 100, 200, 300,
400 and 500 mV& Right; Cyclic voltammograms of ferrocene (Fc)thenocene (Rc) and metallocene-
functionalised dipyrromethandd6and117at 100 mV 8. Fc* = decamethylferrocene, the internal standard.

The redox process associated witt6 exhibitedAE, = 87 mV at slow scan rate (100 my/s
Observed peak current ratiogdf,s) were close to one as indicatedTiable 3.4 Thus, one-
electron transfer redox processes associated estbdenyldipyrromethand,16, is considered
to exhibit electrochemically and chemically revblsibehaviour at slow scan rates (100 MVs
However, at higher scan rates the F&/€auple of116 showed electrochemical quasi-reversible
behaviour with 100 AE, < 130 mV. A further indication of non-electrocheati reversibility is
the observation that E*' fdrl6is not independent of scan rate. FrBigure 3.23 E° for116is

13 mV more negative than E° free ferrocene (se&# 100 mV3s). This implies the two pyrrole
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rings donate electron density to the ferrocenyugrdrhis observation implies that pyrrole rings
are of the highest electron-donating groups knasnstudies in this lab over 12 years has never
before found a substituent that has higher elealmrating capabilities than the ferrocenyl
group itself.

Compound 117 does not show electrochemical and chemical rdwerdbehaviour as the
cathodic peak is not unambiguously identifialdleg(re 3.23. This behaviour is common for
substituted ruthenocenes and is the result of #idised R¢ centre dimerising to a R®RCc’
species as discussed elsewhérk. key aspect though is the observation that thieenocenyl
group is oxidised at fz values 481 mV larger (more positive) than thedeenyl group. This
will lead to interesting results when the cyclicltaommetry results of ferrocene-containing
porphyrins is compared with CV results of ruthemmzeontaining porphyrins.

Table 3.4: Electrochemical data of 1.0 mmol &molutions of metallocedipyromethané4,1 and112, measured in

0.1 mol dn? [NBu4][B(CsFs)s)/CH,Cl, on a glassy carbon working electrode ant 258CFc/F¢ at scan rates

between 100 and 500 mV.sE,, = anodic potentialAE, = E,, - E,., With E, = peak cathodic potential; E*' = formal
reduction potentiald,, = peak anodic currents aigd= peak cathodic currents.

v/ Epa/ AE,/ E°/ ipa/ ipc/ Tpa Epa/ AEy/ E°/ ipa/ ipc/ipa
mvs*! mvV mvV mvV HA mvV mvV mvV HA
Ferrocenyl data for 116 Ruthenocenyl data for 117
100 32 87 -12 3.83 0.91 513 a. 2 6.44 2
200 49 107 -5 5.43 0.86 562 a. 2 7.52 2
300 55 116 -3 6.63 0.83 612 a. 2 8.21 2
400 65 129 1 7.61 0.83 658 a. -2 10.13 &
500 64 128 0 8.4 0.82 670 a- -2 12.01 &

 Not possible to determine with confidence duenbalintensity, poor resolution or absence of peaks

3.4.4 Tetraphenylporphyrin and its derivatives

The electrochemical behaviour of several tetraplpemghyrins in Figure 3.24 has been
investigated under the same conditions. The cyglbitammograms were conducted in
dichloromethane with 0.2 mol dfrtetrabutylammonium hexafluorophosphate ([MERFe]) as

supporting electrolyte. A platinum wire was utilisas auxiliary electrode, a glassy carbon as
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working electrode and a Ag/Agreference electrode. To prevent signal overlapping
decamethylferrocene (Fc*) was used as an intetaatlard.

37 = 2HTPP-p-NO, 114 = 2HTPP-p-NH,

113 = 2HTPP-p-COOH 35 = 2HTPP-2-CHO 115 = 2HTPP-2-(CH),COOH

Figure 3.24: Structures of the tetraphenylporphyrin derivatistslied with cyclic voltametry.

3.4.4.1 Cyclic voltammetry of metal-free and copper tetraplenylporphyrins

Cyclic voltammograms of metal-free tetraphenylpoiiyl2, at scan rates 100, 200, 300, 400
and 500 mV2g are shown inFigure 3.25 Cyclic voltammograms of metal-free and copper
tetraphenylpoyphyring,2 and36, at scan rates of 100 mVsare compared iRigure 3.26.
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Figure 3.25: Cyclic voltammogams of 1.0 mmol dhsolutions of metal-free tetraphenylporphyr®, measured in

0.2 mol dn? [NBug][PF¢]/CH.CI, on glassy carbon working electrode at 258CFc/F¢ at scan rates of 100, 200,
300, 400 and 500 mVs
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In the potential window that Gi&l, allows, four ring-centred one-electron transfergaisses are
observable for metal-free and copper-containingapétenylporphyrinl2 and 36. Except for
wave 1 for the copper-metallated tetraphenylporphyevery electron-transfer process is
electrochemically reversible withE, < 90 mV at slow scan rates (100 and 200 'rJr)\/sé‘EIO
became progressively larger with increasing scéesraChemical reversibility for each redox
step associated with compoub® was good with peak currents ratios (calculatethascurrent

of the reverse scan divided by the current of thevérd scan) approaching unity for all
processes except wave 6, while in compo86all the processes were chemically irreversible

except wave 2 (s€kable 3. 5.
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Figure 3.26: Cyclic voltammograms of 1.0 mmol dhrsolutions of metal-free and copper tetraphenylpyrip
conducted in 0.2 mol df[NBu4][PFs)/CH.Cl, on a glassy carbon working electrode &t%s. Fc/F¢ at scan rate

of 100 mVs'. Fc* = decamethylferrocene was used as interaaidsird. Peaks are labelled 1, 2, 5, and 6 because
wave labels 3 and 4 are reserved for ferrocenylratttenocenyl group of other complexes that willdescribed
shortly.
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Table 3. 5:Electrochemical data of 1.0 mmol dreolutions of metal-free and copper- tetraphenylhyrin, 12 and
36, measured in 0.2 mol diMNBu4J[PFs)/CH,Cl, on glassy carbon working electrode at 25%CFc/F¢ at scan
rates between 100 and 500 MVE,, = peak anodic potentials,& peak cathodic potentialdF, = Ey, - Eyc E*' =
formal reduction potential$,, = peak anodic current,. = peak cathodic currents aidi,. = peak cathodic/peak
anodic current ratios.

Wave | ;| Ews | AEy | B | el | iseliva | Eal | AEo/ | E®T | gl | ipefine

mvs' | mv mv mvV HA mv mvV mv HA
2HTPP, 12 CuTPP, 36

1 100 | -1959 | 76 | -1997] 3.03| 1.00| -2173| 106 | -2226] 3.03] 289
200 | -1959 | 78 | -1998| 3.48| 101 | 2171 | 118 | -2230] 419 | 2.54
300 | -1953 | 86 | -1996] 4.48 | 1.02 | -2177 | 106 | -2230] 461| 271
400 | -1953 | 88 | -1997| 5.22| 1.04| -2177 | 108 | -2231] 501| 274
500 | -1949 | 96 | -1997| 652 | 1.05| 2187 | 102 | -2238] 589 | 276

2 100 | -1635| 76 | -1673] 3.04 098-1749 | 82 | -1790] 498 | 113
200 | -1627 | 86 | -1670] 391 o0dqr-1747 | 88 | -1791| 7.04| 1.4
300 | -1627 | 92 | -1673] 457 098-1739 | 100 | -1789] 886 | 151
400 | -1623 | 100 | -1673] 522 o096-1739 | 104 | -1791] 1048 | 154
500 | -1617 | 108 | -1671] 588  0.97-1737 | 114 | -1794] 118 | 158

5 100 | 563 | 68 | 529 283 05B 549 | 78 | 510 | 656 086
200 | 567 | 72 | 531 413 05p 555 | 88 | 511 | 9.06| 086
300 | 571 | 80 | 531 500 06p 561 | 96 | 513 | 11.56| 081
400 | 575 | 88 | 531 609 06f 565 | 102 | 514 | 1344 | 081
500 | 575 | 86 | 532 674 06p 571 | 110 | 516 | 1500 0.80

6 100 | 885 | 64 | 862 239 05f 913 | 66 | 880 | 934 051
200 | 895 | 64 | 863 344 o06p 919 | 74 | 882 | 1156 | 0.54
300 | 901 | 74 | 864 433 o06p 927 | 82 | 886 | 13.75| 057
400 | 903 | 80 | 863 511 o06fh 933 | 88 | 889 | 1594 | 057
500 | 905 | 84 | 863 563 06f 941 | 96 | 893 | 1688 | 0.59

The oxidation of waves 5 and 6 for 2HTPR, have very interesting features. Oxidation of the
[2HPor] speciesl2 to [2HPor]" at wave 5 happened smoothly, but the reductiofvile
associated with the [2HPGT> [2HPor] was less intense than expectigddurrent values are
small,ipdipa = 0.58 at 100 mVS&scan rate). During the cathodic cycle, an unexgueneduction
wave appeared at -229 mV (peak AFmgure 3.26 CV second from the top). However, when
the switching potential during the positive scarsv@avered from 1.3 V to 0.5 V, i.e., when
wave 6 was not engaged during the CV cycle, pealad absent (sdeigure 3.26top) andipdipa
current ratios were restored to unity. It followsat the species that leads to the new peak A must
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be originating from the doubly oxidised species F2iff* generated at wave 6. It appears that a
follow-up product of [2HPof] slowly forms that generates wave A during reductiave 6 is
associated with the [2HP&H] [2HPorf* redox system and represents a chemically irredersi
(ipdipa = 0.57-0.64) anelectrochemically reversible(AE, = 64 mV) process. Weak electrode
interactions between [2HPor] and the glassy camdentrode surface in GBI, are the most
probable cause of this behaviour. The processngaidi the new wave at A partially removes
reducable material available for wave 5 and 6 whvolild account for the lower expectiggipa
ratios for waves 5 and 6.

The replacement of the protons in the centre otaétraphenylporphyrin with copper, resulted in
about 20 mV decrease in the formal reduction pa@kri&®, for wave 5 from compount? to
36. For wave 6, the opposite was observed for thegbenylporphyrins, as the copper-
containing porphyrin36, gave a E°' value that is about 19 mV more pasitompared to that of
the metal-free porphyriri,2. The formal reduction potential, E°', became muegative with the
introduction of copper in the porphyrin macrocytde wave 1 and 2. The E° values 36 are
220 mV and 117 mV more negative than that®»for wave 1 and 2 respectively.

3.4.4.2 Cyclic voltammetry of 5-(para-R-phenyl)-10,15,20-triphenylporphrin
where R = -NQ, (37), -NH; (114) and -COOH (113)

The electrochemistry of mono nitrated, aminated am@rboxylated containing
tetraphenylporphyrin37, 114, and113 was also investigated using cyclic voltammekigure
3.27 shows cyclic voltammograms of p-fitrophenyl)-10,15,20-triphenylporphyrir87, at
different scan rates. The electrochemical datavaele to the porphyrins37 and 114, is
summarised iMrable 3.6 (page 114) while those relevant 1@3 is summarised iMable 3.7
(page 115).
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Figure 3.27: Cyclic voltammograms ota. 1.0 mmol dri? solutions of metal-free Ss{nitrophenyl)-10,15,20-
triphenylporphyrin37, in CH,Cl, containing 0.2 mol difi[NBu,][PF¢] at 25°C on glassy carbon working electrode
at scan rates of 100, 200, 300, 300, 400 and 50'mV

The introduction of a nitro-group on tipara position of one of the phenyls in the metal-free
tetraphenylporphyrin did not bring any drastic apamn the formal reduction potential. The E*'
changes from compount? to compound37 were between 3 and 16 mV for all the waves at
slow scan rates, i.e. 100 mV/sFor wave 1, there was no change in the E°' vishra 12 to 37,
while for wave 6 there was a mere 3 mV positivengea There was a more noticeable but still
insignificant drift in the formal reduction potealti E*', values for wave 2 and 5. For wave 2, E,
increased from -1673 to -1662 mV for the nitro-gitbsed porphyrin,37, the reduction
potential, E*', for wave 5 increases from 529 t® %4V. The shape of wave 5 f@7 was,
however, slightly “non-ideal”. As the Nyroups can also be involved in the redox prodesss i
assumed the ghost wave prior to wave 2 may béuatitxdl to the N@group, unfortunately no
wave resolution could be achieved to prove thie Tloseness of the E*' values & and 37,
indicates that the electron withdrawing effect ofeanitro-group on theara position of the
benzene ring is too far distanced from the porphymacrocycle to withdraw enough electron-
density to allow significant changes in the formmatluction potentials of electron-transfer

processes d37 compared td.2.
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Figure 3.28: Cyclic voltammograms of 1.0 mmol dhsolutions of compoun@7, 113 and 114 conducted in 0.2
mol dm® [NBu4J[PFsJ/CH.Cl, on a glassy carbon working electrode at®@8s. Fc/F¢ at scan rate of 100 mVs
Fc* = decamethylferrocene as internal standard.Qteryoung square wave (SW) voltammograrisfat 10 Hz
is inserted. Fol13 currents were scaled with a factor of +3 to biteb@bservable.

For 114, 2HTPPp-NH,, Figure 3.28 shows two prominent ring-centred one-electronsian
reduction waves 1 and 2, but the two one-electransfter oxidation waves 5 and 6 are closely
merged together. At slow scan rates, the two okidapeaks are observable, but with the
increase in scan rate, it becomes more difficulseéparate the two oxidation peaks, only one
broad reverse peak was identifiable for waves 5@uodder such conditions, seeure 3.29
The influence of the reductive electrochemistry (@ 1 and 2) of the nitro-containing
porphyrin 37 compared to an amine-containing porphydd4, is very evident in the cyclic
voltammetry Figure 3.28. At slow scan rates, the formal reduction potnt®', for wave 1
and 2 of114 becomes 104 and 94 mV more positive compar&¥tdt scan rate of 100 mV/s
the aniodic peak potential & for wave 5 for compound14 could be identified as 461 mV,
this is a 127 mV negative shift compared to E°viawve 5 0f37. The formal reduction potential,
E°', for wave 6 drastically falls from 865 mV 87 to 602 mV forl14, which is 263 mV less

positive than in compounglr.
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Figure 3.29: Cyclic voltammograms ofa. 1.0 mmol dri? solutions of metal-free Sp{aminophenyl)-10,15-20-
triphenylporphyrin, 114, (left) and 5-p-carboxyphenyl)-10,15-20-triphenylporphyrin113  (right) in
dichloromethane containing 0.2 mol difiNBu,][PF¢] at 25°C on glassy carbon working electrode anhseses of
100, 200, 300, 400 and 500 mVs

To explain the merging of waves 5 and 614, it is instructive to consider the expected
oxidation reactions that took place.
2TPP—P—RNHy —— (2TPP**+)—P—NHy,— (2TPP2*)—P—NH,
114 114e+ 1142+ —P—RH,

It is clear that the macrocyclic ring 4fLl4 becomes progressively more electropositive upon
successive oxidation processes to genetat and 114" respectively. These electropositive

centres are left prone to at least association watiines, or possible intramolecular electron-
transfer from the lone pair of electrons associatét the amine group. It is therefore entirely

possible that oncgél4" is generated, intramolecular electron-transfeesgdace as follows:

(2TPP**)—P—NH, —» (2TPP )—P—RH,

114%—P—NH, 114—p—RH,
If this happens, the 2HTPP core]df4p-'|\+|H2 is self-reduced, and can immediately be oxidised
again electrochemically:

(2TPP )—P—NH, —==de o rppety—p—NH,
114—P—NH, 114 — P—RH,
The closeness of peaks 5 and 6 in the CV’'4D1fis much more consistent with a reaction
- - - .+ - . .
scheme involving species such Es4p-NH», rather than the conventional oxidation sequence

generating successiveli4* and therl14*. For completenesSigure 3.29shows CV'’s ofl14
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at variable scan rates. It should be noted thakesifi4™ and 11410-'I<IH2 are isoelectronic, they
represent canonical forms of each other. The sqpléea tol14" in the following way:

(2TPP2)—P—NH, «— (2TPP**)—P—RH,

Table 3.6: Cyclic voltammetry data of 1.0 mmol dmsolutions of metal-free Se{nitrophenyl)-10,15,20-
triphenylporphyrin, 37, and 5-p-aminophenyl)-10,15,20-triphenylporphyrii,14 measured in 0.2 mol dn
[NBuf][PFG]/CHZCIz on glassy carbon working electrode at 258CFc/F¢ at scan rates 100, 200, 300, 400 and 500
mvs-.

Wave |y | Ewr | AEy 1 | B | isad | iseliva | Eval | AEs/ | E® | il | isefine

mvst | mv mvV mvV HA mvV mvV mvV HA
2HTPPp-NO,, 37 2HTPP-p-NH,, 114

1 100 | -1954 86] -1997 667  1.3p -1963 78] -1854 472  1.1B
200 | -1954] 104 -2006 8.00  1.98 -1963 94| -1854 728  1.1B
300 | -1954] 112] 201  9.38  1.80 -1969| 100] -1860  9.30  1.20
400 | -1956| 120] -201 11.33  1.47 -1971| 108| -1862 10.9%p 1.4
500 | -1956] 124 -2014 1267 141 -1973| 116| -1864 1264 147

2 100 | -1624 76] -1662  7.33 0.9 -1637 80| -1528 652  1.0p
200 | -1622 78] -1661 933  0.8p -1631 94 1522 979 0.9
300 | -1616 94| -1663 11.00 0.7 -1629| 104 -152 1288 o041
400 | -1616 94| -166d 1267 0.7 -1629| 110] -1520 15.76  0.92
500 | -1616 98] -1665 14.00 096 -1625| 118 -151§ 18.76  0.49

5 100 588 86| 545 533  1.0p 461 g e 667 ¢
200 592 96| 544 801 10p - - - 1067] -
300 600 108] 546 989 09p - - - 1333] -
400 606 116] 548 11.40 09 - - - 16.67| -
500 606 118] 547 1320 098 - - - 1867| -

6 100 900 70] 865  6.00 05p 543] 102] 602 814  0.7p
200 908 78] 869 8.33 05p 555| 109] 610 12.30 0.7p
300 918 88| 874 86] 06[ 569| 118 620 1561 0.9
400 922 94| 875 11.33  O06[L 575| 124] 623 1861  1.0p
500 930 o8| 881 1267 06 583 122| 632 2128 11F

#weak shoulder for wave 5. Wave 5 and 6 could natav&inly separated.

Regarding 2HTPB-COOH, 113 in Figure 3.28 andFigure 3.29for two prominent reduction
couples (wave 1 and 2) with well defined currerthodic component atg= -2117 and -1655
mV (slow scan ratesTable 3.8 vs. Fc/F¢ respectively are observed. However, very poorly

defined anodic waves for wave 5 could be obser@edly an anodic peak potential,f=at 595
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mV could be measured. At best the cathodic peagnpial, E., could be estimated at 519 mV.
A very poorly defined oxidation process, wave 6hwhe anodic component estimated gf £
843 mV and cathodic component estimated @at=£748 mV was also observed. The lack of
substantial solubility for compouridL3in dichloromethane, disallowed the generation ofed

defined cyclic voltammogram for this compound.

Table 3.7: Cyclic voltammetry data obtained from voltammogsawf 1.0 mmol dni 5-(p-carboxyphenyl)-
10,15,20-triphenylporphrin. 13 in measured in 0.2 mol di{NBu,][PFsJ/CH.Cl, with glassy carbon as working
electrode at 25°@s. Fc/F¢ at scan rates between 100 and 500 TVs

Wave |y | Bl | AERT | B | il | indin | Wave | Bl | AELT| B | il | ipdlips
mvst| mv | mv | mv HA mv | mv | mV HA

1 100 | -2117| - : 250 - 5[ 595] 76| 557 350 -
200 | 2125 - : 350 - 601 82 560 400 -
300 | -2129| - : 500 - 604 86 562 450 -
400 | 2139 - : 550 - 609 90 564 500 -
500 | -2143| - : 600 - 609 90 564 600 -

2 100 | -1655| - : 280 - 6| 834 86| 791 250 -
200 | -1657| - : 381 - 83: 8 792 350 -
300 | -1661| - : 495 - 83 88 792 470 -
400 | -1667| - : 551 - 8ag 100 798 550 -
500 | -1675| - : 658 - 8ag 100 798 6.00 -

a E,a andiy, could not be identified unambiguously, henceats E' andi,Jiy values can be givefi.estimated

values because,Ecould not be measured accuratélyot possible to read off any meaningfilvalue.

3.4.4.3 Cyclic voltammograms of 2-formyl-5,10,15,20-tetraplnylporphyrin,
35, and 3'-(5,10,15,20-tetraphenylporphyrinyl)ethylcrylate, 110

The cyclic voltammograms @fpyrrole substituted tetraphenylporphyriB$, (Figure 3.30 and
115 (Figure 3.3]) also exhibit two ring-centred one-electron-transeduction waves 1 and 2,
and two ring-centred one-electron-transfer oxidatd@ves 5 and 6 within the potential window
that is possible for dichloromethane as a solv&hslow scan rate, all the redox processes are
electrochemically reversible withE, < 90 mV (Table 3.§ for 35 and110. FromTable 3.8it

can be seen that all the current ratipgifs) except wave 1 and 2 (1.02 and 0.91) 36rare

chemically irreversible.
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Figure 3.30: Cyclic voltammograms of 1.0 mmol dmn2-formyl-5,10,15,20-tetraphenylporphyrirg5, in
0.2 mol dn? [NBu,][FPs)/CH,Cl, at a scan rate of 100, 200, 300, 400 and 500 rsglassy carbon working
electrode at 25°@s. Fc/Fc.

Unlike substitution at themeso phenyl rings, substitution at onf-pyrrole position of
tetraphenylporphyrin, 2HTPP12, introduced substantial changes in the formal cedn
potentials, E°', of 2HTPP-2-CH(5. The formal reduction potential, E°*', for wave Ada2
became 295 and 233 mV (at slow scan rate) moretiymgiespectively for compoun@5
compared to that of the metal-free tetraphenylpgniph12. Similarly, E*', for wave 5 became
77 mV more positive with the substitution of anaoélen-withdrawing carbonyl on thgpyrrole
position of the porphyrin macrocycle. With respectvave 6, in moving from compouri® to
35 the formal reduction potential, E°, became 41 sialler (less positive). The potentials
obtained for waves 1, 2 and 5 shows the electrahdrawing carbonyl group adjacent to the
porphyrin macrocycle ir85 withdraws a large amount of electron-density fribra porphyrin
macrocycle. In contrast, at wave 6, the doubly iseid species, [2HTPP-2-CHO]has a
macrocycle with so much electrophylic charactegt tthe formyl group actually becomes
electron-donating rather than electron-withdrawipgpbably via canonical forms such as
[(2HTPP")-CHO] « [(2HTPF)=CHO']
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Figure 3.31: Cyclic voltammograms of 1.0 mmol dinsolutions of compound42, 35 and 115 recorded in
dichloromethane, at a scan rate of 100 rhusing 0.2 mol dil [NBu,][PF¢] as supporting electrolyte, and a glassy
carbon working electrode at 25°C.

The influence of substituents on the porphyrin roagecle at thed-position rather than theeso
position is also evident for compoufd5 For wave 1, the formal reduction potential, 5°259
mV more positive than compouri® and 36 mV less positive than compoustl The same
trend is followed with the formal reduction potexsi for waves 2, which is 149 mV more
positive thanl2 and 84 mV less positive thé8b. The E°' value for wave 5 is 40 mV less
negative than that of metal-free tetraphenylporphyt2, and 37 mV more negative than
2-formyl-5,10,15,20-tetraphenylporphyri85. For wave 6, the formal reduction, E®', is 62 mV
less positive thati2 and 21 mV less positive th&. This striking result show that even though
there is an alkenyl spacer (-CH=CH-) between thmlpgin macrocyclic core and the electron-
withdrawing carbonyl group of the carboxylic acidné€tional group, there is still good
communication between COOH and macrocycle. Whenpeoimg formal reduction potentials,
E°, of 115it can be seen that the —-CH=CH-COOEt-group do¢svitbhdraw as much electron
density from the porphyrin macrocycle, probably dese the electron-withdrawing carbonyl
group forl15is not directly substituted on tiiepyrrole position of the porphyrin macrocycle as

is the case witi35.



118 Chapter 3

Table 3.8: Electrochemical data for 1.0 mmol drsolutions of compound35 and115, measured in 0.2 mol dn
[NBuy][PF¢]/CH,CI, on glassy carbon electrode at 25°C.

VI | Epa! |AE, /| E® | ipa! |ipc/ipa Epa/ AE | E®I | ipal |ipelipa| Epal! | AEp! | E® | ipal |ipclipa
mvsimv | mv [ mv | pA mV|mv | mv HA mV | mV | mV | JA
2HTPP, 12 2HTPP-2-CHO, 35 2HTPP-2-(CH=CH)-COOEt, 115
1| 100|-1959 76 |-1997 3.03| 1.00|-1663 78 |-17025.60| 1.07]-1703| 70 | -1738 3.14| 0.81
200 [-1959 78 |-1998 3.48|1.01|-1661 86 |-1704 8.00| 1.04|-1707| 82 | -1748 4.21| 0.74
300 [-1953 86 |-1996 4.48|1.02|-1659 94 |-1706 9.20| 1.04| -1711| 92 | -1757| 5.03| 0.75
400 |-1953 88 |-19975.22| 1.04]-1657 100 |-170710.00 1.04|-1717| 96 | -1765|5.74| 0.77
500 |-1949 96 |-1997 6.52| 1.05]-1655 108 |-170911.2Q 1.04|-1719| 110 | -1774] 6.29| 0.80
2 | 100|-1635 76 |-1673 3.04| 0.98|-1399 82 |-14406.00| 1.00| -1481| 86 | -1524| 4.12| 0.97
200 |-1627 86 |-16703.91|0.97]-1393 94 |-14408.88|0.95|-1479| 110 | -1534{ 4.86| 0.97
300 [-1627 92 |-1673 4.57| 0.98]-1389 106 |-14429.60| 1.08| -1477| 128 | -1541 5.88| 1.00
400 |-1623 100 |-16735.22| 0.96]-1385 112 |-144111.12/ 1.08| -1477| 136 | -1545 6.47| 1.04
500 |-1617 108 |-16715.83| 0.97[-1383 120 |-144312.40 1.06|-1479| 142 | -1550 7.06| 1.12
5 | 100| 563 | 68 | 529| 2.830.58| 645| 78| 606/ 6.800.81| 607 76 569 | 4.12 0.93
200| 567 | 72 | 531 4.130.58]| 653 | 88 | 609 9.200.72| 609 | 88 565| 5.59 0.88
300| 571| 80| 531 5.000.65| 659 | 96 | 611| 11.480.71| 615 | 102 | 564| 7.0¢6 0.83
400| 575| 88| 531 6.090.64| 661| 100| 611 13.000.69| 613 | 108 | 559 8.24 0.77
500| 575| 86 | 532 6.740.65| 665| 106| 612 14.400.71| 617 | 114 | 560| 8.82 0.77
6 | 100]| 885| 64| 862 2.390.57| 855| 68| 821 3.600.43| 841 | 82 800| 2.94 0.64
200 895| 64 | 863 3.480.62| 867 | 80| 827| 5.100.43| 849 96 801| 4.12 0.65
300|901 | 74 | 864 4.350.62| 881 | 94| 834| 6.720.42] 855 | 102 | 804| 5.59 0.66
400| 903 | 80 | 863 5.110.64| 887 | 100| 837 8.000.45| 861 | 116 | 803| 6.47 0.70
500| 905| 84 | 863 5.650.64]| 895| 108| 841 8.880.54| 867 | 124 | 805| 7.06 0.71

Wave

The individual electron-transfer reactions assedat with the seven discussed

tetraphenylporphyrins for waves 1, 2, 5 and 6 astgaed below itscheme 3.13
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wave 1 wave 2 wave 5 wave 6
[MPor] - ——== [MPor] = ——= [MPor] ———= [MPor] -* ——= [MPor] 2*

2HTPP,12 -1997 -1673 529 862
CuTPP 36 -2226 -1790 510 880
2HTPPp-NO,, 37 -1997 -1662 545 865
2HTPPp-NH,, 114 -1854 -1528 461 602
2HTPPp-COOH,113 2117 -165% 557 791
2HTPP-2-CHO35 -1702 -1440 606 821
2HTPP-2-(CH)-COOEt,115 -1738 -1524 569 800

Scheme 3.13Summary of ring-based electron-transfer reactams®ciated with redox potentials (E°' / mV) at slow
scan rates (100 mV for compoundsl2, 35, 36, 37, 113 114 and115. ® anodic peak potential. cathodic peak
potential.

From Scheme 3.13t is evident that substitution at ttfepyrrole position of the porphyrin
macrocyle introduces much more electron-densityipudation of the macrocycle compared to
the substitution at thpara position of the phenyl group at timeeso position of the porphyrin

macrocycle.

3.4.5 Metallocene-porphyrin derivatives

3.4.5.1 Metal-free metallocene-porphyrin derivatives

The electrochemistry of new metal-free and nickalppyrin derivatives possessing electron-
donating metallocenes and electron-withdrawings(C§H,4) substituents on theeso position
were investigated. The voltammetry experiments veemeducted in dichloromethane with 0.1
mol dm® tetrabutylammonium tetrakispentafluorophenylbo§Bu,][B(CsFs)s] as supporting
electrolyte. Figure 3.32 shows cyclic voltammograms of 5-ferrocenyl-10,05t@s(p-
trifluoromethylphenyl)porphyrin 121, at scan rates 100, 200, 300, 400 and 500 s

Osteryoung square wave voltammogram and a lineeegwoltammogram.
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Figure 3.32: Bottom; Cyclic voltammogams of 1.0 mmol dmsolution of 5-ferrocenyl-10,15,20-tris(
trifluoromethylphenyl)porphyrin121, measured in 0.1 mol dM[NBu4][B(CeHs)4]/CH,Cl, on a glassy carbon
working electrode at 25°@s. Fc/F¢ at scan rates of 100, 200, 300, 400 and 500 mWs* = decamethylferrocene
was used as internal standafip; Osteryoung square wave voltammogram (SW) at 10ahix linear sweep
voltammetry (LSV) at 2 mV5of 121 are also shown.

2HPorp-CFRs-Ph)Fc, 121, shows two prominent ring-centred one-electrondfar reduction
waves labelled 1 and 2, one ferrocenyl-based tewtren-transfer oxidation wave labelled 3
and one ring-centred one-electron-transfer oxidateave labelled 5 within the potential
window that dichloromethane allows as a solvene $&cond ring-centred one-electron transfer
oxidation wave that is expected in cyclic voltamme(similar to tetraphenylporphyrin
derivatives of Section 3.4.4) is shifted to a muaajher potential and cannot be observed in the
potential window that dichloromethane allows. Advglscan rate (100 and 200 m¥ysall the
redox processes are electrochemically reversibieciemically reversible withE, < 90 mV

and peak current ratiogdlips) lying close to one as indicatedTiable 3.9

Figure 3.33 shows a cyclic voltammety comparison of porphynvith only one ferrocenyl
substituent on one of threeso position while the other thraeeso positions are substituted with
a phenyl ring containing one electron-withdrawings;@roup either on th@ara, meta or the
ortho position.



Results and Discussion 121

35 A
<
=
\25'
c
@
3 15 -
()]
>
©
O 91
'5 ) ) ) 1

-2500 -1500 -500 500 1500
E/mV vs. Fc/Fc”

Figure 3.33: Cyclic voltamograms of 1.0 mmol dirsolutions of ferrocene (Fc) and decamethylferrec@fc*),
2HPor-p-CRs-PhyFc, 121, 2HPor-fn-CFRs-PhkFc, 124, and 2HPor-0-CFs-Ph)xFe, 127, in dichloromethane
containing 0.1 mol dif [NBu,][B(CeHs)s] at 25°C at a scan rate of 100 mVen a glassy carbon working
electrode. Fc* = decamethylferrocene with = 80 mV.

From the data ifTable 3.9 it can seen that the formal reduction potengal, of all the redox
processes (wave 1-5) of 2HR®F-Ph)Fc, 121, and 2HPorf-CRs-Ph)Fc, 124, are within
experimental error the same. This indicates that dlectronic influence on the porphyrin
macrocycle brought about by the £é&lectron-withdrawing group on @ara and meta phenyl
positions is almost the same. Both flega and themeta positions in relation to each other are
far from the porphyrin core and ineffective to withw electron density from the macrocycle.
The same cannot be said for thes@Foup for theortho position of the phenyl ring. For waves 1
and 2, substitution on th@tho position resulted in the negative shift of E°'ualf about 130
and 40 mV respectively compare to E°' values ofesponding waves in compounds withsCF
group in thepara andmeta positions. Similarly, there was a decrease of aBOumV in the E*
value for wave 3 due to substitution at thr¢ho position compared to GFsubstitution in the
para or meta positions. Surprisingly the formal reduction pdialy E°', for wave 5 ofl27

became more positive with about 10 mV compared2d and 124. This can be rationalised
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though in terms of the oxidation state of the feeryl group when potentials associated with
wave 5 is reached. At these potentials the eleammating ferrocenyl group having group-
electronegativityy=c = 1.87 is already converted to the electron-wilkadng ferricenium group
having group-electronegativity of 2.82. The clopeoximity of theortho CF; substituent and
Fc" group in127to the macrocycle compared 181 and124 allows for the detection of wave 5
in 127 at higher potentials. The described differencabénE°' value indicate that the £dfroup

on theortho phenyl position is much more effective to withdréne electron density in different

redox states of porphyrin macrocyles than lbstituents in thpara or meta positions.

Table 3.9: Electrochemical data of 1.0 mmol dreolutions of one ferrocenyl substituted porphyritl, 124 and
127, measured in 0.1 mol di{NBu4[B(CsFe)4]/CH.Cl, on a glassy carbon working electrode ant 288(Fc/F¢
at scan rates between 100 and 500 ™\&s, = anodic potentialAE, = E,, - E,, With E,. = peak cathodic potential;
E°' = formal reduction potentialg, = peak anodic currents aijd= peak cathodic currents.

VI | Epdd |AEY |E°T | ipdl |ipclipal Epal | AEY |E® | ipal  ipc/ipa| Epal |AEQ/ |E°T | ipal |ipc/ipa
mvsi mv |mv [mVv |pA mV | mV mV | gA mv. mV mV | pA
2HPor(p-CFs-Ph)sFc, 121 2HPor(m-CFs-Ph)sFc, 124 2HPorf-CFs-Ph)sFc, 127
1 | 100|-1937 68 |-19712.27 | 1.03| -193576 |-19735.80 | 0.98| -206P62 |-21002.72 | 1.04
200 |-1935 74 |-19722.84 | 1.05] -193382 |-19747.85 | 0.92]| -206P70 |-2104 4.02 | 0.90
300 |-1935 74 |-19723.14 | 1.06] -193%82 |-1976 9.26 | 0.91| -206P78 |-21085.26 | 0.83
400 |-1935 82 |-19763.98 | 1.06] -193190 |-197610.39 | 0.91| -206984 |-21116.39 | 0.78
500 |-1935 82 |-19764.41 | 1.07| -192998 |-197811.29 | 0.92| -206990 |-21147.19 | 0.82
2 | 100|-1635 76 |-16732.55|0.92]| -162782 |-1668 6.51 | 0.99| -167978 |-1718 2.87 | 1.01
200 |-1631 86 |-16743.12 | 0.95]| -162388 |-1667 9.18 | 0.97| -167390 |-1718 4.02 | 0.97
300 |-1629 92 |-16753.94 | 1.15] -161798 |-166611.91 | 0.96| -166[/102 |-17184.83 | 0.93
400 |-1623 100 |-16734.43 | 1.15] -1613106 |-166613.58 | 0.96| -166[/112 |-17235.53 | 0.91
500 [-1625 102 |-16764.71 | 1.17| -1613114 |-167015.71 | 0.93] -1663108 |-17176.26 | 0.88

Wave

3 | 100]| 119| 68 85| 295 099 119 76 8L 289 0pP5 P9 B8O 5989 2.0.93
2001 129 | 84 87| 3.78 099 127t 9 82 411 0B9 103 PO 586 3 0.93
300 131 | 88 87| 454 09§ 133 98 84 495 0B9 107 D6 5%8 4 0.88
400 | 137 | 98 88| 5.221 0.9 137 102 86 5.8 O0Jg7 111 106 |583 | 0.86
5001 139|102 | 88| 579 09% 141 112 85 640 088 113 1022 | 6.06 | 0.86

5] 100| 859 | 66 | 826| 2.61] 0.94 859 7p 824 296 1|00 869 (66 6 8856 | 0.91
200 865| 74 | 828| 3.78 0.94 867 8p 827 394 0|93 875 (78 6 8842 | 0.91
300| 869 | 80 | 829 4.51 0.98’ 873 85 880 4p 091 881 B4 (8896 | 0.89
400| 873 | 84 | 831 5121 094 875 88 881 5.20 0|89 885 [90 O 8460 | 0.87
500 877 | 90 | 832 5.71] 1.01 883 92 837 575 0|88 885 84 3 &1l | 0.86
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The diferrocene substituted porphyrii®2, 125 and 128 have an additional (second)
metallocenyl substituent capable of undergoing ae-e@ectron-transfer process. The
voltammograms ol28 in Figure 3.34 shows the two ring-based reduction waves 1 ante?,
two ferrocene-based oxidation waves 3 and 4, afiré ring-based oxidation wave labelled 5.
The linear sweep voltammogram (LSV) B28 confirms all five electrochemical processes to
represent a one-electron-transfer redox processpalrtially resolved peaks 3 and 4 assigned to
the two ferrocenyl substituents were much bettesoled by Osteryoung square wave
voltammetry (SW) irFigure 3.34

12 A

current/ pA
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Figure 3.34: Top; Osteryoung wave voltammogram (SW) of 1.0 mmol*dd,Cl, solutions of 5,15-bisferrocenyl-
10,20-bis¢-trifluoromethylphenyl)porphyrin128 measured in 0.1 mol di{NBu4][B(CeHs)4] at 10 Hz and 25°C.
Middle; Linear sweep voltammetry (LSV) at 2 mVsBottom; Cyclic voltammograms of porphyrii23 in
dichloromethane at a scan rate of 100, 200, 300,a4@ 500 mV$ on a glassy carbon working electrode. Fc* =
decamethylferrocene as internal standard. Pealddb® is an electrochemical decomposition signal, andois
regarded as part of the main CV of this porph$28 AE (Fc*) = 74 mV.

The advantage of [B(Els)4]” salts over P§ salts is clearly highlighted in the CV’s 222, 125
and128 The use of non-interacting GEl,/0.1 mol dn?® [NBu4][B(CeHs)4] solvent electrolyte
system minimised ion pairing of the type FCPArFdB(CeHs)s] and Por(FE),---B(CsHs)4] to

the point that the two ferrocene waves did notes@@ but became resolved as waves 3 and 4.
Different formal reduction potentials of side greugn symmetrical complexes in which mixed-
valent (i.e. differently charged) intermediates geaerated are well known in systems that allow
electron delocalisation, either through intramolacthrough-bond paths or from direct through-
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space interaction'$.Both the aromatic poyphyrinoid core and the fegrod side groups allow
delocalisation of electrons. The inequivalencehef ferrocenyl and ferrocenium groups of such
mixed-valent intermediate are highlighted in terohgheir group electronegativities, wiff. =
1.87 andygc+ = 2.82'° The combination of these intramolecular commuiocais certainly
enhanced by different electrostatic effects betwe#armediates possessing one positively
charged Ft group and either another (second) Eeoup or a neutral (uncharged) ferrocenyl
group.

The cyclic voltammograms of 2HPprCFs-Phh(Fc)-trans, 122, 2HPor(m-CFRs-Ph)(Fc)-trans,
125 and 2HPog-CFs-Ph)(Fc)-trans, 128, at slow scan rate (100 m¥sare shown irFigure
3.35 Here, trans’ indicates that the ferrocenyl substituent is pp@singmeso positions, not
adjacent. Results are summarisedable 3.10
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Figure 3.35: Cyclic voltammograms of 1.0 mmol dhsolutions of2HPor-p-CFs-Ph),(Fc)-trans, 128, 2HPor-fn+
CFRs-Ph)(Fc)-trans, 125 2HPor--CFRs-Ph)(Fc)-trans, 122, and ferrocene (Fc) and decamethylferrocene (Fc*)

dichloromethane containing [N(Bili)B(CeHs)s] at 25°C at a scan rate of 100 nVen glassy carbon working
electrode.

At slow scan rates (100 mV} all redox processes exhibit good electrochentieagrsibility as
AE; is small (< 80 mV)AE, became progressively larger and the electron feapsocess more
guasi-reversible in wave 2 of all three compoundt) increasing scan rate while wave 1, 3, 4,

and 5 kept their electrochemical reversibility htsaan rates becaugdé= values was much less
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affected. Chemical reversibility,{/i,a~ 1) is observed in all processes at slow scanenatept

for wave 5.

Table 3.10:Electrochemical data of 1.0 mmol @& H,Cl, solutions of 2HPorg-CFs-Ph)(Fc)-trans, 122, 2HPor-
(M-CFRs-Ph)(Fc)-trans, 125 2HPor-o-CFs-Ph)(Fc)-trans, 128 measured in 0.1 mol dAfNBu,][B(C¢Hs),] on a
glassy carbon working electrode at 25%CFc/Fc¢ at indicated scan rates.

Vi [Ewd WEY B fipd  lipclipn [Eodd MBS B lind  liclipa [Endd MBS B fipd  lipc/ipa

[}
>
Smvstmv v mv A mv  mvV  mV A mv  mv. mV  |uA

2HPor(p-CF3-Ph),(Fc),-trans, 122 [2HPor(m-CF3-Ph),(Fc),-trans, 125 | 2HPorp-CFs-Ph),(Fc),-trans, 128
1| 100 |-1979| 79 |-20191.87 | 1.05| -1982 63 |-2014 0.98 | 1.66]| -208%5 72 |-2121 0.86 | 1.43
200 |-1979| 91 |-20251.73 | 1.28| -1975 66 |-2008 1.25 | 1.61| -2079 90 -2124 1.29 1.50
300 |-1987| 91 |-20331.99 | 1.35| -1971 68 |-2005 1.53 | 1.50| -2077 92 -2123 1.36 1.77
400 |-1989| 93 |-20362.18 | 1.29| -197p 81 |-2011 1.84 | 1.39| -207f 100 |-2127 1.50 | 1.71
500 [-1996| 94 |-20432.37 | 1.36| -1978 82 |-2014 2.31 | 1.35| -2078 106 |-212¢4 1.61 | 1.94

2| 100 |-1670] 80 |-17102.22 | 1.08| -1669 76 |-1707 1.98 | 1.06 | -1727 74 -1764 1.16 | 1.06
200 |-1674| 92 |-17202.95 | 0.91| -1668 86 |-170 2.73 | 1.03| -1719 90 -1764 1.48 | 1.10
300 |-1670] 96 |-17183.01 | 1.03 | -1665 86 |-1708 2.99 | 1.29]| -171Y 98 -1766 1.75 | 1.29
400 |-1670 100 | -17203.53 | 1.24| -1668 92 |-1709 3.16 | 1.38| -171y 108 |-1771 1.97 | 1.36
500 |-1670| 110 | -17254.09 | 1.22| -1659 96 |-1707 3.47 | 1.45] -1711 118 | -177Q 2.13 | 1.47

3| 100 | 76 | 68 42 | 2.41| 0.96 99 70 66 228 094 61 70 26  1/49.02
200 80 | 70 45| 3.98| 1.071 103 70 68 3.4 0.7 b7 R 21 4 2{21.01
300 80 | 74 43 | 4.62| 1.08 103 74 66 397 0.18 b7 76 19 7 2{60.96
400 | 83 | 75 46 | 5.31| 1.08 106 75 69 485 0.8 b9 82 18 1 3|00.99
500 | 84 | 78 45| 6.28| 1.10 10Y 78 68 558 0.14 b1 86 18 4 3|20.99
4| 100 | 204 | 63 173| 2.09| 099 201 63 170 1218 1p2 199 64 7 (16.21 | 1.02
200 | 210 | 65 178| 2.98| 0.9 20f 64 175 225 1p7 201 66 8 (16.63 | 0.88
300 | 212 | 67 179| 3.52| 0.89 21p 72 179 2.89 1pr 209 74 2 11.97 | 0.89
400 | 218 | 73 182| 4.13| 099 21 72 181 347 1p9 211 76 3 [12.39 | 0.89
500 | 218 | 70 183| 4.78| 0.89 21f 72 181 379 1p7 217 82 6 (12.56 | 0.90
5| 100 | 992 | 62 961| 2.21| 044 97p 83 938 232 0p2 10354 1003| 1.82 | 0.55
200 | 1002| 77 964 | 2.97| 0.41] 993 93 947 296 0.42 10370 1002| 2.26 | 0.56

300 | 1004| 79 965 | 3.37| 0.43] 100194 954 | 3.43 | 0.42] 103 72 1001} 2.71 | 0.60

400 | 1010| 85 968 | 3.92| 0.40] 1009100 959 | 3.72 | 0.42] 1043 82 1002| 3.12 | 0.62

500 | 1010| 85 968 | 4.14| 0.41] 1017108 963 | 3.96 | 0.42] 1049 90 1004| 3.69 | 0.63

The same type of E°' drifts is observed for porphgerivatives substituted with two ferrocenyl
groupstrans to each other on thertho, meta and para positions as with single ferrocenyl
porphyrin derivativesTable 3.10demonstrates all potentials ®22 and 125 remained fairly

constant except maybe for wave 5 where ET2# was 23 mV more positive than fae5 In



126 Chapter 3

contrasts, the formal reduction potential, E*',i@ve 1 and 2 is significantly more negative for
the 0-CR-Ph complex128 compared t@-CF-Ph andmCFs-Ph substituted complexé22 and
125 respectively. From porphyrii22 to 128 the E°' value decrease with about 102 mV for
wave 1, while E°' value of wave 2 decreased withuab5 mV. For wave 3 the formal reduction
potential, E*', became more negative as one mawas 2HPor-p-CFs-Ph)(Fc)-trans, 122, to
2HPor-0-CRs-Ph)(Fc)-trans, 128 (from 42 to 26 mV). The same applies for wavel43(to
167 mV). This contrasts the increase in potenf@svave 5 from 961 to 1003 mV. There is a

mere 3 mV negative change frdr2to 128 for wave 4.

Figure 3.36 shows cyclic voltammograms (at scan rate 100 @ ra®s®) of a porphyrin with
two ferrocenyl groups’ substitutemils to each other on theeso positions (meaning they are at
two adjacentmeso positions). The two ferrocenyl substituent oneseten-transfer oxidation
waves are again better resolved by Osteryoung squave voltammetry (seEigure 3.36.
Linear sweep voltammetry confirmed the waves 1-& at involved in processes where the
same number of electrons (one electron) are traesfeThe electrochemical data for all tie
substituted porphyringd,23 126 and129are summarised ihable 3.11
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Figure 3.36: Top; Osteryoung wave voltammogram (SW) of 1.0 mmol*dd,Cl, solutions of 5,10-bisferrocenyl-
15,20-bisn-trifluoromethylphenyl)porphyrin1 26, measured in 0.1 mol difNBu,][B(CHs)4] at 10 Hz and 25°C.
Middle; Linear sweep voltammetry (LSV) at 2 mVsBottom; Cyclic voltammograms of porphyrii26 in
dichloromethane at a scan rate of 100, 200, 300,a4@ 500 mV$ on a glassy carbon working electrode. Fc* =
decamethylferrocene as internal standard. Pealddb® is from an unidentified impurity, and is not reded as
part of the main CV of this porphyri26.
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Comparison of the thregs substituted porphyrins is demonstrated at a satnof 100 mV3 in
Figure 3.37. For wave 1, changing the €phenyl substitutent position fropara (123) to ortho
(129 drastically decreases the formal reduction pagri®’, by 160 mV, while changingeta
(126) to ortho (129 resulted in an about 113 mV negative change. el E°' change for
wave 1 from -1972 to -2019 mV of 47 mV when fhaa substitution position is interchanged
with a meta substitution position. 2HPorg{CFs;-Phy(Fc)-cis], 123 and 2HPor-[if(+CFks-
Ph)y(Fc)-cis], 126, have a mere 3 mV difference in E® value for waeE® of wave 2
decreases with about 20 mV when moving from plhiea and meta substituents to thertho

substituted compound.
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Figure 3.37: Cyclic voltammograms of 1.0 mmol dhsolutions of2HPor-0-CFs-Ph)(Fc)-ci], 129, 2HPor-fn-
CFRs-Ph)y(Fc)-cis, 126, 2HPor-p-CRs-Ph)(Fc)-cis, 123 ferrocene (Fc) and decamethylferrocene (Fc*) in

dichloromethane containing [N(Bil)B(CeHs)s] at 25°C at a scan rate of 100 mVen a glassy carbon working
electrode.

The electron formal reduction potential, E®, foe ffirst ferrocenyl-based redox process at wave
3 becomes 31 mV more positive when changing &8 (para substitution position) td.29
(ortho substitution position), while wave 5 results idecrease in E°* value from 904 to 844

mV. There is a shift of about 16 mV to lower E°tgmtials in moving from porphyria23 to
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126, for wave 3. The E°' of wave 5 for porphyd@6is 50 mV more positive compared to that
of porphyrin123 but 129 has a E®' value of 60 m E°' smaller than that28 The anodic peak
Epa for wave 4 of porphyrii29 could be identified at 188 mV (slow scan rate 00 sY); this

is slightly negatively shiftedcé 22 mV) compared to fzof 126 The K, shift of wave 4 ofl29
relative tol23was less (only 7 mV).

Table 3.11:Electrochemical data of 1.0 mmol dreolutions of porphyrinsl23 126 and129, measured in 0.1 mol
dm® [NBu,][B(CsFe)4]/CH,Cl, on a glassy carbon working electrode ant 268G-c/F¢ at scan rates between 100
and 500 mVs. E,, = anodic potentialAE, = E,, - E,, with E,. = peak cathodic potential; E** = formal reduction
potentialsi,, = peak anodic currents aind= peak cathodic currents.

Vi | Epd |AE, [E®T | el Jipclipa | Endd |AEY | E®T | ipd  iclipa| Endd | AES |E®Y | il ipelipa

mvs?t| mv / mV HA mV | mV mV | pA mV mV mV HA

mV

Wave

2HPor(p-CF3-Ph),(Fc),-cis, 123 J2HPor(m-CF3z-Ph),(Fc),-cis, 126 2HPorp-CF5-Ph),(Fc),-cis, 129

1 | 100|-1931 82 |-19721.23 | 1.23| -1969 82 |-2020 2.79 | 1.01| -207% 88 -2119 3.47 | 1.05
200 |-1929| 86 |-19721.58 | 1.23| -1969 82 |-2020 3.21 | 1.11] -2087 84 -2129 4.13 | 1.09
300 |-1922|101 | -19731.69 | 1.24] -1969 86 |-2022 3.61 | 1.19| -208Y 106 |-214Q 456 | 1.16
400 |-1913/124 | -19751.79 | 1.30| -1971 90 |-202q 3.85 | 1.29] -207Y 116 |-213§ 4.75 | 1.25
500 |-1910/131 | -1976§1.86 | 1.60 | -196Y102 | -2028 4.16 | 1.37 | -2089 118 |-2148 4.84 | 1.34

2 | 100|-1683/ 80 |-17231.66 | 1.28 | -167» 82 |-172§ 3.30 | 1.04] -1701 88 -1745 3.50 1.03
200 |-1677] 90 |-17222.03 | 1.54| -1669 94 |-172¢ 4.41 | 1.05| -1691 108 |-1745 4.70 1.07
300 |-1677| 94 |-17242.21 | 1.59| -1668104 | -1725 5.33 | 1.06 | -1683 118 |-1743 5.70 1.06
400 |-1675/100 | -17252.47 | 1.87 | -1661112 | -1727 6.26 | 1.04| -1677 130 | -1742 6.55 1.04
500 |-1667|114 | -17242.54 | 2.07| -165Y120 | -1727 6.91 | 1.02 | -1669 148 | -1743 7.26 1.03

3] 100 78 |71 43 | 1.76| 1.07 89 81 39 376 097 107 107 5456 3| 1.10
200 79 | 68 45 | 2.37| 1.09 98 96 4 6.4y 0.98 113 135 5687 4 1.06
300 79 | 68 45| 2.95| 1.03 99 107 38 6.7b 1.1)1 121 122 6086 5 1.02
400 | 80 | 67 47 | 3.49| 1.06| 99 107 38 770 195 125 180 6072 6| 0.98
500 | 81 | 65 49 | 3.89| 113 104 111 39 8.8p 196 125 184 5839 | 1.10

4 | 100| 195 | 70 | 160| 2.47| 0.7q 22 78 162 3.81 0p8 188° 4 1352 2
200 ]| 199 | 74 | 162| 298| 0.8 21p 82 164 6.53 0p8 197 - -.834| -
300 | 205 | 84 | 163| 3.49| 084 223 90 168 6.79 1p1 203 - -.845 -
400 | 205 | 88 | 161| 3.99| 093 226 92 169 7.98 13 208 - -.706| -
500 | 211 | 98 | 162| 4.41| 090 231 98 172 8.93 1p7 218 - -.367 -

5 | 100]| 945 | 83 | 904| 2.03] °- | 999 | 70 954| 3.89| 054 881l 88 837 265 O0.j4

200 | 951 | 89 | 907| 2.87 - 100574 958 | 4.98 | 0.54] 889 99 844 361 0.4
300 | 957 | 95 | 910| 3.48 - 1011 78 962| 590 | 0.52] 901 116 851 426 Ooq
400 | 965|103 | 914| 4.37 - 101786 964 | 6.69 | 0.51] 909 124 857 483 0.48
500 | 971|109 | 917| 4.85 - 102190 966 | 7.37 | 0.49] 917 132 864 536 0.43

# Eye andipe could not be measuretinot possible to read off any meaningfidlvalue due to baseline uncertainty.
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To compare the effect one or two ferrocenyl substits has on the electrochemical properties of
porphyrin macrocycles, results from tho-CFs-Ph substituted compound&7 with only one
ferrocenyl group,128 with two ferrocenyl groups in opposimgeso positions {rans) and129
with two ferrocenyl groups on adjacenid) positions will be compared, ségure 3.38 Linear
sweep voltammetry (LSV), confirmed waves 3 and dporphyrin 129 both represent a one-
electron-transfer process, aRidjure 3.38shows this. The Osteryoung square wave voltammetry

could not unambiguously separate waves 3 and 4eWappears as a shoulder on wave 3.
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Figure 3.38: Cyclic voltammograms of solutions of 1.0 mmol dsplutions of2HPor-0-CFs-Ph)(Fc),-cis, 129,
2HPor-0-CFy-Phy(Fc)-trans, 128  2HPor-0-CF-PhkFc, 127, measured in 0.1 mol dim
[NBu4][B(C¢Hs)4]/CH,Cl, at a scan rate of 100 mVst 25°C on a glassy carbon working electrode. i@stmg
wave voltammogram (SW) at 10 Hz and linear swedfarunetry (LSV) at 2 mVS of 5,10-bisferrocenyl-15,20-
bis(o-trifluoromethylphenyl)porphyrin1 24, are also shown.

Replacement of one G#Ph substituent with a ferrocenyl group, in movingm 127 to either
128 or 129 increases the electron density within the porphymacrocycle core, due to the fact
that one electron-withdrawing @Ph is replaced by a much strong electron-dondéngcenyl
substituent. This results in wave 1 and wave 228 and 129 (Figure 3.38 Table 3.9Table

3.10 andlable 3.1) having a formal reduction potential, E*', whiate anore negativetr@ns:
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-2121 and -1764 mV aris: -2132 and -1745 mV) respectively compared tovaRues of127
(-2100 and -1718 mV). The same trend is observe@dgphyrins where the GHs at either the
para or meta positions (se&cheme 3.1 With wave 5, there is a general increase inBRe
value from one ferrocenyl substituted (E°' = 836 i@V 127) to two ferrocenyl substituents
trans (E°' = 1003 forl28) or cis (E*' = 844 mV forl29) relative to each other on the porphyrin
ring. This is as expected when one recognisesnheé 5 sets in only after the redox processes
associated with waves 3 and 4 converted the eledwoating ferrocenyl group to a electron-
withdrawing ferricenium group.

No clear trend can be observed for wave 3 when mgo¥rom mono-ferrocenylated to
diferrocenylated compounds, séeheme 3.14For diferrocenylated compounds, the ferrocene-
based formal reduction potential, E*', of wave 8r@éases with 34 mV from 2HPoOrCF;-
Ph)(Fc)-trans, 128 to 2HPor¢-CRs-Ph)(Fc)-cis, 129, the opposite is observed for the&CFs-

Ph andm-CFs-Ph substituent(seBcheme 3.1% The aniodic peak potential,4&=for wave 4 in
porphyrin129is 11 mV less positive compared to E°' of porphyP8 The para and meta
substituent show an increase in the formal redogtimtential, E°, frontis- to trans- isomer for
wave 4. As for wave 5, there is an overall increashe formal reduction potential frotnans-

to cis- isomer except for the para substituent where thgosipe occurs and a decrease in E*

value is observed.

wave 1 wave 2 wave 3 wave 4 wave 5
[2HPor(Fc)o]===[2HPor(Fc),]-"===[2HPor(Fc),] ===[2HPor(Fc*)(Fc)] ===[2HPor(Fc*),] === [2HPor(Fc*),]-*

2HPorp-CRs-Ph)Fc, 121 -1971 -1673 85 b 826
2HPorfn-CFs-Ph)Fc, 124 -1973 -1668 81 b, 824
2HPorp-CRs-Ph)Fc, 127 -2100 -1718 59 b, 836
2HPorp-CFs-Ph)(Fc)-trans, 12z -2019 -1710 42 173 961
2HPorfn-CFs-Ph)(Fc)-trans, 125 -2014 -1707 66 170 938
2HPorp-CFRs-Ph)(Fc)-trans, 12€ -2121 -1764 26 167 1003
2HPorp-CFRs-Ph)(Fc)-cis, 122 -1972 -1723 43 160 904
2HPorn-CFs-Ph)(Fc)-cis, 12€ -2020 -1726 39 162 954
2HPorp-CRs-Ph)(Fc)-cis, 12€ -2119 -1745 54 198 837

Scheme 3.14Ring-based and ferrocenyl group electron-transfactions associated with redox potentials (E°' /
mV vs. Fc/F¢) for the porphyrins given belowanodic peak potentidi.no second ferrocene group available on the
porphyrin molecule. Solvent = dichloromethane.

Within the potential range that is possible forhtitcomethane as a solvent, five electron-transfer
processes can be identified for metal-free  5,1Bathienocenyl-10,20-bip{

trifluoromethylphenyl)porphyrin, 140, (seeFigure 3.39. The electrochemical parameters for
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2HPorfp-CFRs)2(Rc), 140 are given infable 3.12 Only two (wave 1 and 2) of the five observed
redox processes exhibit ideal reversible behaviguvirtue of AE, < 90 mV and peak current

ratios (pdipa) @approaching a unity at slow scan rates (100 atnavsY). Wave 4 and 5 are not

well defined. Neither Osteryoung square wave (SW) hnear sweep voltammetry can

convincingly differentiate between the two ruthemmg moieties (wave 3 and 4) on the
porphyrin macrocycle.
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Figure 3.39: Top; Osteryoung wave voltammogram (SW) of 2.0 mmol3dsolution of 5,15-bisruthenocenyl-
10,20-bisp-trifluoromethylphenyl)porphyrin140, measured in 0.1 mol difNBu4[B(C¢Hs).] at 10 Hz and 25°C.
Middle; Linear sweep voltammetry (LSV) at 2 mV. Bottom; Cyclic voltammograms of40 (2 mM) and122 (1

mM) in dichloromethane at a scan rate of 100, 300, 400 and 500 mV/on a glassy carbon working electrode.

The replacement of the two ferrocenyl moiety ingtgyrin, 2HPorp-CRs-Phy(Fck-trans, 122
with two ruthenocenyl moiety to form 2HPprCFs-Ph)(Rc)-trans, 140, within experimental
error, did not change the formal reduction potén&s’, of waves 1 and 2Table 3.12). E*
became more negative for waves 1 (4 mV) and 2 (§ at\slow scan rate (100 mV#)s As the
scan rate was increased to 500 mV, the E°' valtiesmwees 1 and 2 approached each other. This

is expected because the group-electronegativithefuthenocenyl group is almost the same as
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the group-electronegativity of the ferrocenyl grdqup = 1.87;yrc = 1.89%). Figure 3.40clearly
indicates that free ruthenocene (E°' = 558 mVxislised at more positive potentials than where
free ferrocene (E°' = 0.00 mV) is redox active.
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Figure 3.40: Cyclic voltammograms of solutions of 1.0 mol dms5,15-bisruthenocenyl-10,20-bis(
trifluoromethylphenyl)porphyrin,140, 5,15-bisferrocenyl-10,20-big{trifluoromethylphenyl)porphyrin 122, and
ruthenocene in dichloromethane containing 0.1 mof §N(Bu),][B(C¢Hs)] at 25°C at a scan rate of 100 mVan
a glassy carbon working electrodée (Fc*) = 80 mV.

The ruthenocenyl one-electron-transfer oxidatioveyavave 3 and wave 4, is not resolved at
all. They appear to overlap almost exactly whichtdicts resolved waves for the ferrocene
equivalent strongly. These redox processes arenaide at the formal reduction potential, E°,
of 230 mV. This potential is about 322 mV less pesithan free ruthenocene and 188 mV more
positive than wave 3 df22 For wave 5, the cathodic potentiapsE0f 2HPorp-CFs-Phh(Rc),-

trans, 140, is 148 mV more positive that the formal reductipotential, E°', 2HPop-CFs-
Ph)(Fc)-trans, 122
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Table 3.12: Electrochemical data for the substituted metaheeeontaining porphyring40 (2 mM) and122 (1
mM) in dichloromethane containing 0.1 mol dntetrabutylammonium tetrakispentafluorophenylboraie
supporting electrolyte on a glassy carbon workilegteode.

Wave Iy | Bt | ABy | B | il | ielie | Ewal | AES/ | B | el | inoina

mvs? mvV mvV mvV HA mvV mvV mvV HA
2HPor-(p-CFs-Ph),(Rc),-trans, 140 2HPor-(p-CFs-Ph),(Fc),-trans, 122

1 100 | -1980 80 -2020 3.91 0.99 -1979 79 -2019 1.97 1.5
200 -1982 84 -2024 455 1.10 -1979 91 -2025 1.73 118
300 -1985 85 -2028 5.27 1.11 -1987 91 -2033 1.99 135
400 -1988 90 -2033 6.01 1.10 -1989 93 -2036 2.18 109
500 -1988 92 -2034 6.66 1.10 -1996 94 -2043 2.37 136

2 100 | -1670 80 -1710 4.84 1.00 -167 80 -1710 2.22 1.'8
200 -1673 91 -1719 6.69 1.04 -1674 92 -1720 2.95 o.|1
300 -1671 96 -1719 7.65 1.07 -167 96 -1718 3.1 N &
400 -1670 101 -1721 8.51 1.08 -1670 10 -1720 3.3 1p4
500 -1671 108 -1725 8.94 1.11 -1670 110 -1725 4.09 1p2

3 100 287 114 230 9.25 0.83 76 68 42 2.41 0.9
200 309 136 241 12.41 0.67 80 70 45 3.98 1.4
300 329 156 251 14.34 0.62 80 74 43 4.62 1.c|8
400 343 170 258 15.79 0.59 83 75 46 5.31 l.(IB
500 355 182 264 16.89 0.59 84 78 45 6.28 1.1)

4 100 437 b P - - 204 63 173 2.09 0.96|
200 399 - - - - 210 65 178 2.98 o.91|
300 399 - - - - 212 67 179 3.52 0.84
400 399 - - - - 218 73 182 4.13 0.99
500 399 - - - - 218 70 183 478 0.89

5 100 1140 b P - - 992 62 961 2.21 0.44
200 1140 - - - - 1002 77 964 2.97 o.41
300 1140 - - - - 1004 79 965 3.37 o.4:|
400 1140 - - - - 1010 85 968 3.92 0.4(I
500 1140 - - - - 1010 85 968 4.14 o.41

2 E,. values estimated.E,, could not be identified unambiguously, henceAfiy and E°' values can be givémot
possible to read off any meaningful components.

3.4.5.2 Nickel metallocene-porphyrin derivatives

A study was also performed to determine the infb@éeaf nickel coordination of porphyrins of

this study on the electrochemical properties of¢heompounds. Within the potential range that
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is possible for dichloromethane as a solvent, éime-electron-transfer redox processes could be
identified for all the nickel-containing metallogé#porphyrin conjugates studied.

For mono-ferrocenyl substituted nickel-containirggghyrin derivatives130, 133 and136, two
ring-based one-electron-transfer reduction waveses 1 and 2, one ferrocenyl substituent one-
electron-transfer oxidation wave, wave 3, and ang-based one-electron-transfer oxidation
wave, wave 4 are present (Segure 3.41). At slow scan rate, i.e 100 mVsall the waves
except wave 1 and 5 are electrochemically and atalyireversible, becauseE, < 90 mV, iy

lipa= 1 and E°' values are scan rate independetiilé 3.13.

Table 3.13: Electrochemical data of 1.0 mmol dmsolutions of one ferrocencyl-substituted porphsrit80, 133
and 136, measured in 0.1 mol dMNBu,][B(CsFe).]/CH,Cl, on a glassy carbon working electrode ant 25°C at
indicated scan rates.,f£= anodic potentialAE, = E,, - By, with E,; = peak cathodic potential;, E*' = formal
reduction potentiald,, = peak anodic currents aigd= peak cathodic currents.

o VI |Epd |AEY |E®T | ipdl ipclipa |Epd |AE/ | E*/ | ipdl inc/ipa| Epd | AEG/ |E*T | igdl ipc/ipa
ngs'l mvV imV [mV | pA mV |mV | mV | pA mvV |mV |mV | pJA
NiPor(p-CFs-Ph)sFc, 130 NiPor(m-CFs-Ph)sFc, 133 NiPorp-CFs-Ph)sFc, 136
1 | 100 [-2148 - 2] 212144 2 2] b l-2164] -2 K R b
200 [-2148 - - - - |-2139 - - - - [-2169 - - - -
300 [-2132 - - - - |-2139 - - - - [-2164 - - - -
400 [-2132 - - - - [-2239 - - - - [-2163 - - - -
500 [-2122 - - - - |-2144 - - - - [-2166] - - - -

2 | 100 |-1961 68 |-19952.34 | 0.97 | -1964 65 |-19972.41 | 0.94| -1998 79 -2011 2.62 | 0.96
200 |-1959 74 |-19962.97 | 0.96 | -1964 69 |-19993.02 | 0.94] -1994 79 -2012 3.02 | 0.94
300 |-1959 74 |-19963.32 | 0.95 | -1961 72 |-1997/3.46 | 0.91] -1993 81 -2012 3.38 | 0.93
400 |-1959 82 |-20004.23 | 0.94 | -1958 83 |-20004.49 | 0.89 | -1998 84 -2013 4.31 | 0.92
500 |-1959 82 |-20004.72 | 0.93 | -1955 86 |-19984.98 | 0.89| -1991 89 -2014 4.82 | 0.91

3 | 100|183 80 143 | 4.34| 0.97 177 78 138 419 101 161 86 14017 4, 0.97
200 | 185 84 143 5.96| 0.97 173 86 130 5.87 0.99 162 g7 14143 5| 0.96
300 | 188| 84 146 | 6.82| 1.00 183 88 139 695 0498 161 90 13898 6 0.97
400 | 189 87 146 | 7.54| 1.00 183 86 140 7.79 0497 165 91 14288 7| 0.96
500 | 191| 90 146 | 8.61| 1.00 183 86 140 897 0496 167 91 14493 8| 0.96
5 | 100|883| 72 847 | 4.46| 0.96 873 72 837 513 0.97 §71 83 85259 4 0.95
200 | 889 80 849 | 5.83| 0.94 889 86 846 6.03 096 875 85 85303 5| 0.93
300 | 892 83 851| 6.28| 0.85 889 86 846 6.73 097 8§71 87 85063 6 0.91
400 | 894 87 851 | 7.17| 0.76 897 94 850 7.56 0.90 §77 93 8532 7| 0.85
500 | 897 | 90 852 | 7.86| 0.65 897 96 849 8.21 0.90 §77 98 8505 7| 0.79

® Epccould not be identified unambiguously, hencenfiy and E°' values can be givémot possible to read off any meaningful
components.
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Figure 3.41: Top; Osteryoung square wave voltammogram (SW) of anin@ol dm?® solution of[5-ferrocenyl-
10,15, 20-trisg-trifluoromethylphenyl)porphyrinato] nickel(l/Y130, measured in 0.1 mol di{NBu,][B(CeHs)4] at
10 Hz; Linear sweep voltammetry (LSV) at 2 mvand cyclic voltammograms aB0in dichloromethane at a scan
rate of 100, 200, 300, 400 and 500 i\ a glassy carbon working electro8ettom; Cyclic voltammograms of
NiPor-(0-CFs-Ph)Fc, 136, NiPor-(m-CFs-Ph)Fc, 133 and NiPor-(p-CFs-Ph)Fc, 130 at scan rate of 100 mVs
under the same conditions.
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The anodic reduction potential,d=for wave 1 show a general decrease fid@@throughl33to

136. The shape of this cathodic wave (wave 1) is sipaf electrode deposition during this
cathodic (reduction) process as it outgrows thesetqul peak currents compared to the observed
currents of waves 2, 3 and 5. Electrode strippakgs$ place during the anodic (oxidation) half
cycle because thg, values for wave 2 are again normal. The formalicédn potential, E°', for
wave 2 becomes progressively more negative fropaCds-Ph, am-CF;-Ph to ano-CRs-Ph
substituted compound on thaeso position of the porphyrin macrocycle. For waveE3, values

for the three porphyrins are more or less the safaze 5, shows a 2 mV decrease in formal

reduction potential, E*', from porphyrir80to porphyrinl136.

Nickel coordination of the metal-free derivativé®l, 124 and 127 (electrochemical data are
summarised iMable 3.9 to give1l30 133and136, resulted in significant lowering of E°' values
of wave 2 (about 300 mV). In contrast, the formeduction potentials associated with wave 3
increased at least with 55 mV. Wave 5 was leasicedtl by nickel coordination. E°' values
increased with only 13-16 mV, and represent angmBcant difference. Nickel metallated
porphyrins with two ferrocenyl substituents on timeso positions opposite to each other,
namely, [5,15-bisferrocenyl-10,20-hs{rifluoromethylphenyl)porphyrinato] nickel(ll),131,
[5,15-bisferrocenyl-10,20-bisttrifluoromethylphenyl)porphyrinato] nickel(11)134, and [5,15-
bisferrocenyl-10,20-bisttrifluoromethylphenyl)porphyrinato] nickel(111.37, showed two ring-
based one-electron-transfer reduction waves 1 and@ ferrocenyl substituent one-electron-
transfer oxidation wave 3 and 4, and one ring-basedelectron-transfer oxidation wave 5 (see
Figure 3.42. Like the mono-ferrocenylated derivatives wavaghin is not well defined due to
electrode deposition during the cathodic (redugthaf cycle, and this process therefore does
not satisfy the criteria of electrochemical revieitlgy (ipdipa # 1, Table 3.14. At slow scan
rates, waves 2, 3, 4 and 5 exhibit electrochenaodl chemically reversibility asE, is small,
current ratios ifc /ipg) are around unity and E°' values are scan ratepiewident. Results are
summarised iTable 3.14

The formal reduction potential, E', for wave 21&4is 35 mV more negative compared to that
of 131and 21 mV more positive thar87 at slow scan rate. Unlike for the mono-ferroceteda
derivatives130, 133 and 136 especiallyp-CF; andm-CF; substituted derivative$31 and 134
bearing two ferrocenyl waves show a ghost peakl&bé atca. -1450 mV,Figure 3.42 The

origin of this peak is not clear, but it may beatetl to the electrode surface effects associated
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with wave 1. All efforts to remove it met with farke. It is not an oxygen peak which under our
conditions is observed at about -1800 mV.
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Figure 3.42: Top: Cyclic voltammograms of 1.0 mmol dmsolution of [5,15-bisferrocenyl-10,20-bis¢
trifluoromethylphenyl)porphyrinato] nickel(l/)134, measured in 0.1 mol dm[NBu,][B(CeHs)s] at scan rates
between 100 and 500 mV'sat 25°C on a glassy carbon working electrode; Astefyoung square wave
voltammogram (SW) at 10 Hz and linear sweep voltatnyn(LSV) at 2 mVs are also showrBottom: Cyclic
voltammograms of\iPor(o-CF;-Ph),(Fc)-trans, 137, NiPor(m-CFsz-Ph)(Fc)-trans, 134, and NiPor(p-CFs-Ph),(Fc),-trans,
131, in dichloromethane at scan rate 100 mvsder the same conditions.
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Table 3.14:Electrochemical data of 1.0 mmol d&&H,Cl, solutions of porphyrin31, pophyrin134and porphyrin
137 measured in 0.1 mol dNBu4J[B(C¢Hs)s] on a glassy carbon working electrode at 25°CRe#Ec at scan
rates indicated in the table.

o V| Epd | AEY | B | ipd |ipclipa| Epdl | AEp/ | BT | ipe  |ipclipa| Epdl | A/ | E¥T | ipad | ipcfipa
§ mvsl mv | mv | mv | pA mv | mv | mv | pA mv | mv | mv | pA
NiPor(p-CFs-Ph),y(Fc),-trans, 131 |NiPor(m-CFs-Ph),(Fc),-trans, 134 | NiPor(-CFs-Ph),(Fc),-trans, 137
1| 100 |-2154| 175 | -2242 -° % |-2300] -° - - - |-2166| 155 | -2252 -° -
200 |-2116| 213 | -2223 - - -2300| - - - - -2167| 154 | -2252 - -
300 |-2134| 195 | -2232 - - -2300| - - - - -2163| 158 | -225Q - -
400 |-2134| 195 | -2232 - - -2300| - - - - -2167| 154 | -22524 - -
500 |-2146| 183 | -223§ - - -2300| - - - - -2167| 154 | -2252 - -

2| 100 |-1855| 78 |-18941.89 | 0.98| -1878 85 |-1921 1.98 | 0.99] -186% 60 -1903 1.93 | 0.96
200 |-1854| 78 |-18942.35 | 1.05| -1876 90 |-1921 2.37 | 0.99| -1862 63 -1902 2.57 | 0.96
300 |-1854| 85 |-1897/2.41 | 1.06| -187598 |-1924 2.8 1.01 | -1862 69 -1905 3.12 | 0.92
400 |-1853| 92 |-18992.61 | 1.07| -1878100 | -1923 3.15 | 1.02| -1868 76 -1906 3.45 | 0.90
500 |-1847| 100 |-18953.07 | 1.07 | -1878100 | -1923 3.63 | 1.02| -186% 82 -1906 4.34 | 0.91

3| 100 95 | 65 60 | 2.32| 1.00 794 69 41 213 098 115 80 67 6 2{30.98
200 | 95 | 76 57 | 3.32| 0.99 8g 82 45 306 093 114 83 65 3 3{40.96
300 97 | 82 56 | 4.26| 0.98 88 94 41 382 091 15 90 62 8 4{30.95
400 | 98 | 84 56 | 4.86| 0.90) 92 107 41 439 091 115 94 6076 4, 0.92
500 | 102 | 94 55| 5.13| 0.9 9q 108 42 522 049 115 94 6019 5 0.90

4| 100 | 217 | 68 183| 2.25| 1.0 21y 79 167 256 1p1 227 70 4 1236 | 0.96
200 | 219 | 80 179| 2.87| 094 218 81 178 322 0p9 229 §2 0O (18.05 | 0.92
300 | 223 | 94 176| 3.33| 094 22p 83 179 437 0p9 229 92 5 1339 | 0.92
400 | 231 | 102 180| 3.58| 0.94 224 9@ 179 484 1p0 235 98 78 |13.69 | 0.92
500 | 231 | 102 180| 4.29| 0.99 226 99 177 541 0pP9 243 10482 | 443 | 0.91

5/ 100 | 999 | 78 960| 2.46| 099 996 86 983 247 0Pp8 10134 963 | 2.56 | 0.95

200 | 1013| 82 972 | 3.26| 0.91] 100486 961 | 3.11 | 0.95] 101f 84 967 | 3.16 | 0.94

300 | 1017| 92 971 | 3.87| 0.87] 100688 962 | 3.63 | 0.93] 101y 84 967 | 3.58 | 0.94

400 | 1023| 96 975| 4.31| 0.87] 101296 964 | 4.03 | 0.93] 102D 85 970 | 4.13 | 0.90

500 | 1021|100 | 971 | 5.88| 0.83] 1016106 | 963 | 5.43 | 0.90] 1025 96 969 | 547 | 0.89

values could not be measured with any degreenffdence.

For wave 3, the E°' value decreases with 20 mV fpamphyrin131to porphyrin134 and then
there is a positive increase froh84 to 137. The formal reduction potential for wave 4 of
porphyrins131and137 have an insignificant 1 mV difference at slow scaie, while porphyrin
134 is about 16 mV less positive compare to the othiekel-metalattedirans substituted
ferrocenyl porphyrin derivatives. Wave 5 shows aren@ mV increase in E°' value from
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NiPor(p-CRs-Ph)(Fc)h-trans, 131, to NiPorO-CRs-Ph)(Fc)h-trans, 137, with NiPor(m-CFks-
Ph)(Fc)-trans, 134 showing a slight decrease.

Upon comparing E°' values of nickel compleXiel, 134 and 137 with the E°' values of the
metal-free precursord22 125 and 128 only wave 2 showed a significant (140-210 mV)
lowering of E°' values after nickel coordinationll 8ther waves exhibited E°' values that do not
ambiguously differ. Also, for the metal-free detivas (data summarised ifable 3.10
especially E°' values of wave 1 and 5 for ththo-substituted compound differed substantially
(100 mV lowering of E° values were observed) fromose ofmeta- and para-substituted
compounds. No similar differences could be detected these Ni-derivatives. Nickel
coordination appear to nullify much of the elechrexmical differences that existed in the metal-
free complexes.

Figure 3.43shows the cyclic voltammograms of NiRBF-Ph)(Fc)-cis, 132 NiPor(m-Cks-
Phy(Fc)-cis, 135 and NiPor¢-Crs-Ph)y(Fc)-cis, 138 dichloromethane. Table 3.15
summarises electrochemical data for these compolaphyrin138 exhibited a very poorly
defined CV due to a lack in solubility which is asmted with this compound. At most the
positions of waves 2, 3, 4 and 5 could be idertifi¢/ave 2 is poorly identifiable afa.-1627
mV at 100 mV&. Wave 4 for porphyrin38was embedded under wave 3 and therefore, waves
3 and 4 could not be resolved. Overlapping wavaadB4 are found approximately at E°' = 660
mV. An estimation of the E*' value of wave 5 wa®91 MV vs. Fc/F¢. All the waves that could
be well identified showed electrochemicaK,< 90 mV) and chemical4/i,a approach a uni}y
reversibility at slow scan rate except for wave f3188 (seeTable 3.19. Like the ‘trans’
derivatives, thecis’ diferrocenylate nickel complexes also exhibit ghwave A that may be the
result of electrode modification during wave 1.

Table 3.15indicates that the position of g€Bn the phenyl ring of porphyrink32 (the para
position) and135 (the meta position) does not have much effect on the formealuction
potential of waves 1 and 2. Both arecat-2239 and -1868 mV. The formal reduction potential
for wave 3 of porphyrirnl32 (E°' = 62 mV) is about 5 mV more positive compatedhat of
porphyrin135 The value of E°' for wave 4 of porphyrit82 and135 are the same (E°' = 169
mV), while wave 5 shows a slight decrease fi#32 (E°' = 965 mV) tal35(E°*' = 961 mV). Itis
stressed that E°' differences as small as 5 m¥étisignificant. The overwhelming conclusion of
this section of the electrochemical study is themesfthat Ni-coordination leviated any
differences that exist in electrochemical propertié the corresponding metal-free compounds.

Unlike what was found for the metal-free derivasi@able 3.1 electrochemical techniques
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cannot be used to differentiate betweetho, meta or para substituted phenyl rings in adjacent
(cis) meso positions.
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Figure 3.43: Top: Cyclic voltammogams of 1.0 mmol dmsolutions of [5,10-bisferrocenyl-15,20-bist
trifluoromethylphenyl)porphyrinato] nickel(l))135 measured in 0.1 mol dM[NBu,][B(C¢Hs)s/CH.Cl, on a
glassy carbon working electrode at 25°C at scagsraf 100, 200, 300, 400 and 500 rifyan Osteryoung square
wave voltammogram (SW) at 10 Hz and linear sweejanometry (LSV) at 2 mVS of 135 are also shown.
Bottom; Cyclic voltammograms ofliPor(p-CFs-Ph)(Fc)-cis, 132, NiPor{mCFRs-Ph)(Fc)-cis, 135 andNiPor(o-
CFs-Ph)(Fc)-cis, 138 at scan rate of 100 mVs
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Table 3.15:Electrochemical data of 1.0 mmol dmeolutions of porphyrinsl32, 135 and138 measured in 0.1 mol
dm® [NBu,][B(CsFs)4)/CH,Cl, on a glassy carbon working electrode ant 288 c/F¢ at scan rates between 100
and 500 mVs. E,, = anodic potentialAE, = Ej, - E,, with E,. = peak cathodic potential; E°' = formal reduction
potentialsj,, = peak anodic currents aijd= peak cathodic currents.

v/ Eod/ AEY E°1 ipdd ipc/ipa|[Epel AEp/ [E° ipal ioc/ipa [Epe/  AEp/  [E°T il ioc/ipa
mvsimv mVv mv A mV mV mV [pA mV mV mV gA

Wave

NiPor(p-CFs-Ph),(Fc),-cis, 132|NiPor(m-CFs-Ph),(Fc),-cis, 135 | NiPor@-CFs-Ph),(Fc),-cis, 138

1] 100 [-2204 70 |-22392.42 | # |-2204 72 [-22402.71 | 2 L -2 -0 -2
200 [-2209 76 [-22473.54 | - |-221572 [-22513.19 | - - - - - -
300 [-220q 85 [-22436.2 | - |-2204 83 |-22464.61 | - - - - - -
400 |-220q4 85 [-22437.01| - |-220483 [-22465.22 | - - - - - -
500 [-2199 86 [-22427.25| - |-220483 |[-22465.96 | - - - - - -

2] 100 |-1825 86 |-18682.03 | 0.97| -182588 [-1869 1.93 | 0.91] -158p 82 |-1627| -° L
200 [-1831 92 |-18712.24 | 0.95] -183[194 |-18781.89 | 1.06] -158P 90 | -1627| - -
300 |-1832 99 |-18822.63 | 0.94| -1831102 |-18822.18 | 1.14] -158D 98 | -1629| - -
400 |-1835 102 |-18863.15 | 0.92| -1833106 |-1886¢2.56 | 1.13| -1576106 | -1629 - -
500 |-1833 102 |-18843.56 | 0.86] -183/100 |-18873.01 | 1.16] -157R110 | -1627| - -

3[100] 97 | 70 | 62] 215/ 094 89 64 57 1.89 0ps8 730 140  66@1 30.63
200[ 102] 83 | 61 272 0.9¢ 94 77 5 245 0ps8 740 150 6@w2 [0.98
300| 104] 91 | 59| 334 094 99 89 55 293 0p8 740 150 6@%8 [0.90
400| 105| 96 | 57]3.97 099 100 94 sS4 331 O0p7 750 160 pBA3 | 0.90
500 [ 105] 96 | 57| 4.31] 093 1oL 94 54 347 0p2 760 170 HBBL | 0.87

4] 100 206 | 74 | 169 2.360 098 207 77 169 2.43 o0J98® |- -° L - -2
200| 208] 76 | 170] 2.91 097 211 81 171 3.07 o7 |- L - B -
300|214 82 | 173[ 3.83 0.9] =218 83 172 391 o097 |- L - B -
400 | 214| 82 | 173] 455 0.9%3 221 91 176 434 o6 |- L - B -
500 211| 79 | 172[ 5.13 0.9¢ =221 91 176 5.01 o6 |- L - B -

5/ 100|997 | 64 | 965 1.95 0.9% 991 60 961 1.86 o095 12 |1094| > | -°

200 11005| 64 | 973| 2.38| 0.89 100162 | 970| 2.26 | 0.94 120

300|1009| 68 | 975| 3.15| 0.7 100364 | 971| 2.99| 0.74 120

400 | 1011 70 | 976| 3.55| 0.7 100566 | 972| 3.31| 0.8 120

3
3
3
3

500|1017| 76 | 979| 4.09| 0.7 101374 | 976| 4.01| 0.7 120

% ip. could not be identified unambiguously.values could not be measured with any degree ofidence.
¢ estimated value only.

To summarise the above described results, it ixladed that the replacement of the two

protons in the centre of the porphyrin macrocycléhve nickel cation resulted in a general
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decrease in the formal reduction potential, EY,vilave 1 and wave 2 (s&cheme 3.1p For
waves 3 and 4, the metal-containing E°' values iargeneral more positive than their
corresponding metal-free porphyrins, the only exoapbeing observed for theeta-substituted
derivative wherel25 was converted td34 upon Ni-complexation. With the exception 1?8
convertion t0137, wave 5 became more positive with the introductdmickel metal in the
porphyrin macrocycle core. Compl&28is atrans o-CF;-Ph substituted complex.

wave 1 wave 2 wave 3 wave 4 wave 5
[MPor(Fc)] === [MPor(Fc)z]"== [MPor(Fc),]== [MPor(Fc*)(Fc)] == [MPor(Fc*),] == [MPor(Fc*),]-*
2HPorp-CFs-Ph)Fc,121 -1971 -1673 85 b 826
NiPor(p-CFs-Ph)Fc, 13C -2148 -1995 140 b 839
2HPorn-CFs-Ph)Fc, 124 -1973 -1668 81 b 824
NiPor(m-CFs;-Ph)Fc, 132 -2144 -1997 138 b 837
2HPorp-CFs-PhyFc, 127 -2100 -1710 59 b 836
NiPor(o-CFs-Ph)Fc, 13€ -2164 -2011 140 b 852
2HPorp-CFs-Ph)(Fc)-trans, 12z -2019 -1710 42 173 961
NiPor(p-CFs-Ph)(Fc)-trans, 131 -2242 -1882 61 183 960
2HPorfn-CFs-Ph)(Fc)-trans, 125 -2014 -1707 65 170 938
NiPor(m-CFs-Ph)(Fc)-trans, 134  -2300 -1917 41 167 953
2HPorp-CFs-Ph)(Fc)-trans, 12€ -2121 -1764 26 167 1003
NiPor@-CFs-Ph)(Fc)-trans, 137 -2252 -1903 67 184 963
2HPorp-CF-Ph)(Fc)-cis, 127 -1972 -1723 51 163 904
NiPor(p-CFs-Ph)(Fc)-cis, 132 -2239 -1868 62 169 965
2HPorm-CFs-Ph)(Fc)-cis, 12€ -2019 -1726 33 162 954
NiPor(m-CFs-Ph)(Fc),-cis, 13E -2240 -1869 57 169 961
2HPorp-CF-Ph)y(Fc),-cis, 12€ 2132 -1745 60 188 844
NiPor(0-CFs-Ph)(Fc)-cis, 13€ - -1586 660 d 1203

Scheme 3.15A comparison of the formal reduction potential&, En mV vs. Fc/F¢, observed for the metal-free
and nickel-metalated ferrocenyl substituted porjshyterivatives CHCI,. ® anodic peak potential. no second
ferrocene group available on the porphyrin molecutathodic peak potentidlno oxidation wave observed.

Finally, the cyclic voltammogram of [5,15-bisrutloeenyl-10,20-bigf-
trifluoromethylphenyl)porphyrinato] nickel (I1)141, are shown inFigure 3.44 Unlike the
metal-free derivativel40 (page 131) but similar to the ferrocenyl equivgldi31 (page 138)
reduction wave 1 represents an extreme case ofralecdeposition upon reduction of the
macrocylce. Wave 2 represents an electrochemie@rsible reduction process at slow (100
mVs?) scan rate. At higher scan rates this processnteadectrochemical irreversible due to
large AE values and deviations from unity for thgip, ratio. Two well-resolved ruthenocenyl
substituent one-electron-transfer oxidation waeeglled 3 and 4 could be identified on the CV

of 141 (Figure 3.44). Wave 3 approached electrochemical and chemeadrsibility at slow
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scan rate (100 mV3 by virtue of a smalhE = 78 mV value and aRJipa ratio of 0.97 Table
3.16). This reversibility is remarkable because®*Roentres has a big tendency to dimetise.
Although wave 4 is clearly representative of &#’* couple it is chemically irreversible
because, /iy, ratios deviate substantially from unity. The reaar this deviation is most likely
dimerisation of the Rucentre to a RuRuU" species. That wave 3 reduction and 4 reduction is
associated with the reduction of monomeric and dorferms in equilibrium are borne out by
the shape of this peak and the scan rate depend&mgéiy, ratios. At slow scan rates these
reduction half waves are rather sharp becauseatieeof the equilibrium can keep up with the
rate of the electrochemical experiment. As the pwage increases, the electrochemical process
"outruns"” the dimer-monomer equilibrium. This rersdthe reduction peaks half waves of 3 and
4 broad, drawn out and weak with the result that gleak currents associated with the back
reduction do not increase in the same manner asmtarin the forward peak. This splitting of
the ruthenocenyl-based peaksluil into two well resolved, one-electron-transfer processes, at
least one of which is electrochemical and chenrieatrsible at slow scan rate, contrasts sharply
the unresolved and irreversible electrochemicabbeur of the metal-free precursor, complex
140, which is discussed in page 131.

Finally, wave 5 represents an electrochemical @reible ring-based one-electron transfer
process with small peak separationgE{ = 70-80 mV) but,/ipa ratios that are almost “zero”;
E°'~ 1035 mVvs. Fc/F¢.

The ruthenocenyl-substituted nickel compleX exhibits an E°' value for wave 1, 16 mV more
negative compared the ferrocenyl-substituted nicdkehplex131 In contrast, E°' ofl41 for
wave 2 is found at potentialsa. 25 mV more positive than for its ferrocene-caomia
counterparfi31l As with the nickel-free derivatives, the rutheengl waves 3 and 4 are oxidised
at substantially more positive potentials compat@dhat of the ferrocenyl fragment (g
derivative = 315 and 518 mV, B gervaive = 61 and 183 mV). This clearly indicates that
ruthenocene is much more difficult to oxidise thamocene. For the last comparison, the formal
reduction potential for wave 5 of NiPprCFRs-Phyh(Rc)-trans, 141, is about 75 mV more
positive compared to NiP@{CFs-Ph)(Fc)-trans, 131
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Figure 3.44: Top: Cyclic voltammogams of 1.0 mmol dhCH,CI, solutions of[5,15-bisferrocenyl-10,20-big{
trifluoromethylphenyl)porphyrinato] nickel(l))141, measured in 0.1 mol dM[NBu,][B(C¢Hs)s/CH.Cl, on a
glassy carbon working electrode at 25°C at scaesraif 100, 200, 300, 400 and 500 riVsFc* =
decamethylferrocene was used as internal standar@steryoung square wave voltammogram (SW) atZ@ard
linear sweep voltammetry (LSV) at 2 mVsef 141 are also showrBottom: A comparison in cyclic voltammetry of
131, 141and140at 100 mV § scan rate.
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Table 3.16:Electrochemical data for theans substituted metallocene-containing 1.0 mmol*dritkel porphyrins,
141 and 131 in dichloromethane and 0.1 mol dntetrabutylammonium tetrakispentafluorophenylborate
supporting electrolyte on a glassy carbon workilegteode.

Wave |y | Ewr | AEy 1 | B | el | iseliva | Eval | AEo/ | E®T | il | inefine

mvst | mv mvV mv HA mvV mv mvV HA
NiPor-(p-CFs-Ph),(Rc).-trans, 141 NiPor-(p-CFs-Ph),(Fc),-trans, 131

1 100 | -2152 216| -226Q 18.4p °- -2154 175 -2242 °- -
200 | -2151 217 2260 24.0p - 2116 213 2223 - -
300 | -2154 214 2261 29.6R - 2134 195 2232 - -
400 | -2158 210 -2263 34.0p - 2134 195 2232 - -
500 | -2162 206] -2265 38.0p - -2146 183 2238 - -

2 100 | -1816 82| -1857 220 0.9 -1846 71| -1882 1.89 o.ela
200 | -1812 98| -1861 321  1.2B -1855 78| -1894 2.35 1.(]5
300 | -1812 104] -1864 361  1.4R -1854 85| -1897 2.41 1.2')
400 | -1810 116] -1868 398 1.1 -1863 92| -1909 261 1.
500 | -1800 132| -1866 431  1.57 -1845 100] -1893 3.07 1.2'9

3 100 354 78 315  4.9¢6 09F 95 68 61| 2.32 1.0|
200 366 108 312 6.0( 08k 91 68 57|  3.32 o.9|
300 378 138 309 781 07B 88 71 53|  4.26 0.9'
400 394 170 309 935 068 85 72 49|  4.86 o.9|
500 402 178 313 10.6Y 058 88 75 51| 5.3 o.9|

4 100 558 80 518  3.04 0.5f 217 68 183  2.2% 1.o|)
200 570 112 514 513 05p 219 80 179  2.81 o.9|a
300 578 120 518 693 05p 223 94 176  3.33 o.9|1
400 586 128 527 821 05 231 102 180 3.5 o.9|c1
500 592 131 527 10.67 0.4p 231 102 180  4.29 o.9|s

5 100 1070 70| 1035 3.76 °- 999 78 960  2.46 0.9p
200 1075 75 1039 421 - 1013 82 972 36 (91
300 1080 80| 1040 491 - 1017 92 of1 387 (87
400 1080 80| 1040 5.34 - 1023 96 o5  4B1 (87
500 1080 80| 1040 592 - 1021 100 o1 5/88 83

*ipc could not be identified unambiguoushnot possible to read off any meaningful components

In conclusion, it can be deduced from the aboveudision that the pull and push effect on the
porphyrin ring brought about by the electron witwling ©-, m-, p- CR-Ph) and electron
donating (ferrocenyl and ruthenocenyl) substituesdald be demonstrated in most cases by

comparing E°' values.
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3.5 Quantum computational chemistry of Zn and Ni

phthalocyanines

351 Introduction

The main purpose of this quantum computational ystofl a series of zinc and nickel
phthalocyanines, is to obtain more information be effects of different substituents, their
position (peripheral (p) or non-peripheral (np)Ylahe metal centre of the planar phthalocyanine

(Pc) macrocycle.

To make the quantum computational study as meanigf possible within the borders of this

Ph.D. research program, some goals were set:

i The quantum computational approach had to be \alidas accurate. A measure of the
reliability was obtained by comparing calculatedustural data with known single
crystal X-ray diffraction structural data of zin&ZnPc)’ and nickel (NiPcf

phthalocyanine. Here, Pc is used to abbreviatehglbtyanne”.

il Having proven that the quantum computational apgragenerates the structure of zinc
and nickel phthalocyanines in good agreement viighexperimentally obtained crystal
structure, the structures of NiPc-np-(J& 148 NiPc-p-(CR)s, 149, NiPc-np-(CH)s,
150 NiPc-p-(CH)s, 151, NiPc-np-(OCH)s, 152 NiPc-p-(OCH)g, 153 ZnPc-np-(CB)s,
154, ZnPc-p-(CR)s, 155 ZnPc-np-(CH)s, 156, ZnPc-p-(CH)g, 157, ZnPc-np-(OCH)s,
158 and ZnPc-p-(OChJs, 159 were solved by theoretical means. The influeriqaush-
pull effects of the Cigroup fcr, = 3.01), CH group §cn, = 2.34) and OCEigroup

(XocH, = 2.64) as well as substitution position on thegrde of ruffling of the

phthalocyanine macrocycle was then established.

iii The quantum computational optimised structurehefghthalocyanine complexes were
then used to predict the electronic (UV/VIS) speedbry utilising the time-dependent
Density Function Theory (TDDFT) computational pagia



Results and Discussion 147

All calculations were done with the Amsterdam Dgngtunctional (ADF) 2007 program

package system, the Perdew-Wang, 1991 (PW91) dseergradient approximation (GGA) for
both exchange and correlation, Slater-type TZPp(&1j polarised) basis sets, tight criteria for
SCF convergence and geometry optimisation. No symynfienitations were imposed, in other

words, all calculations were done in the C1 (no syatny) mode.

3.5.2 Comparison of zinc and nickel metallated phthalocyaine

crystal and computated structures

Figure 3.46 gives graphical illustrations, comparing key céted bond lengths and bond
angles to experimental X-ray crystal data of ZnRd HiPc.Table 3.17lists the X-ray data and
calculated parameters obtained from ADF geometrfimigation of the zinc and nickel
phthalocyanine complexes. The numbering system us@@ble 3.17is illustrated inFigure
3.45
R values are used as a measure of the averageaeganir the computed (gas phase) bond
lengths and angles under consideration, with theamical value of experimental (solid state)
crystal data. The following expression was usechtoulate R values,

R=1"XY [Xei - [Xi - Xell/Xel, i = 1— N
where n = number of data pointg; x experimental value of data point i, angl x calculated
value of data point i.
All non-hydrogen bond lengths and bond angles wesed to calculate the R values. The R
value for the bond lengths is 0.9996 (ZnPc) an@419(NiPc) and for the bond angles it is
0.9974 (ZnPc) and 0.8976 (NiPc).

N N
g

2
<
2N=== M===N
3 a\\
NS

~<N

Figure 3.45: Structure of unsubstituted zinc phthalocyanineR@nM = Zn) and nickel phthalocyanine (NiPc, M =
Ni), that was used to compare crystallographic eaidulated data in this study. The numbering systesh was
used inTable 3.17to indicate measured bond lengths and bond amghaghlighted in the coloured part above.
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Figure 3.46: Plots of calculateds. experimental bond lengths (A) and bond angleo{*¥nPc and NiPc, using
ADF(PW91)/TZP. Data points correspond to valuegable 3.17

From Table 3.17it can be seen that calculated bond lengths and bogles for ZnPc are in
good agreement with the crystal data. The calcdlbtend lengths are constantly slightly larger
than the crystal data, with the exception of theQ\land C3-C4 bond lengths which is 0.001
smaller. The bonds around the zinc atom deviagghthyi more from the crystal data (0.021 A)
than the other bond lengths (0.001 — 0.01 A). Téndatdion of the X-ray crystal parameters for
NiPc'® from the calculated data are slightly larger favsinof the bond lengths and angles (see
Table 3.17. The largest deviation is the Ni-N4 computed béermhth that is 0.082 larger than
the crystal bond length. It must be pointed out ghlacomputations done in this study simulated
gas phase conditions with the consequent exclusiamermolecular interactions and forces. It
is thus expected that bond lengths, in general bdglllonger in the gas phase computational
optimisations, than in the corresponding solid @&lystructures.

In general, the bond angles for ZnPc agrees clogiythe crystal data. The largest deviation in
bond angle size for ZnPc is seen for the Zn-N4-GB8dbangle, where the crystallographically
determined angle is about 1.4° smaller than theutated angle. The largest deviation in bond
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angle size for NiPc is for C5-N4-C8 bond angle, rehthe calculated angle is 7.1° larger than

the crystal data. This large deviation in the @alystata of NiPc was also observed by other

authors previous|y?; 22

Evidence presented in this section illustratedréiatively high degree of accuracy attained by
the use of quantum computational program ADF inngetoy optimisation of zinc and nickel

metallated phthalocyanine. Whether artificially geated atomic coordinates or coordinates
obtained from X-ray data were used in the inputsfilthe calculated molecular geometries
always converged to the same values. Structura datmputed for related but unknown

compounds may therefore be presented with an etatma equally high degree of confidence

and accuracy.

Table 3.17:X-ray crystal data and ADF (PW91)/TZP calculatedd lengths and bond angles of ZnPc and NiPc.

ZnPc NiPc ZnPc NiPc
Crystal | ADF Crystal | ADF Crystal | ADF Crystal | ADF
Bond lengths / A Bond angle / °
M-N2 1.980 2.001 1.831 19132 N2-M-N4 89.0 90.0 90.7 90.2
M-N4 1.979 2.000 1.830 1.911 M-N2-C1 1245 125.1 0.43 126.7
N1-C1 1.333 1.332 1.373 1.31p M-N2-Cx 126.3 125.1 29.3| 126.4
N2-C1 1.366 1.374 1.395 1.38ff M-N4-Cp 126.3 125.1 29.6| 126.3
N2-C4 1.372 1.375 1.377 1.388 M-N4-C8 124.6 125.1 30483 126.7
N3-C4 1.328 1.333 1.368 1.318 NI-C1-N2 127.9 127.7126.9| 127.9
N3-C5 1.330 1.332 1.377 1.318 N2-C4-N3 12y.8 127.7126.1 128.0
N4-C5 1.373 1.375 1.379 1.388 N3-C5-N4 12y.6 127.7125.7 128.1§
N4-C8 1.365 1.375 1.390 1.38¢4 C1-N2-C4 10P.2 109.8100.2 107.0
Cl-C2 1.450 1.459 1.470 1.45B C5-N4-C8 109.1 109.8 99.9 107.0
C2-C3 1.398 1.412 1.389 1.40L N2-C1-C2 109.0 108.5115.7 110.0
C3-C4 1.461 1.460 1.451 1451 N2-C4-C3 108.5 108.4114.9 110.1§
C5-C6 1.459 1.460 1.451 1.451L N4-C5-C6 108.7 108.4115.1 110.1§
C6-C7 1.403 1.412 1.383 1.40L N4-C8-C7 1009.2 108.5115.9 110.0
C7-C8 1.452 1.459 1.476 1458 C1-C2-C3 106.8 106.7102.8 106.4
C2-C3-C4 106.5 106.7 106(5 104.
C5-C6-C7 106.4 106.[7 106|5 104.5
C6-C7-C8 106.4 106.[7 102|6  104.
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3.5.3 Geometrical study of peripherally and non-peripherdly

substituted metal-containing phthalocyanines

Compounds that were subjected to computationaliegudre given inFigure 3.47. The
optimised structures of NiPc-np-(¢)k 148 and ZnPc-np-(Cfjs, 154, (np = non-peripherally
substitution position) are presentedrigure 3.48with selected bond distance and bond angles
as indicated. The calculated structures and datliBE-p-(CR)s, 149 NiPc-np-(CH)s, 150,
NiPc-p-(CH)s, 151, NiPc-np-(OCH)s, 152, NiPc-p-(OCH)s, 153 ZnPc-p-(CR)s, 155 ZnPc-
np-(CHs)s, 156, ZnPc-p-(CH)s, 157, ZnPc-np-(OCH)s, 158 and ZnPc-p-(OCkJs, 159, are
given in Appendix 3 (p. 229-253figure 3.49shows how dihedral angles where determine in

OCH3
OCHj OCH3
|
N-- N=-=: N===Ni =
I
OCHg
148 150 152
OCH3

pesifceslivssifecalin st Sev
Il “é:? ?:?

FaC CFa HaC OCH3

F3C CFj HaC OCH3
CF3 N CFy CH3 OCH3 OCHj3
CF3 22— CFy CHg OCHj
= 154 158
F3C CF3 HaC OCH3

FaC CF3 HaG CHg HaCQ OCHg

this study.

Figure 3.47: Structures of metallated phthalocyanines optiméesaditheoretically characterised in this study.
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Figure 3.48: Calculated structures (different views) of NiPc{@Fs)s 148 (top), and ZnPc-np-(Cffs, 154
(bottom). Bond lengths (A) and bond angles (degree) aiedisated.



152 Chapter 3

-

saddled waved

Figure 3.49: Structure of NiPc-np-(Gljs, 148 (left), and ZnPc-np-(Cijs, 154 (right), showing the dihedral angles.

The optimised structural data of NiPc-np-gisF 148 reveal that the macrocycle assumes a
saddled conformation, with the indole rings tiltallernately up and down, almost as rigid
bodies. The dihedral angle, formed by the isoindolgs on either side of the phthalocyanine
core is on averagk0.6° Figure 3.49left). The two distinct five membered rings make angles
8.8° and 10.3° with the mean plane generated bfotirepyrrole type nitrogens.

The ring conformation of ZnPc-np-(Qk, 154, differs significantly from that adopted by NiPc-
np-(Ck)s, 148 shown in Figure 3.48 bottom. ZnPc-np-(Cfs, 154, adopts a waved
conformation, with the dihedral angle calculatedoto 13.0°. In this waved conformation the
opposite isoindole rings are tilted up and down9y1°, while the other opposing isoindole

rings are only twisted by 1.95° relative to thed@dm phthalocyanine core mean plane.

The structural conformation of the other phthalaiga complexes, namely NiPc-p-(§& 149,
NiPc-np-(CH)s, 150, NiPc-p-(CH)s, 151, NiPc-np-(OCH)g, 152 NiPc-p-(OCH)s, 153
ZnPc-p-(CR)s, 155 ZnPc-np-(CH)s, 156, ZnPc-p-(CH)s, 157, ZnPc-np-(OCH)g, 158 and
ZnPc-p-(OCH)s, 159, all show smaller but still significant deformaigin the phthalocyanine
core calculated results are summarisetldahle 3.18with specific dihedral angles highlighted. It
can be observed froffable 3.18that most of the phthalocyanine complexes disclibsee have
a waved conformation, expect for three namely NiP€CR)s, 148 NiPc-p-(CR)s, 149,
ZnPc-np-(OCH)sg, 158 which have saddled conformations. Two complexiis the same metal

centre and substituents on different positions {pempheral and peripheral) have the same
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conformation except for ZnPc-np-(O@) 158 and ZnPc-p-(OChJs, 159, which do not share

the same structural conformation.

In general, the waved conformation is relativelgammon while the saddled conformation is
more common in phthalocyanines. Surprisingly, %hef 12 compounds studied in this research
program adopted the wave conformation. Chamlatiesl.” identified the waved conformation

in 2HPc-np-((CH)sCHg)s through X-ray crystallography. The saddled confation have been
observed, for example, in ZnPc-np-(Py Fukuda and cowoke®d, and also Jinwan and
coworkers? Recently, Gunaratne and coworkénsave also shown through DFT theoretical
investigations that NiPc-np-(OGH, 152 adopts a saddle conformation as we found in our

studies.

Table 3.18: Summary of non-planar conformations and their diiakangle for peripherally and non-peripherally
substituted nickel and zinc metallated phthaloayas.i

Phthalocyanines Conformation Dihedral angle (°) | % swstituents
NiPc-np-(CR)g, 148 saddled 10.6 G<=3.01
NiPc-p-(CR)g, 148 saddled 0.19 G=3.01
NiPc-np-(CH)g, 15C waved 1.68 Ckl=2.34
NiPc-p-(CH)g, 151 waved 2.08 Ckl=2.34
NiPc-np-(OCH)g, 152 | waved 1.97 OCki= 2.64
NiPc-p-(OCH)s, 153 | waved 2.19 OCH= 2.64
ZnPc-np-(Ck)g, 154 waved 13.0 CF=3.01
ZnPc-p-(Ck)g, 155 waved 3.98 CF=3.01
ZnPc-np-(CH)g, 156 waved 2.22 Ckl=2.34
ZnPc-p-(CH)g, 157 waved 2.52 Ckl=2.34
ZnPc-np-(OCH)g, 158 | saddled 3.31 OCH=2.64
ZnPc-p-(OCH)g, 15¢ waved 3.50 OCki= 2.64

Table 3.18shows that phthalocyanines substituted with the €é&ctron-withdrawing group in
the non-peripheral position have a higher dihedrajle compared to peripherally substituted
phthalocyanine counterparts. NiPc-np-§JsF148 has dihedral angle of 10.6° while for NiPc-p-
(CR)s, 149 the dihedral angle is 0.19°. For the zinc comgéed54 (non-peripherally
substituted) and55 (peripherally substituted), dihedral angles aré®l1and 3.98° respectively.
An opposite tendency is observed for the composntistituted with electron-donating groups,
CH; and OCH. The peripherally substituted compounds have getadihedral angle compared
to the non-peripherally substituted phthalocyaningse only exceptions being ZnPc-np-
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(OCHg)g, 158 and ZnPc-p-(OChjs, 159 which do not have the same structural conformatio
Compound 158 has a saddles conformation whileb9 adopted the wave conformation.
Phthalocyanines with electron-withdrawing substitsegenerally have slightly larger dihedral
angels. There is a decrease in dihedral angleisizaoving from a less electron donating

substituent, Chl(ycn, = 2.34), to a more electron-donating substitu®@H; (yocH, = 2.64),

within the same structural conformation. For exampiom NiPc-p-(CH)s, 151, to NiPc-p-
(OCHg)g, 153 the dihedral angle became smaller by 0.11° Tsde 3.18.

3.54 TDDFT study of peripheral and non-peripherally

substituted phthalocyanines

The calculated UV/Vis spectra of zinc and nickempounds148-159 are shown inFigure
3.50 the calculated visible wavelengths of the maindsaare listed iffable 3.19 Here, Time
Dependent Density Functional Theory (TDDFT) wadisdd to investigate the effect electron-
donating (-CH, -OCH) or electron-withdrawing (-GJf groups have on the Q-band value of
peripheral and non-peripheral metallated phthaloicyaderivatives.

The results inTable 3.19 indicate that Q-band maxima of non-peripherallybssituted
phthalocyanines are red-shifted compared to thepipenally substituted phthalocyanine
derivatives. The observed red spectral shift iscaipof phthalocyanines with substituents at the
non-peripheral positions and has been expldirtedbe due to the linear combinations of the
atomic orbital coefficients at the non-peripherasiions of the HOMO being greater than those
at the peripheral positions. As a result, the HON®el is destabilised more at the non-
peripheral position than at the peripheral positiéssentially, the energy gapK) between the
HOMO and LUMO becomes smaller, resulting in a betmomic (red) shift. Generally, the Q-
bands for zinc phthalocyanines occur at longer Vesngghs compared to the nickel
phthalocyanine derivatives. This is consistent itk increase of electron number (Ni to Zn) in

thed orbitals of the first row transition metéfs.
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electronic transition from HOMO (id) to LUMO ("e4") and HOMO to LUMO+1 ("g"), while
for the nickel complexes the electronic transitisnmainly for HOMO ("a,") to LUMO+1
("eg"). Key exceptions are NiPc-p-(g), 149 where is "g.y," and HOMO ("a,") to LUMO+2

("eg") transitions prevail also NiPc-p-(OGJd, 153 where there is an additional transition from

HOMO-2 (dz)to LUMO+2 (se€Table 3.19.
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Table 3.19: Calculated Q-band maximum wavelengths of the atéid nickel and zinc metalated phthalocyanines
with the corresponding nature and percentage danioins of each electronic transition in parenteese

Phthalocyanines Calculated Q-band.,.x values (nm) with main transitions

NiPc-np-(CR)s, 148 626 (HOMO — LUMO+1, 89%) | 626 (HOMO — LUMO+2, 89%))

NiPc-p-(CR)s, 149 593 (HOMO — LUMO+2, 80%) | 626 (HOMO — LUMO+1, 86%)
NiPc-np-(CH)g, 150 664 (HOMO — LUMO+2, 92%) 671 (HOMO — LUMO#92%)
NiPc-p-(CH)g, 151 635 (HOMO — LUMO+2, 86%) 637 (HOMO — LUMO#89%)
NiPc-np-(OCH)g, 152 | 754 (HOMO — LUMO+2, 64%) 765 (HOMO — LUMO#a4%)

NiPc-p-(OCH)g 153 | 625 (HOMO-2 — LUMO+2, 58%) | 647 (HOMO — LWD#2, 60%)
ZnPc-np-(Ch)g, 154 631 (HOMO — LUMO+1, 91%) | 643 (HOMO — LUMO, 90%)

ZnPc-p-(CR)g, 155 629 (HOMO — LUMO+1, 90%) 632 (HOMO — LUM®9%)
ZnPcnp-(CH)g, 156 | 666 (HOMO — LUMO, 91%) 667 (HOMO — LUMO+Q1%)
ZnPc-p-(CH)g, 157 640 (HOMO — LUMO, 74%) 641 (HOMO — LUMO+14%)
ZnPc-np-(OCH)g, 158 | 776 (HOMO — LUMO, 85%) 784 (HOMO — LUMO+85%)
ZnPc-p-(OCH)g, 159 | 650 (HOMO — LUMO+1, 75%) 658 (HOMO — LUM62%)

The calculated electronic spectra show that thea@ibof phthalocyanines substituted with
electron-withdrawing, Cfgroup (593-645 nm) are generally blue shifted camgbao the ones
substituted with electron-donating €ldnd OCH groups (626-784 nm). When comparing the
methyl and methoxy Q-bands, the Q-bands for thehoxgt are more red-shifted (sdable
3.19. This tendency is experimentally observed foregahalkyl or alkoxy phthalocyaninés,
the Q-band shifts to a longer wavelength with alkgxoups attached to the benzene carbons
closest to the phthalocyanine core. One examptaisfQ-band shift was shown by &i al.?®,
they showed experimentally that the Q-band eP¢dp-(OGH11)s was about 13 nm red-shifted
compared to bPc-p-(GHi11)s. This is explained by the electron-releasing priyp@f the
substituents’ In addition, the alkoxy groups take part in thecrar conjugation system of the
phthalocyanine moiety which leads to a decreasheoénergy of the* orbital. The absorbance
therefore shifts to longer wavelengthigable 3.19 confirms these experimental observations
with, for example, the Q-bands of NiPc-np-(O£d1152 being 90 nm and 81 nm more red-
shifted compared to that of NiPc-np-(€)kl 150.

When comparing the Q-band shift of non-peripheradrsus peripheral substituted
phthalocyanines, it can also be seen that, for pl@rnthe Q-band ZnPc-np-(OG), 158 is 118
and 134 nm more red-shifted than the Q-band of ZmPACH)s, 159 This is consisted with
non-peripheral substitution leading to Q-band maxma at longer wavelengths than their

peripheral substituent counterpaft&obayashi and coworkéfs confirmed this experimentally
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by showing that the Q-band of ZnPc-np-(O8is) about 86 nm more red-shifted than ZnPc-p-
(OBuU.

3.5.5 Molecular orbital energies

The distinct bands in the UV/Vis spectra of phtiegmines are due to transitions between the
frontier molecular orbitals (MO’s) of the moleculesee Section 3.1.4). The HOMO-LUMO gap
will thus give valuable information of the lowestezgy absorbtion band, mainly the Q-band.
The energies of the molecular orbitals from HOM@2UMO+9 of the twelve phthalocyanine
derivatives148-159 are shown inFigure 3.51 with the energy of the HOMO to LUMO gap
highlighted. The HOMO-LUMO gap of the non-peripHirasubstituted phthalocyanines
(Figure 3.51, top) NiPc-np-(OCH)sg, 152, ZnPc-np-(OCH)s, 158 NiPc-np-(CH)s, 150, ZnPc-
np-(ChHg)s, 156, are 1.177, 1.174, 1.279 and 1.343 eV, respeytiféle smaller HOMO-LUMO
gap of152 imply a lower HOMO-LUMO excitation energy or lomg&avelength than fot58
150 and 156 (Table 3.19. The substitution with electron withdrawing grotggive NiPc-np-
(CR)g, 148 and ZnPc-np-(Cfys, 154, exhibit the Q-band at shorter wavelengths contpéme
the electron donating groups substituents, dudéobigger HOMO-LUMO gap of 1.431 and
1.400 eV respectively.

Generally the same trend in the molecular HOMO-LUMGErgy gap for the non-peripheral
substituted phthalocyanines is observed for thgperally substituted phthalocyanindsgure
3.51 bottom). The HOMO-LUMO gap of ZnPc-p-(OGh, 159, is 1.398 eV, which is lower
compared to the ones for ZnPc-p-(§)41157 (1.403 eV), NiPc-p-(Chk)s, 151(1.403 eV), ZnPc-
p-(CR)s, 155 (1.426 eV), NiPc-p-(OChJs, 153 (1.428 eV) and NiPc-p-(GJs, 149 (1.479 eV).
This results in the Q-band @69 being the furthest red-shifted (i.e. have the &stax value)
while the Q-band 0149is blue-shifted furthest (i.e. have the shoriggk value),Table 3.19
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Figure 3.51: Top: Orbital energies of non-peripherally substitutssimpounds NiPc-np-(Gfs, 148 ZnPc-np-
(CFR3)g, 154, NiPc-np-(OCH)g, 152, ZnPc-np-(OCH)g, 158 .NiPc-np-(CH)s, 150, and ZnPc-np-(CkJs, 156
Bottom: Orbital energies of peripherally substituted comompds NiPc-p-(CEs, 149, ZnPc-p-(Ck)s, 155 NiPc-p-
(OCHg)g, 153 ZnPc-p-(OCH)g, 159, NiPc-p-(CHy)g, 151, and ZnPc-p-(Ch)g, 157. The HOMO-LUMO energy gap
in units of eV is indicated.

The main transitions responsible for the Q-bandieslfor the nickel and zinc complexes are
summarised iMable 3.20 For the zinc complexes, the HOMO-LUMO transitwas involved
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in the Q-band value of the wavelength co-currentth the HOMO-LUMO+1 transition. The
HOMO-LUMO energy gap in the zinc phthalocyaninesifew eV (between 0.002 and 0.01)
smaller than the HOMO-LUMO+1 transition energy dapeach compound (sdeable 3.20.

Table 3.20: Calculated Q-band..,x values of indicated nickel and zinc metalated glattyanines with the
corresponding nature of electron transitions arefggngap size in eV's for each transition in paneses.

Phthalocyanines Calculated Q-band..x values (nm) with main transitions and energy gapegV)
NiPc-np-(CR)s, 148 626 (HOMO — LUMO+1, 1.512) 626 (HOMO — LUMO+2, 1.515))
NiPc-p-(CR)g, 14S 593 (HOMO — LUMO+2, 1.492) 626 (HOMO — LUMO+1, 1.485)
NiPc-np-(CH)g, 15C | 664 (HOMO — LUMO+2, 1.398) 671 (HOMO — LUM;+1.381)
NiPc-p-(CHy)s, 151 635 (HOMO — LUMO+2, 1.459) 637 (HOMO — LUMQD, 1.449)
NiPc-np-(OCH)g, 152 | 754 (HOMO — LUMO+2, 1.255) 765 (HOMO — LUM®, 1.252)
NiPc-p-(OCH)g, 153 | 625 (HOMO-2 — LUMO+2, 1.884) 647 (HOMO — LWDA2, 1.467)
ZnPc-np-(CR)g, 154 | 631 (HOMO — LUMO+1, 1.467) 643 (HOMO — LUMO, 1.400)
ZnPc-p-(CR)s, 155 629 (HOMO — LUMO+1, 1.428) 632 (HOMO — LUM®D.426)
ZnPc-np-(CH)g, 15€ | 666 (HOMO — LUMO, 1.343) 667 (HOMO — LUMO;+1L345)
ZnPc-p-(CH)g, 157 640 (HOMO — LUMO, 1.403) 641 (HOMO — LUMO+1.A405)
ZnPc-np-(OCH)g, 158 | 776 (HOMO — LUMO, 1.174) 784 (HOMO — LUMO+1,184)
ZnPc-p-(OCH)g, 159 | 650 (HOMO — LUMO+1, 1.401) 658 (HOMO — LUM®,398)
3.5.6 Molecular Orbital view of nickel phthalocyanines

The molecular orbitals that are involved in the &b transition of NiPc-np-(Gls, 148 NiPc-
p-(CR)s, 149 NiPc-np-(OCH)g, 152, and NiPc-p-(OCh)g, 153 are given inFigure 3.52 and
Figure 3.53 Since an extensive discussion of electronic &irecof unsubstituted ZnP¢é? and
NiPc® has been published, only main features (Q-banasitians) of non-peripherally and

peripherally substituted nickel phthalocyaninesisd here will be discussed.

The main transitions corresponding to the Q-barfddiBc-np-(Ck)s, 148 and NiPc-p-(Chs,
149 were calculated to be af.x = 626 nm (HOMO to LUMO+1, 89%) ankha.x = 626 nm
(HOMO to LUMO+2, 89%) forl48 and at\max = 593 nm (HOMO to LUMO, 80%) anknax =
626 nm (HOMO to LUMO+1, 86%) fot49 For NiPc-np-(OCHh)s, 152 the main transitions
corresponding to the Q-bands were calculated thyke= 754 nm (HOMO to LUMO+2, 64%)
and 765 nm (HOMO to LUMO+1, 64%), while for NiPPCHs)s, 153 the Q-bands were



160 Chapter 3

calculated to be ath.x= 625 nm (HOMO-2 to LUMO+2, 58%) angh.x = 647 nm (HOMO to
LUMO+2, 60%).

There is a small decrease in the energy gap rebdoe the main Q-band transition for
phthalocyanines substituted with electron-withdrayyi Ck;, from non-peripheral substituted
148 (1.512 eV for HOMO to LUMO+1 and 1.515 eV for H@Mto LUMO+2) to peripheral
149 (1.485 eV for HOMO to LUMO+1 and 1.492 eV for H@Mo LUMO+2) positions (see
Figure 3.52. For the non-peripherally substituted phthaloayarderivativel52 less energy
(2.252 eV for HOMO to LUMO+1 and 1.255 eV for HOMO LUMO+2) is required for the
electron transition to take place compared to theumt of energy needed (1.467 eV for HOMO
to LUMO+2 and 1.884 eV for HOMO-2 to LUMO+2) for meherally substituted
phthalocyanine derivative53 (Figure 3.53.

When comparing the transition energy gaps for pbtyanines substituted with electron-
withdrawing, Ck (148 and 149 with electron-donating, OCGH(152 and 153) groups,Figure
3.52 and Figure 3.53 shows that NiPc-np-(OGH, 152 has the smallest energy gap for the
observed transitions, leading to the longest Q-baadelengths (785 and 754 nm) for complex
152 compared td48 149and153

According to the classic Gouterman’s four orbitaldal* the frontier molecular orbitals should
be n-orbital a,, @y (both occupied), £(unoccupied) symmetries. In the DFT calculations
presented here, the highest occupied moleculatab{blOMO) has @, = orbital character, while
the lowest occupied molecular orbital LUMO+1 andMO+2 have g orbital character, which

is in agreement with the classic Gouterman’s fatnital model. The LUMO has metal.g-
character and does not contribute to the strongu@tabsorbtion. The energy gap of -3.045 eV
for 149 with a wavelength maximum of 593 nm consists #68OMO to LUMO+2 transition,
which is an example of LMCT band (sEgure 3.52. An example of a MLCT band is observed
in Figure 3.53 for 153 at absorbance of 625 nm consisting of 58% HOM@-2.WMO+2
transition with an energy gap of 1.884 eV. The HOM@Gd LUMO+1 and LUMO+2 are
energetically well separated from the other ocalipend unoccupied molecular orbitals

respectively (se€igure 3.5]).
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It can be concluded that the general trends oldalyetheoretical calculations making use of
TDDFT calculation technique closely resemble thgeexnenta® ** ! data available for

phthalocyanine complexes. This indicates that #tezal methods, in this case DFT, could be
utilised to design a specific phthalocyanine thatréd-shifted enough for application in

photodynamic therapy of cancer.
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Chapter 4

Experimental

In this chapter all experimental procedures, reactionditions and techniques are described.

4.1 Materials

Solid reagents were purchased from Merck and Sigldaeh, and used without further

purification. Liquid reactants and solvents werstitled prior to use. Organic solvents were
dried according to published methdd®oubly distilled water was used. Flash column
chromatography was performed on Silica gel 60 ofigia size 0.040-0.063mm. Melting points
were determined with a Reichet Thermopan microsceopth a Koffler hot-stage and are

uncorrected or an Olympus BX51 microscope fittethwai Linkam-THMS600 hot-stage.

4.2 Spectroscopic measurements

Proton NMR spectra were recorded at 298 K on a @&rukdvance DPX 300 spectrometer.
Chemical shifts are reported relative to SiMe0.00 ppm. Ultraviolet and visible spectra were
recorded on a Varian Cary-50 UV/VIS dual beam spgtiotometer at room temperature and IR
spectra in cil were recorded on a Digilab FTS 2000 Fourier tramsfspectrometer utilizing a

He-Ne laser at 632.6 nm.

4.3 Electrochemistry

Electrochemical measurements of the analytes wewrdemin dichloromethane with
tetrabutylammonium tetrakis(pentafluorophenyl)berat or tetra-n-butylammonium

hexafluorophosphate as supporting electrolyte uadalanket of argon at 25°C utilizing a BAS
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100 B/W electrochemical workstation interfaced wahpersonal computer. All temperatures
were kept constant to within 0.1°C. A three eled¢raell, which utilized a Pt auxiliary electrode,
a glassy carbon working electrode (surface are@0d.@nf) and Ag/Ad (0.1 mol dn® AgNO;

in acetonitrile) reference electrode mounted on agdin cappilary was employed.
Experimentally potentials were referenced again&gi\g” reference electrode, but results are
presented referenced against ferrocene and decdfestbcene as an internal standard. To
achieve this, each experiment was performed firshe absence of decamethylferrocene and
then repeated in the presence of < 1 mmof diecamethylferrocene. In a separate experiment
decamethylferrocene was reference against ferroicettee absence of any analyte. Data were
then manipulated on a Microsoft excel worksheetetiothe formal reduction potentials of F&/Fc
couple at 0.00 V.

4.4 Synthesis

4.4.1 Pyrrole derivatives

44.1.1 1-(Phenylsulphonyl)pyrrole, 10%% [Scheme 3.1, p. 68]

O
]

— PhSO,CI —
N—H > N—S—Ph

o 100

To a vigorously stirred solution of pyrrol®, (6.71 g, 0.1 mol) and tetrabutylammonium
hydrogen sulphate (3.40 g, 0.01 mol) in 300 ml khiakmethane was added to a previously
prepared sodium hydroxide solutiofl00 ml) and stirring continued for 5 min. Benzene
sulphonylchloride (26.5 g, 0.15 mol) in 100 ml darlomethane was added drop-wise over a 20
min period, after which stirring continued for 20dnnThe organic layer was collected and
washed with water (3 x 200 ml). The cleaned orgdeyer was filtered through sintered glass
funnel which contained 200 g Kieselgel, and washigd 500 ml distilled dichloromethane. The

combined dichloromethane layers were evaporated Rétrystallisation of the residue from

" Sodium hydroxide (100 g) was slowly added to 10Gom water will stirring continued. The solutiorass then
allowed to cool to room temperature prior to use.



Experimental 167

hexane gave 1-(phenylsulphonyl)pyrrol€)0, (15.9 g, 77%). Melting point: 88 °@y (300
MHz, CDCk, spectrum 1)/ppm: 7.88 (2H, mghds), 7.62 (1H, m, @Hs), 7.52 (2H, m, EHs),
7.19 (2H, t, pyr-CH), 6.32 (2 H, t, pyr-CH).

4412 1-(Triisopropylsilyl)pyrrole, 47,2 [Scheme 3.1, p. 68]

= [CH(CH3),]3SiCl = \l/
- N NaH/DME o L Y
5
)\ 47

Pyrrole (5.0 ml, 4.82 g, 72 mmol) was added dropewat 0°C to a mechanically stirred

suspension of sodium hydride (3.17 g, 79 mmol)nhyarous DMF (100 ml). When hydrogen
evolution (foaming) has ceaseath(1.25 h), triisopropylsilyl chloride (15.3 ml, 13¢9 72 mmol)
was added drop-wise to the solution and stirring°at was continued for a further 45 min. The
reaction mixture was partitioned between diethjleetand water, the ether phase was washed
with water, dried over sodium sulphate, and evapdran vacuo. Kugelrohr distillation of the
residue gave oily 1-(triisopropylsilyl)pyrroldy7, (13.91, 87%)dy (300 MHz, CDC4, spectrum
2)lppm: 6.70 (2H, t, pyr-CH), 6.29 (2H, t, pyr-CH)26 (3H, m, CH), 0.90 (18H, d, GH

4.4.1.3 N,N-Dimethylpyrrole-3-formiminium chloride, 48,4 [Scheme 3.1,
p. 68]

+
CH=N(CHz), ClI

0\ (CHo2
N DMF ]\
I (cocly,
>—S'—< I 48
)\ 47 :

DMF (2.0 ml, 1.88 g, 25.8 mmol) and oxalyl chlorid2.1 ml, 3.0 g, 23.6 mmol) in
dichloromethane (102 ml) were stirred at 0°C for i&th to prepare the Vilsmeier-Haack
reagent. A solution of N-(triisopropylsilyl)pyrrqld?, (5 g, 22.4 mmol) in dry dichloromethane
(4 ml) was added rapidly to the stirred suspensibthe Vilsmeier-Haack reagent at 0°C and
then the mixture was placed in an oil bath prelteaae50°C. The solid went into solution for a
moment and then a precipitate formed again. Thdurexwas heated at reflux temperature for

30 min and then cooled to 0°C. The precipitate tbahed was collected by filtration under a
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blanket of nitrogen, washed several times with eltyer and then exposure to air. Drying in
vacuo gave as a white powder N,N-dimethylpyrrol@@aiminium chloride,48, (3.2 g, 90%).
o4 (300 MHz, (CR),SO)/ppm: 11.00 (1H, br, s, NH), 8.91 (1H, s, CHR2(1H, t, pyr-CH),
7.21 (1H, m, pyr-CH), 6.83 (1H, m, pyr-CH), 3.661(6s, CH).

4.4.1.4 3-Formylpyrrole, 50,° [Scheme 3.1, p 68]
CH= N(CHg)2 Cl- CHO

[\ NaOH !\
||_| 48 |!| 50
The iminium salt48, (1.33 g, 8.38 mmol) was added to 5% aqueous sotidroxide solution
(130 ml), and the solution was stirred at room terafure for 4 h. The solution was exhaustively
extracted with dichloromethane, and the extract wWded over potassium carbonate and
evaporated in vacuo. The residue was subjectethstn Tthromatography on silica gel, using
hexane-ethyl acetate (3:1 to 1:1) to elute a sayabunt of 2-formylpyrrole and the desired
product, 3-formylpyrrole50, (0.63 g, 79%). Melting point: 64-66°@y (300 MHz, CDC4,
spectrum 3)/ppm: 9.84 (1H, s, CHO), 9.42 (1H, bXH), 7.49 (1H, s, CH), 6.87 (1 H, s, CH),

6.70 (1H, s, CH).

4415 3'-(3-Pyrrolyl)propenoic acid, 108, [Scheme 3.1, [&8]

CHO CH=CHCOOH
/ \ malonic acid / \
piperidine >
50 pyridine I 108
H H

3-Formylpyrrole, 108 (0.63 g, 6.62 mmol), malonic acid (2.00 g, 19/ah) and piperidine (0.3
ml) was dissolved in pyridine (35 ml) and refluxedder a nitrogen atmosphere for 3 h. The
cooled solution was diluted with water, extractathwlichloromethane and the dichloromethane
extract was washed with diluted HCI (5 ml in 11Q gdution: not more, it lowers yields/ in near
stoichiometric quantities) and water before the/lacacid was extracted in 2M NaOH (44 ml).
1M HCI was added to the water phase to precipitiaeacrylic acid. The product was then

extracted with ether and the ether solution driegl amagnesium sulphate. Solvent removal gave



Experimental 169

3'-(3-pyrrolyl)propenoic acid108 (0.28 g, 31%). Melting point: 166-169 °6, (300 MHz,
(CD»),S0, spectrum 4)/ppm: 7.46 (1H, d, CH=CH), 7.15 (8Hyyr-CH), 6.79 (1H, s, pyr-CH),
6.69 (1H, s, pyr-CH), 5.97 (1H, d, CH=CH).

4.4.1.6 3'-(3-Pyrrolyl)propionoic acid, 109, [Scheme 3.1, [68]

CH= CHCOOH (CH,),COOH
/ \ Hp,Pd/C i\
—_—
ethanol
| 108 | 109
H H

3'-(3-Pyrrolyl)propenoic acid108 (0.24 g, 1.75 mmol) was added to dry ethanol i(iD
Palladium on activated carbon (2.69 mg) was addechtalyst before the mixture was stirred in
a hydrogen atmosphere for 22 h. After filtering thixture through a short silica column it was
concentrated at reduced pressure until crystatsedtdorming. Water (15 ml) was added to
precipitate the acid. The precipitate was filtereffi dissolved in 2M NaOH (5 ml) and
precipitated with an excess 2M HCI| (10 ml). The dwct was filtered off, dried and
recrystallised from cyclohexane to give 3'-(3-plybpropionoic acid, 109, (0.23 g, 96%).
Melting point: 91-94°Cdy (300 MHz, (C13).SO, spectrum 5)/ppm: 6.60 (1H, s, pyr-CH), 6.49
(1H, s, pyr-CH), 5.87 (1H, s, pyr-CH), 2.59 (2 HCH,), 2.36 (2H, t, CH).

4.4.1.7 3-Acetyl-1-(phenylsulphonyl)pyrrole, 1015 [Scheme 3.1, p. 68]

COCHg
{/ \5 (CH3CO),0 . {/ \S
AlICl4/ CoH,4CI
| 100 3 2M14%~12 | 101
SO2Ph SO,Ph

To a suspension of Alg(19.3 g, 0.14 mol) in 1,2-dichloroethane (250 atlg5°C was added
slowly acetic anhydride (7.39 g, 0.07 mol). Theutsg solution was stirred at 25°C for 10 min,
a solution of 1-(phenylsulphonyl)pyrrol200, (5.00 g, 0.025 mol) in 1,2-dichloroethane (15 ml)
was added and the mixture was stirred for 2 h. rElaetion was quenched with ice and water,
and the product was extracted into dichlorometh&uacentration at reduced pressure gave
crystals. Recrystallisation from petroleum etheveg8-acetyl-1-(phenylsulphonyl)pyrrol&Q1,
(5.37, 90%). Melting point: 100-103 °@, (300 MHz, CDC{, spectrum 6)/ppm: 7.93 (2H, m,
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CeHs), 7.75 (1H, s, pyr-CH), 7.68 (1H, mglds), 7.57 (2 H, m, @Hs), 7.16 (1H, t, pyr-CH), 6.70
(1H, t, pyr-CH), 2.42 (3H, s, GH

4.4.1.8 (3-Pyrrolyl)carboxylic acid, 102¢ [Scheme 3.1, p. 68]

COCH4 COOH

I\ Br2/NaOH’ ]\

Dioxane
101 | 102

H H

A stirred solution of sodium hypobromite was preghby the addition of molecular bromine
(1.67 g, 10.4 mmol) to aqueous sodium hydroxidetsmi (3.10 M, 13.5 mlj.The solution was
then added drop-wise to 3-acetyl-1-(phenylsulphgyytole, 96, (0.50 g, 2.01 mmol) in 10 ml
dioxane, the mixture was left to stand overnightoaim temperature. The following morning, a
solution of sodium sulphite (0.44 g, 4.25 mmolwater (3 ml) was added. The crude mixture
was then extracted with diethyl ether (1 x 100 nilpe aqueous phase was acidified with
sulphuric acid (25%, 10 ml, to pH 2-3) and extrdcwdth diethyl ether (3 x 100 ml). These
extracts were dried over magnesium sulphate andecrated in vacuo. The acid was purified
by column chromatography (petroleum ether: ethgtae 10:1) to afford (3-pyrrolyl)carboxylic
acid, 102 (0.19 g, 87%)d4 (300 MHz, (CDR),SO, spectrum 7)/ppm: 7.53 (1H, d, pyr-CH), 7.36
(1H, m, NH), 6.49 (1H, d, pyr-CH), 6.40 (1 H, t,rg@H).

4.4.1.9 3-(Carbomethoxymethyl)-1-(phenylsulphonyl)-pyrrole, 103;
[Scheme 3.1, p. 68]
COCHg CH,COOCHg
I\ Th(NO3)3.3H50 . 1\
| 101 HCIO4 / MeOH 103
SO,Ph SO,Ph

A mixture of 3-acetyl-1-(phenylsulphonyl)pyrrol&01, (1.08 g, 4.34 mmol), thallium trinitrate
trinydrate (2.11 g, 4.76 mmol) and 0.2 ml of 70%cpéoric acid and 20 ml methanol was stirred
at 25°C for 28 h and filtered. The filtrate was centrated at reduced pressure, diluted with
diethyl ether, and filtered. The filtrate was washieoroughly with water and then 10% aqueous
NaHCG;. The removal of solvent from the dried gS&) fraction and column chromatography
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of the residual oil on silica gel, eluting with gthacetate: toluene (1:4), gave 3-
(carbomethoxymethyl)-1-(phenylsulphonyl)-pyrrol)3 (0.72 g, 56%). Melting point: 55-58
°C. &4 (300 MHz, CDC4, spectrum 8)/ppm: 7.88-7.13 (7H, 3 x mgHg + 2 pyr-CH
overlapping), 6.29 (1H, s, pyr-CH), 3.70 (2H, s,A4.45 (3H, s, Ch).

4.4.1.10 (3-Pyrrolyl)acetic acid, 1045 [Scheme 3.1, p. 68]

CH,COOCH, CH,COOH
/ \ NaOH / \
_—
103 MeOH
| | 104
SO,Ph H

A mixture of 3-(carbomethoxymethyl)-1-(phenylsulpiy-pyrrole,103 (0.50 g, 1.79 mmol). 4
ml of 5 N NaOH, and 4 ml methanol was refluxed2ds h, and the methanol was evaporated at
reduced pressure. The aqueous residue was wasttedtthwl acetate, acidified with 10 N HCI
(pH 3.5) and saturated with NaCl, and the produas extracted into ethyl acetate. The extracts
were dried over N&O, and concentrated at reduced pressure to give id adlich was
triturated in hexane and filtered. Crystallisatisom toluene-hexane gave (3-pyrrolyl)-acetic
acid, 104, (0.15 g, 66%). Melting point: 91-93 °G, (300 MHz, CDC})/ppm: 10.00-12.00 (2H,
br, NH + COOH), 6.65 (2H, m, pyr-CH), 5.97 (1H, pyr-CH), 3.33 (2H, s, C}.

4.4.1.11  3'-[1-(Phenylsulphonyl)-(3-pyrryoyl)]propionoic acid, 1058
[Scheme 3.1, p. 68]

CO(CH,),COOH
{/ \5 o0 1\
SO,Ph SO,Ph

To a suspension of Alg(14.7 g, 0.11 mol) in 200 ml of 1,2-dichloroethamas added at 25°C
succinic anhydride (5.50 g, 0.022 mol). The mixtwas stirred at 25°C for 15 min, during
which time the solids dissolved. A solution of hémylsulphonyl)pyrrole100, (10.35 g, 0.05
mol) in 25 ml of 1,2-dichloroethane was added, #relmixture was stirred at 25°C for 1.5 h.
The reaction was quenched with ice and water (2%0 and the product extracted with
dichloromethane. The organic layer was washed water, dried over N&O, and concentrated
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to give a 1:9 mixture of 3'-[1-(phenylsulphonylHi@rryoyl)]propionoic acid and 3'-[(1-
phenylsulphonyl)-(3-pyrryoyl)]propionoic acid,05 as colourless solids. Crystallisation from
dichloromethane gave pure 3'-[(1-phenylsulphonyby®yoyl)]propionoic acid,105 (6.30 g,
41%). Melting point: 123-125 °Gy (300 MHz, CDC4, spectrum 9)/ppm: 7.94 (2H, mgh),
7.81 (1H, d, pyr-CH), 7.69 (1H, mgBs), 7.58 (2H, m, GHs), 7.18 (1H, d, pyr-CH), 6.72 (1H,
d, pyr-CH), 3.10 (2H, t, Ch), 2.75 (2H, t, CH).

4.4.1.12  4'-[1-(Phenylsulphonyl)-(3-pyrrolyl)]Jbutanoic acid, 106° [Scheme

3.1, p. 68]
CO(CH,)3COOH (CH5)3COOH
Zn, HgCl
J\ o [\
105 HCI / Toluene 106
I
SO,Ph SO,Ph

A mixture of zinc metal (15.3 g) and mercuric cider(1.53 g) in 20 ml of water and 1 ml of 12
N HCI was stirred at 25°C for 20 min, and solveatahted. To the solid were added 9 ml of
water, 22 ml of 12 N HCI, 100 ml of toluene and(3-phenylsulphonyl-(3-pyrryoyl)]propionoic
acid, 105, (6.00 g, 0.02 mol). The mixture was refluxed16rh and cooled. The organic fraction
was collected. The aqgueous layer was shaken witlerie and the combined organic fraction
washed with water, dried over p&O,, and concentrated at reduced pressure to givé- 4'-
(phenylsulphonyl)-(3-pyrrolyl)]butanoic acid06, as a solid, (3.35 g, 72%). Melting point: 94-
97 °C.dy (300 MHz, CDC4, spectrum 10)/ppm: 7.92 (2H, dgHlz), 7.72 (1H, t, GHs), 7.63
(2H, t, GHs), 7.24 (1H, dd, pyr-CH), 7.10 (1H, m, pyr-CH), 6.@&H, dd, pyr-CH), 2.35 (2H, m,
CHy), 2.15 (2H, m, CH), 1.69 (2H, m, Ch).

4.4.1.13 4'-(3-Pyrrolyl)butanoic acid, 102, [Scheme 3.1, [©8]

(CH,)3COOH (CH,)3COOH
/A NaOH ] \
—_—
MeOH 107
I 106 |
S0,Ph H

A solution of 4'-[1-(phenylsulphonyl)-(3-pyrrolyButanoic acid106 (1.28 g, 4.36 mmol) in 20
ml of dioxane was stirred with 20 ml of 5 M sodilmydroxide at 25°C for 17 h. The organic
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layer was collected and the aqueous layer was tigbigp extracted with ethyl acetate. The
combined extracts were washed with brine (a sadr&laCl solution), dried over MgQ@nd
concentrated at reduced pressure to give 4'-(3fjyutanoic acid,107, as solid material,
(0.40 g, 56%). Melting point: 77-79C. &y (300 MHz, (CR).SO, spectrum 11)/ppm: 6.59 (1H,
dd, pyr-CH), 6.49 (1H, dd, pyr-CH), 5.87 (1H, myy&H), 2.59 (2H, t, Ch), 2.51 (2H, t, CH)),
2.40 (2H, t, CH).

4.4.2 Metallocene derivatives

4.4.2.1 Ferrocenecarboxaldehyde, 52, [Scheme 3.7, p. 78]

|3
Fe

>

A solution of N-methylformanilide (10.8 g, 80.0 mtha@and phosphorus oxychloride (7.65 g,

50.0 mmol) was stirred vigorously while ferrocer®e58 g, 30.0 mmol) was added in small
portions over 30 min under argon atmosphere. Thpl@wiscous mixture was stirred for 1 h at
room temperature and then at 65°C for 2 h. Heredifie mixture was cooled to 0°C before
sodium acetate (25 g), dissolved in 200 ml watars added. Stirring continued overnight before
the reaction mixture was extracted in diethyl etf@rx 200 ml). The ether extracts were
combined and washed with equal amounts of 1 mol® ddCl, water, saturated sodium
bicarbonate solution and water (this time saturatéd sodium chloride). The organic phase
was dried over MgS© and the solvent removed. Chromatography of thedwesusing
hexane:ether (1:1) (R 0.78) as the eluent gave ferrocenecarboxalde®gias reddish-brown
crystals (4.73, 74%) after solvent evaporation.tvglpoint = 88-92°Céy (300 MHz, CDC},
spectrum 12)/ppm: 9.97 (1H; s, CHO), 4.81 (2H,s:14}; 4.62 (2H, t, GHy4), 4.30 (5H, s, €Hs).



174 Chapter 4

4.4.2.2 Ruthenocenecarboxaldehyde, 70, [Scheme 3.7, p. 78]

O O

H
@/KH o, ©/[<

Ru

! 61 PhMeNCHO — ! 70

N-methylformanilide (5.39 g, 39.8 mmol) and phosphahloride (3.78 g, 24.4 mmol) were

added in three portions (2 h apart) onto vigorossityed solid ruthenocene (3.50 g, 15.1 mmol)

under a nitrogen atmosphere at 90°C. After theteotdof sodium acetate trihydrate (37.0 g) in
171 ml of water, the solution was refluxed for 1 dnd then stirred overnight at room
temperature. The solution was extracted three timtsether, the combined ether extracts were
then washed successively with 1 mol Hnhydrochloric acid, water, saturated sodium
hydrogencarbonate, and finally brine, and thenddoeer anhydrous sodium sulphate. The ether
extract, concentrated to 70 ml, was shaken witblatisn of sodium hydrogen sulphite (15.8 g)
in 171 ml of water. The hydrogen sulphite additmrecipitate was filtered, washed with ether
and then dried. The hydrogen sulphite addition cmmpl was dissolved in 2 mol dhsodium
hydroxide (86 ml) and the liberated aldehyde wasaeked into ether. The combined ether
extract was washed with brine and then dried omydrous sodium sulphate. After removal of
the solvent, sublimation of the crude product gawhenocenecarboxaldehyde0, (1.31 g,
33%). Melting point: 88-90°CGdy (300 MHz, CDC4, spectrum 13)/ppm: 9.74 (1H, s, CHO, 5.10
(2H, t, GHy), 4.88 (2H, t, GHy), 4.67 (5H, s, €Hs).

4.4.2.3 1-Ferrocenylethylamine hydrochloride, 110, [Schem8.2, p. 71]

(@] NH, -HCI
i i) CHR,COONH,, NaCNBH |
Fe 66 ) 3 4 14 3 Fe

i DL > i 110

A solution of anhydrous ammonium acetate (19.05§.@ mmol), acetylferrocenég, (5.73 g,
25.0 mmol) and sodium cyanoborohydride (1.88 g0 30mol) in 120 ml absolute ethanol was
refluxed under nitrogen atmosphere for 5 h and dtered for 16 h at room temperature. To the

cooled solution was added 100 ml water and the uréxtvas concentrated under reduced
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pressure taea. 100 ml. The pH of the aqueous mixture was adjusted-9 with 1 mol drii
sodium hydroxide and extracted with diethyl etAidre magnesium sulphate-dried ether extract
was concentrated cold and carefully treated withedher saturated with hydrochloric acid gas.
A yellow precipitate immediately formed and theserssion was stored overnight at -20°C. The
filtered product was washed with ether saturatett gaseous hydrochloric acid and dried over
magnesium sulphate to give 1-ferrocenylethylamiydrdchloride,110 (5.18 g, 78%). Melting
point: 179-182°C. dy (300 MHz, DO, spectrum 14)/ppm: 4.24 (10H, myeBsFe + CH), 1.56
(3H, d, CH).

4.4.3 Ferrocene-Pyrrole conjugates

The synthesis of N-(1'-ferrocenylethyl)-3'-(3-pyyhpropanamide is provided as a

representative example.

4.4.3.1 N-(1'-Ferrocenylethyl)-3'-(3-pyrrolyl)propanamide, 111, [Scheme

3.2, p. 71]
NH, - HCI (CH,),COOH (CH,),—CONH
@/K [ \S [ \S
I t
109 coupling reagen - Fe

TEA | 111
< H H <

Coupling reagent, O-benzotriazolyolyltetramethyhiuon hexafluorophosphate (0.170 g, 0.45
mmol) was added to a stirred mixture of 3'-(3-plylypropanoic acid,109 (0.053 g, 0.38
mmol) and ferrocenylethylamine hydrochloride (0.1§00.38 mmol), hydroquinone (0.05 Q)
and triethylamine (1.1 ml) in THF (20 ml). Afterirsing for 16 h at room temperature, the
solvent was evaporated and the solid residue egttagithca. 100 ml ether and filtered. The
precipitate was briefly washed with ether. The comd ether portions were washed
successively with water, saturated aqueous sodigdrobencarbonate, water, 1 mol drHCl,
water and saturated sodium chloride, dried overmesigm sulphate and filtered. A small
amount of hydroquinone was added to the solutiah solvent was concentrated to saturation
under reduced pressure. The saturated ether solfis chromatographed on silica with ether
as eluent. Solvent removal under reduced pressuaee gN-(1-ferrocenylethyl)-3'-(3-
pyrrolyl)propamide 111, as yellow solid (0.123 g, 78%). Melting point:-88°C.dy (300 MHz,
CDCls, spectrum 15)/ppm: 8.39 (1H, br s, NH), 6.75 (i, pyr-CH), 6.62 (1H, m, pyr-CH),
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6.13 (1H, m, pyr-CH), 5.71 (1H, g, CH), 4.14 (8H, Fit-H), 4.02 (1H, m, Fc-H), 2.89 (2H, t,
CHy), 2.49 (2H, t, CH), 1.40 (3H, d, CH).

4.4.3.2 Characterisation data for 1-(Phenylsulphonyl)-N-(1-
ferrocenylethyl)-4'-(3-pyrrolyl)butanamide, 112, [Scheme 3.2, p.
71]
NH, HCI (CH3)3COOH (CHp)g—CONH

Fe 110 + | 106 coupling reagent Fe

TEA
Yield: 1.31 g, 69% as a yellow solid. Melting poiftii1-114 °Cdy (300 MHz, CDC4, spectrum
16)/ppm: 7.83 (2H, m, &1s), 7.59 (1H, t, GHs), 7.49 (2H, t, GHs), 7.09 (1H, t, pyr-CH), 6.90
(AH, t, pyr-CH), 6.16 (1H, t, pyr-CH), 5.61 (1H, GH), 4.18 (9H, m, @Hq-Fe), 2.43 (2H, t,
CHp), 2.13 (2H, t, CH), 1.88 (2H, m, CH), 1.46 (3H, d, ChH).

4.4.4 Dipyrromethanes

All the dipyrromethanes were synthesised follovilrgy general Lindsey proceduf& he exact
conditions oft60 may serve as an example, but 16, 117 and 139 only characterisation data

will be given.

4441 5-(o-Trifluoromethylphenyl))dipyrromethane, 160

A solution of 2-trifluoromethylbenzaldehyde (1.257921 mmol) and pyrrole (20 ml, 0.29 mol,
40 equiv) was degassed by bubbling with nitrogen1f® minutes before trifluoroacetic acid

(0.052 ml, 0.72 mmol) was added. The solution wased at room temperature for 15 minutes
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in the dark, diluted with chloroform (2 x 200 miyashed with 0.1 mol dfhNaOH (200 ml) and
dried over magnesium sulphate. Solvents and thessxaf pyrrole were removed under reduced
pressure. Purification of the resulting slurry lumn chromatography over silica (eluent:
hexane:DCM, 1:1) gave ®-{rifluoromethylphenyl))dipyrromethand,60, (1.20 g, 58%) as a
colourless solid. Melting point: 71-7€. 5, (300 MHz, CDC}, spectrum 17)/ppm: 7.96 (2H, br
s, NH), 7.79 (1H, d, pyr-CH), 7.55 (2H, mghLy), 7.45 (1H, t, GH4), 6.73 (2H, m, pyr-CH),
6.28 (2H, m, GH,4 + pyr-CH), 6.12 (2H, s, pyr-CH), 5.98 (1H, m, pgyH-pyr).

4.4.4.2 Characterisation data for 5-(p-trifluoromethylphenyl))dipyrro-
methane, 139, [Scheme 3.10, p. 86]

CF3
{/ \> CF3COOH
+ >
118 ||\l 5
H @ :

Yield: 0.54 g, 61% as a colourless solid. Meltingind: 102-104C. 5y (300 MHz, CDC4,
spectrum 18)/ppm: 7.96 (2H, br s, NH), 7.59 (2HCgH,), 7.34 (2H, m, @H,), 6.75 (2H, m,
pyr-CH), 6.19 (2H, m, pyr-CH), 5.89 (2H, m, pyr-CH)56 (1H, s, pyr-CkHbyr).

CF3

4.4.4.3 Characterisation of 5-ferrocenyldipyrromethane, 116 [Scheme
3.7, p. 78]

(@)
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Yield: 0.76 g, 76% as a yellow solid. Melting poitB82-134C. §, (300 MHz, CDC}, spectrum
19)/ppm: 7.94 (2H, br s, NH), 6.67 (2H, m, pyr-Ci8)17 (2H, m, pyr-CH), 6.04 (2H, s, pyr-
CH), 5.23 (1H, s, Fc-CH 4.18 (2H, t, GH4), 4.11 (6H, m, GHs+ CsHa), 4.06 (1H, d, GHa).
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4.4.4.4 5-Ruthenocenyldipyrromethane, 112, [Scheme 3.8, p 9

N

\

,[ NH
Z 5 CF3COOH
>

NH
Ru /
s N
117
Yield: 0.25 g, 58% as a colourless solid. Meltingin: 117-118C. &4 (300 MHz, CDC4,

spectrum 20)/ppm: 8.41 (2H, br s, NH), 6.69 (2H pyr-CH), 6.14 (2H, m, pyr-CH), 5.97 (2H,
s, pyr-CH), 5.10 (1H, s, Rc-QH4.60 (5H, s, €Hs), 4.55 (4H, s, €H,).

4.4.5 Tetraphenylporphyrin derivatives

4451 Metal-free meso-tetraphenylporphyrin, 12, [Scheme 3.3, p. 73]

Ph Ph

12

Ph Ph

o
{/ Ny, ©_< CH,CH,COOH

| H

4
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Benzaldehyde (9.51 g, 0.09 mol) and pyrrole (6.08.69 mol) were added simultaneously to
refluxing propionic acid (250 ml). After refluxinipr 30 min, the solution was cooled to room
temperature and left overnight for the product étils. The reaction mixture was filtered and
washed thoroughly first with methanol and then withter. Column chromatography with
dichloromethane as eluent was done on the purgktats to get rid of impurities and chlorin.
Recrystallisation of the first band from dichloraim@ne/methanol gave metal-free
tetraphenylporphyrinl 2, (2.61 g, 19%). Melting point: > 280. §, (300 MHz, CDC}, spectrum
21)/ppm: 8.89 (8H, s, pyr-CH), 8.26 (8H, m, 4 ¢Hg), 7.80 (12H, m, 4 x §Hs), -2.73 (2H, s,
por-NH); Amax 416 nm € = 4.35 x 18dm® mol™* cmi?).
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4.45.2 meso-Tetraphenylporphyrincopper(ll), 36, [Scheme 3.3, p73]

Ph Ph Ph Ph

Cu(CH3CO0),
CHCI3

Ph Ph Ph Ph

To 5,10,15,20-tetraphenylporphyritl, (0.10 g, 0.16 mmol) in refluxing chloroform (20)m
was added copper(ll) acetate (0.03 g, 0.16 mmoihé@thanol. After refluxing for 30 min, the
mixture was concentrated, cooled, and methanol added to induce crystallisation. The
resulting material was collected by filtration tovey mesetetraphenylporphyrincopper(1136,
(0.11 g, 98%). Melting point: > 260. 5, (300 MHz, CDCY, spectrum 22)/ppm: 7.64 (12H, br
s, 4 x GHs), 7.56 (8H, br s, 4 x &s); Amax 415 nm ¢ = 9.48 x 16 dm® mol* cm™). Note
Copper (ll) is diamagnetic and hence theNMR spectrum is not nearly as diagnostic as for

paramagnetic complexes.

4.45.3 5-(p-Carboxyphenyl)-10,15,20-triphenylporphyrin, 113, Bcheme
3.4, p. 73]

COOH

o (0]
BRGSO S
| H H
|
5

10 19

113

SRS

A suspension op-carboxybenzaldehyde (3.75 g, 0.025 mol) and beebgdde (7.98 g, 0.075
mol) in propionic acid (250 ml) was heated to refltio the mixture was added drop-wise in 20
min pyrrole (6.77 g, 0.10 mol) and refluxing coni@a for 30 min. Propionic acid was removed
by evaporation under reduced pressure, and thdueesvas passed through silica gel column
(CHCls:acetone:acetic acid = 8:2:0.1). The solvent ofgbeond fraction was evaporated, and
the product was purified by recrystallisation fr&@HCls-MeOH to give 54-carboxyphenyl)-
10,15,20-triphenylporphyrin113 (0.23 g, 5%, R= 0.89). Melting point: > 206C. &4 (300
MHz, CDCk, spectrum 23)/ppm: 8.91 (6H, t, 3 x pyr), 8.82 (2 2 x pyr), 8.50 (2H, d, §El4),
8.45 (2H, d, GH,), 8.20 (6H, m, 3 x §Hs), 7.80 (9H, m, 3 x €Hs), -2.43 (2H, S, NH)Amax 417

nm € = 10.35 x 18dm® mor* cmi?).
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4.45.4 5-(p-Nitrophenyl)-10,15,20-triphenylporphyrin, 37, [Scleme 3.5,
p. 74]

NO,
Ph P O O

TFA / NaNO,

12 37
Ph O O

To a solution of 5,10,15,20-tetraphenylporphyid®, (20.0 mg, 0.33 mmol) in trifluoroacetic

Ph

acid (10 ml) was added sodium nitrite (40.5 mg90ndmol). After stirring for 3 min at room
temperature, the reaction was poured into wated (hQ and extracted with dichloromethane
(6x25 ml). The organic layer was washed with sadaraqueous NaHCGOwater, and then dried
over magnesium sulphate. The residue was purifiedaoplug of silica gel, eluting with
dichloromethane. Solvent removal gave 5-(4-nitraphel0,15,20-triphenylporphyrin,37,
(0.17 g, 79%). Melting: point > 20%C. 5 (300 MHz, CDCY, spectrum 24)/ppm: 8.89 (6H, m,
pyr-CH), 8.76 (2H, d, pyr-CH), 8.67 (2H, mgldy), 8.42 (2H, m, GH,), 8.24 (6H, m, 3 x €Hs),
7.79 (9H, m, 3 x GHs), -2.76 (2H, s, NH)Amax416 nm € = 4.12 x 18dm® mor* cmb).

4.45.5 5-(p-Aminophenyl)-10,15,20-triphenylporphyrin, 114, [Steme
3.5, p. 74]

NO, NH,

) » ® (o

SnCly. 2H,0
HCl

0o OY%n

5-(p-Nitrophenyl)-10,15,20-triphenylporphyrir37, (110 mg, 0.16 mmol) was dissolved in
concentrated hydrochloric acid (10 ml) and, whtleisg, tin (ll) chloride (220 mg, 0.96 mmol)

was carefully added. The final mixture was heate®3°C for 1 h under argon before being
poured into cold water (100 ml). The aqueous swotutivas neutralised with ammonium

hydroxide until pH 8. The aqueous solution wasaoted with dichloromethane until colourless.
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The organic layer was then concentrated under va@nd the residue was purified on a plug of
silica using dichloromethane for elution. The residvas recrystallised from methanol, yielding
5-(p-aminophenyl)-10,15,20-triphenylporphyrib14, (0.057 g, 56%). Melting point: 200°C.

dn (300 MHz, CDCY4, spectrum 25)/ppm: 8.97 (2H, d, pyr-CH), 8.86 (8Hpyr-CH), 8.24 (6H,
m, 3 x GHs), 8.02 (2H, d, @H,), 7.78 (9H, m, 3 x €Hs), 7.09 (2H, d, €Ha), 4.05 (2H, s, NH),
-2.74 (2H, s, NH)Amax 418 nm ¢ = 3.78 x 16dm® mol* cm™).

4.4.5.6 2-Formyl-5,10,15,20-tetraphenylporphyrin, 35, [Schee 3.6, p.
75]

POCI3/ DMF
HpSOy4

PH Ph PhH Ph

5,10,15,20-Tetraphenylporphyrincopper(Bg, (520 mg, 0.77 mmol) in 1,2-dichloroethane (50
ml) and the Vilsmeier complex, prepared from dryNMiimethylformamide (5.75 ml) and
phosphorus oxychloride (4.75 ml) were heated &wixdbr 7 h, then left overnight. The mixture
was vigorously stirred, and concentrated sulphaged (10 ml) was added. Stirring was
continued for 6 min, and then the mixture was pdunato an ice-cold solution of sodium
hydroxide (18 g) in water (1500 ml). The organigdawas diluted with chloroform (500 ml),
separated and washed with a saturated solutioadifirm bicarbonate (2 x 500 ml). The organic
layer was dried over anhydrous sodium sulphatesahant removed. The resultant residue was
purified by filtration through a plug of flash si& in dichloromethane as an eluent. The front-
running red band was not collected. The mayor bamelded 2-formyl-5,10,15,20-
tetraphenylporphyrin35, (0.33 g, 67%) as a purple amorphous solid aftdévest removal.
Melting point: > 206C. 54 (300 MHz, CDC}, spectrum 26)/ppm: 9.44 (1H, s, CHO), 9.25 (1H,
s, pyr-CH), 8.92 (4H, m, pyr-CH), 8.80 (2H, s, fi3#), 8.22 (8H, m, 4 x gHs), 7.80 (12H, m, 4

X CgHs), -2.53 (2H, s, NH)Amax428 nm € = 4.32 x 16dm® mol™* cm™).
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4.4.5.7 3'-trans-(5,10,15,20-Tetraphenylporphyrin-2-yhacrylic acid ethyl
ester, 110, [Scheme 3.6, p. 75]

COOEt ~_ _COOEt
H i) Phap=

ii) I, CH,Cl,

115

PH Ph Ph Ph

A solution of 2-formyl-5,10,15,20-tetraphenylporpimy 35, (275 mg, 0.43 mmol) and ethyl
(triphenylphosphoranylidene)acetate (560 mg, 1.6®inin dry toluene (30 ml) was heated at
reflux temperature under argon atmosphere for 24tkr being cooled to room temperature, the
solvent was removed in vacuo. The residue was ipdriby column chromatography
(CH.Cly/hexane; 2:1), collecting the major purple fracttorgive cigtrans isomeric mixture of
110(300 mg, ~40% cis b¥H NMR, 100%) as a purple solid.

Isomerisation: The isomeric mixture was dissolved in dichloronasth (30 ml) and,1(120.8
mg, 0.48 mmol) was added. After the solution wasest at room temperature for 14 h in
darkness, excess saturated:$#@, (10 ml) was added, and stirring continued for 3@.nthe
organic layer was separated and dried over Mg®@d the product was precipitated with
methanol to give 3rans(5,10,15,20-tetraphenylporphyrin-2-yl)acrylic acéthyl ester,115
(279 mg, 91%) as a dark brown powder. Melting po#200C. 54 (300 MHz, CDC4, spectrum
27)/ppm: 8.99 (1H, s, pyr-CH), 8.83 (6H, m, pyr-Ci8)22 (6H, m, 3 x €Hs), 8.15 (2H, m,
CeHs), 7.81 (12H, m, 4 x €Hs), 7.43 (1H, d, HC=CH), 6.59 (1H, d, HC=CH), 4.28( q,
CH,), 1.39 (3H, t, CH), -2.62 (2H, s, NH)Amax 427 nm ¢ = 2.69 x 18dm® mol* cnmi?).

4.4.6 Metallocene-substituted porphyrins
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4.4.6.1 5-Ferrocenyl-10,15,20-trisp-trifluoromethylphenyl)porphyrin,
121, 5,15-bisferrocenyl-10,20-bipftrifluoromethylphenyl)
porphyrin, 122, 5,10-bisferrocenyl-15,20-bigtfluoromethyl-

phenyl)porphyrin, 123, [Scheme 3.8, p. 79]

\ %

5-Ferrocenyldipyrromethane (300 mg, 0.903 mmol) artdfluoromethylbenzaldehyde (157
mg, 0.903 mmol) were dissolved in dry dichlorometgd150 ml) at room temperature. The
solution was degassed with argon for 30 min. Thiludroacetic acid (0.06 ml, 92 mg, 0.81
mmol) was added to initiate the condensation. Tdtetisn immediately darkened, and stirring
was continued for a further 3 h in the dark. Thagelr chromatography revealed the consumption
of the starting materials. DDQ (307 mg, 1.35 mmae§s added to the reaction mixture and
stirring continued for a further 1 h before triddmpine (5 ml) was added to neutralise the acid.
The solvents were removed under reduced presstrenm@tographic separation over silica gel
was then undertaken. Thiest fraction collected with DCM 1:2n-hexane as eluent gave 5-
ferrocenyl-10,15,20-trigttrifluoromethylphenyl)porphyrin 121, (39.9 mg, 14%) as a purple
solid. Melting point: > 20%C. § (300 MHz, CDC4, spectrum 28)/ppm: 10.06 (2H, d, pyr-CH),
8.73 (6H, m, pyr-CH), 8.34 (6H, m, 3 xldy), 8.07 (6H, m, 3 x §Hs), 5.59 (2H, t, GH,), 4.90
(2H, t, GHa), 4.22 (5H, s, €H5s), -2.31 (2H, s, NH)Amax 421 nm € = 0.28 x 18 dn?® mol™*
cm™®). During the collection of theecond fraction the DCM gradient was increased to DCM
1:1 n-hexane to give 5,15-bisferrocenyl-10,20-pigffluoromethylphenyl)porphyrin122, (15.6
mg, 4%) as a purple solid after solvent removadltiig point: > 206C. 8y (300 MHz, CDC},
spectrum 29)/ppm: 9.88 (4H, d, pyr-CH), 8.62 (4Hpyr-CH), 8.33 (4H, d, 2 x #,), 8.05
(4H, d, 2 x GHy), 5.52 (4H, t, 2 x €Hy), 4.86 (4H, t, 2 X €Hy), 4.14 (10H, s, 2 X &), -1.65
(2H, s, por-NH)Amax 424 nm ¢ = 0.31 x 18dm® mol* cm™). Thethird fraction isolated gave
5,10-bisferrocenyl-15,20-big{trifluoromethylphenyl)porphyrin123 (12.6 mg, 3%) as a purple
solid after solvent removal. Melting point: > 200 5y (300 MHz, CDC4, spectrum 30)/ppm:
10.00 (2H, d, pyr-CH), 9.82 (2H, s, pyr-CH) 8.661(a. pyr-CH), 8.62 (2H, s, pyr-CH), 8.32
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(4H, d, 2 x GHa), 8.04 (4H, d, 2 x €H,), 5.54 (4H, t, 2 x €H,), 4.88 (4H, t, 2 x €H,), 4.15
(10H, s, 2 X @Hs), -1.83 (2H, s, por-NHWmax425 nm £ = 0.91 x 16dm® mol* cmi*)

4.4.6.2 5-Ferrocenyl-10,15,20-trisin-trifluoromethylphenyl)porphyrin,
124, 5,15-bisferrocenyl-10,20-bist-trifluoromethylphenyl)
porphyrin, 125,  5,10-bisferrocenyl-15,20-big{-trifluoromethyl-

phenyl)porphyrin, 126, [Scheme 3.8, p. 79]

5-Ferrocenyldipyrromethane (300 mg, 0.903 mmol) anttifluoromethylbenzaldehyde (157
mg, 0.903 mmol) was treated as described in thegoitre above (paragraght.6.] to give:

First band: 5-ferrocenyl-10,15,20-trigttrifluoromethylphenyl)porphyrin124, (34.2 mg, 12%)
as a purple solid. Melting point: > 2 &y (300 MHz, CDC}, spectrum 31)/ppm: 10.07 (2H,
d, pyr-H), 8.73 (6H, m, pyr-H), 8.50 (3H, d, 3 ¥HG), 8.41 (3H, t, 3 X €H,), 8.09 (3H, t, 3 x
CsHs), 7.93 (3H, m, 3 x €Ha4), 5.61 (2H, s, 6Hy), 4.90 (2H, t, GHy), 4.22 (5H, s, €Hs), -2.31
(2H, s, por-NH)Amax421 nm € = 1.79 x 18 dm?® mol™* cm™).

Second band:5,15-bisferrocenyl-10,20-bisttrifluoromethylphenyl)porphyrin125 (13.8 mg,
3%) as a purple solid. Melting point: > 200 5y (300 MHz, CDC4, spectrum 32)/ppm: 9.88
(4H, d, pyr-H), 8.66 (4H, d, pyr-H), 8.48 (2H, sxZxH,), 8.39 (2H, d, 2 x §H,), 8.09 (4H, d, 2
X CgHa), 7.92 (2H, t, 2 X €H4), 5.54 (4H, s, 2 X €H,), 4.86 (4H, s, 2 x §H,), 4.15 (10 H, s, 2 X
CsHs) -1.66 (2H, s, por-NH\max 424 nm € = 1.27 x 18dm® mor* cm).

Third band: 5,10-bisferrocenyl-15,20-bis¢trifluoromethylphenyl)porphyrin,126, (9.6 mg,
2%) as a purple solid. Melting point: > 200§ (300 MHz, CDC}, spectrum 33)/ppm: 10.00
(2H, d, pyr-H), 9.82 (2H, s, pyr-H), 8.65 (2H, dyriH), 8.60 (2H, s, pyr-H), 8.48 (2H, s, 2 X
CeHa), 8.37 (2H, d. 2 x €Ha), 8.07 (2H, d, 2 x €Ha), 7.91 (2H, t, 2 x €Ha), 5.55 (4H, s, 2 X
CsHg), 4.88 (4H, t, 2 X €Hy), 4.16 (10H, s, 2 X £Hs), -1.84 (2H, s, por-NHAmax 426 nm € =
1.50 x 16dm® mol™* cmi?)
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4.4.6.3 5-Ferrocenyl-10,15,20-tris¢-trifluoromethylphenyl)porphyrin,
127, 5,15-bisferrocenyl-10,20-bisftrifluoromethylphenyl)
porphyrin, 128, 5,10-bisferrocenyl-15,20-bisttrifluoromethyl-

phenyl)porphyrin, 129, [Scheme 3.8, p. 79]

5-Ferrocenyldipyrromethane (300 mg, 0.903 mmol) artdfluoromethylbenzaldehyde (157
mg, 0.903 mmol) was treated as described in theegiore above (paragragh.6.) to give:
Thefirst fraction collected with DCM 1:2-hexane as eluent gave 5-ferrocenyl-10,15,20etris(
trifluoromethylphenyl)porphyrin127, (39.9 mg, 14%) as a purple solid. Melting poin200FC.

oy (300 MHz, CDCY, spectrum 34)/ppm: 10.00 (2H, m, pyr-H), 8.54 (2Hyyr-H), 8.46 (4H,
dd, pyr-H), 8.25 (1H, d, £14), 8.16 (4H, m, €Ha), 8.04 (1H, d, €H,), 7.88 (6H, m, GH,), 5.57
(2H, s, GH4), 4.84 (2H, s, €H4), 4.21 (5H, s, €Hs), -2.20 (2H, s, por-NH)Amax 419 nm € =
1.35 x 10 dn® mol* cm*). Thesecond fraction with DCM 1:1n-hexane as eluent gave 5,15-
bisferrocenyl-10,20-bisttrifluorophenyl)porphyrin 128 (15.6 mg, 4%) as a purple solid after
solvent removal. Melting point: > 280. 5, (300 MHz, CDC}, spectrum 35)/ppm: 9.74 (2H, s,
pyr-H), 8.38 (4H, m, pyr-H), 8.12 (4H, m, pyr-H +KL), 7.93 (4H, m, @H,), 7.55 (2H, d,
CeHs), 5.64 (4H, s, 2 X €H,), 4.92 (4H, s, 2 X €Hy), 4.26 (10H, s, 2 x £5), -1.71 (2H, s, por-
NH); Amax 419 nm ¢ = 0.31 x 18dm® mol* cm™). Thethird fraction (eluent: petroleum ether
(40-60):DCM 4:1) contained 5,10-bisferrocenyl-15[#§(o-trifluoromethylphenyl)porphyrin,
129 (10 mg, 2%) as a purple solid. Melting point: 802C. &4 (300 MHz, CDC4, spectrum
36)/ppm: 10.83 (4H, m, pyr-H), 8.44 (2H, d, pyr-8)32 (2H, s, pyr-H), 8.11 (2H, d,c8,),
8.07 (2H, d, @H,), 7.89 (2H, t, GHy4), 7.80 (2H, t, GH,), 5.53 (2H, d, 2 x €H,), 5.45 (2H, d, 2

X CsHg), 4.81 (4H, m, 2 x €H,4) 4.12 (10H, s, 2 X &s), -1.69 (2H, s, por-NHA nax 419 nm €

=1.62 x 16dm® morl* cmi?).
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4.4.6.4 5,15-Bisruthenocenyl-10,20-bigttrifluoromethylphenyl)
porphyrin, 140, [Scheme 3.10, p. 86]

| 0 o

CF4COOH
DDQ
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140 CFy
A solution of ruthenocenylcarboxyaldehyde (312 md,204 mmol) and 5gf
trifluoromethyl)benzaldehyde (350 mg, 1.204 mmal)dry dichloromethane (400 ml) at room
temperature was purged with argon for 30 min. Tindlaoroacetic acid (0.08 ml, 123 mg, 1.08
mmol) was added to initiate the condensation. Affter mixture was stirred for 16 h at room
temperature, the reaction was quenched with DD@ (@, 1.81 mmol). Stirring continued for
1 h before triethylamine (5 ml) was added to ndisgathe acid. The solvents were removed
under reduced pressure and the resultant matesmlparified by column chromatography over
silica  (eluent: n-hexane/DCM, 1:1) to give 5,15-bisruthenocenyl-Dehas (-
trifluoromethylphenyl)porphyrin140, (12 mg, 2%) a purple solid. Melting point: > 2G05
(300 MHz, CDC4, spectrum 37)/ppm: 9.94 (4H, d, pyr-H), 8.59 (4iHpyr-H), 8.31 (4H, d, 2 X
CeHy), 8.05 (4H, d, 2 x €Hy), 5.87 (4H, t, 2 X €Hy), 5.16 (4H, t, 2 x €Hy), 4.55 (10H, s, 2 X
CsHs), -1.99 (2H, s, por-NHWmax439 nm ¢ = 0.94 x 18dm® mol™* cm™).

4.4.7 Metallation of metallocene-substituted porphyrins

All metallated porphyrins were synthesised from emegal procedure as described for [5-
ferrocenyl-10,15,20-tris(p-trifluoromethylphenylypbyrinato] nickel(ll), 130.
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4.4.7.1 [5-Ferrocenyl-10,15,20-trisp-trifluoromethylphenyl)
porphyrinato]nickel(ll), 130, [Scheme 3.9, p. 84]

F3C Fe FsC Fe

() <> ) <>

Ni(CH3COOH),
DMF

SRS SRR
Foc 121 o3 FsC 130 ora

5-Ferrocenyl-10,15,20-trigftrifluoromethylphenyl)porphyrin (17.4 mg, 0.019 rathand nickel
acetate tetrahydrate (48 mg, 0.193 mmol) were atll®&JN-dimethylformamide (10 ml), and
the resulting solution was heated to reflux for .2Then water (200 ml) was added to the
mixture, and the precipitate filtered. The resultamaterial was purified by column
chromatography over silica (eluemthexane/DCM, 1:1) to give [5-ferrocenyl-10,15,2i3(-
trifluoromethylphenyl)porphyrinato] nickel (11130 (13 mg, 86%) as a solid. Melting point: >
200°C. 84 (300 MHz, CDC}, spectrum 38)/ppm: 9.71 (2H, m, pyr-H), 8.62 (&#,pyr-H), 8.28
(2H, d, GHa), 8.19 (2H, m, GH4), 8.12 (2H, m, @H4), 7.99 (4H, t, GHa4), 7.83 (2H, t, GH,),
5.16 (2H, t, GH4), 4.75 (2H, d, @Hz), 3.99 (5H, d, GHs); Amax 419 nm € = 0.68 x 16 dn?

mol™* cmi?).

Characterisation data for other metallated compkeaee as follows:

4.4.7.2 [5,15-Bisferrocenyl-10,20-bigg-trifluoromethylphenyl)
porphyrinato]nickel(ll), 131, [Scheme 3.9, p. 84]

Yield (12 mg, 89%): Melting point: >26G. 5, (300 MHz, CDC}, spectrum 39)/ppm: 9.57 (4H,
d, pyr-H), 9.54 (4H, d, pyr-H), 8.10 (4H, d, 2 xHG), 7.96 (4H, d, 2 x €H,), 5.13 (4H, t, 2 x



188 Chapter 4

CsHa), 4.72 (4H, t, 2 x €H.), 3.99 (10H, s, 2 X &Hs); Amax 421 nm ¢ = 0.43 x 18dm® mol*

cm™).

4.4.7.3 [5,10-Bisferrocenyl-15,20-bigg-trifluoromethylphenyl)
porphyrinato]nickel(ll), 132, [Scheme 3.9, p. 84]

Yield (9 mg, 86%): Melting point: > 20CQ. 5, (300 MHz, CDCY, spectrum 40)/ppm: 9.66 (2H,
d, pyr-H), 9.55 (2H, s, pyr-H), 8.56 (2H, d, pyr;H)52 (2H, s, pyr-H), 8.11 (4H, d, 2 %K),
7.95 (4H, d, 2 x €Ha), 5.12 (4H, t, 2 x €H4), 4.73 (4H, t, 2 x €H4), 3.96 (10H, s, 2 X &Hs);
Amax 424 nm ¢ = 1.07 x 16dm® mol* cm™).

4.4.7.4 [5-Ferrocenyl-10,15,20-tris(n-trifluoromethylphenyl)
porphyrinato]nickel(ll), 133, [Scheme 3.9, p. 84]

FaC O
133 O

Yield (13 mg, 90%): Melting point: > 26G. 54 (300 MHz, CDC4, spectrum 41)/ppm: 9.52
(2H, d, pyr-H), 8.33 (6H, m, pyr-H), 7.98 (3H, dsH3), 7.82 (3H, t, GHy4), 7.59 (3H, t, GH,),
7.45 (3H, m, GH,), 5.45 (2H, s, €Hy), 4.63 (2H, t, GH,), 3.98 (5H, s, €Hs); Amax 423 Nm € =
0.12 x 16 dn? mol™* cm™).
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4.4.7.5 [5,15-Bisferrocenyl-10,20-bigf-trifluoromethylphenyl)
porphyrinato]nickel(ll), 134, [Scheme 3.9, p. 84]

Yield (13 mg, 84%): Melting point: > 26G. 54 (300 MHz, CDC4, spectrum 42)/ppm: 9.71
(4H, d, pyr-H), 8.63 (4H, d, pyr-H), 8.27 (2H, ssHG), 8.18 (2H, d, GH4), 8.12 (4H, d, GH,),
7.98 (2H, t, GHa), 5.19 (4H, s, 2 X &4), 4.48 (4H, s, 2 X §s), 4.09 (10 H, S, 2 X &s); Amax
420 nm € = 0.16 x 16dm® mor* cm?).

4.4.7.6 [5,10-Bisferrocenyl-15,20-bigf-trifluoromethylphenyl)
porphyrinato]nickel(ll), 135, [Scheme 3.9, p. 84]

Yield (12, 82%): Melting point: > 20C. 5, (300 MHz, CDC4, spectrum 43)/ppm: 9.67 (2H, s,
pyr-H), 9.50 (2H, s, pyr-H), 8.53 (4H, d, pyr-H).28 (3H, s, GH,), 8.15 (3H, s, €Hy4), 7.76
(3H, d, GH4), 7.81 (3H, d, @Hz), 5.13 (4H, t, 2 x €H,), 4.72 (4H, t, 2 x €H), 3.96 (10H, s, 2
X CsHs); Amax423 nm ¢ = 0.28 x 16dm® mor* cm™).



190 Chapter 4

4.4.7.7 [5-Ferrocenyl-10,15,20-tris¢-trifluoromethylphenyl)
porphyrinato]nickel(ll), 136, [Scheme 3.9, p. 84]

Yield (12 mg, 83%): Melting point.> 260Q. § (300 MHz, CDC}, spectrum 44)/ppm: 9.71 (2H,
d, pyr-H), 8.63 (6H, m, pyr-H), 8.27 (2H, mgi;), 8.19 (4H, t, GH4), 7.99 (4H, m, GH,), 7.99
(4H, m, GH.), 7.84 (2H, m, @Ha), 5.17 (1H, s, €Hs), 5.16 (1H, s, €H,), 4.75 (2H, s, €Ha),
3.99 (5H, s, @Hs); Amax420 nm € = 1.27 x 18 dm® mol™* cmi?).

4.4.7.8 [5,15-Bisferrocenyl-10,20-bisg-trifluoromethylphenyl)
porphyrinato]nickel(ll), 137 [Scheme 3.9, p. 84]

Yield (13 mg, 85%): Melting point > 26C. 5, (300 MHz, CDC}, spectrum 45)/ppm: 9.57 (2H,
S, pyr-H), 8.54 (4H, m, pyr-H), 8.11 (4H, m, pyr;H).95 (4H, d, pyr-H), 7.72 (4H, d,sB4),
7.55 (2H, d, GHy), 5.13 (4H, s, 2 X §H4), 4.72 (4H, s, 2 X €H,), 3.99 (10H, s, 2 X £H5); Amax
419 nm ¢ = 0.31 x 16dm® mor* cmi?).
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4.4.7.9 [5,10-Bisferrocenyl-15,20-bisg-trifluoromethylphenyl)
porphyrinato]nickel(ll), 138 [Scheme 3.9, p. 84]

Yield (13 mg, 87%): Melting point > 208C. §y (300 MHz, CDC4, spectrum 46)/ppm: 9.51
(2H, d, pyr-H), 9.39 (2H, d, pyr-H), 7.94 (2H, sir{H), 7.86 (2H, d, GHs), 7.72 (2H, d, GH,),
7.59 (2H, t, GHy), 7.38 (2H, t, GH,), 7.24 (2H, t, GH4), 5.39 (4H, d, 2 x €H,), 4.76 (4H, d, 2 X
CsHa), 3.98 (10H, s, 2 X £H,4), -1.80 (2H, S)Amax419 nm € = 1.62 x 16dm® mor™* cnmi?).

4.4.7.10 [5,15-Bisruthenocenyl-10,20-bigt-trifluoromethylphenyl)
porphyrinato]nickel(ll), 141 [Scheme 3.10, p. 85]

Yield (13 mg, 88%): Melting point: >20Q. 5 (300 MHz, CDC}, spectrum 47)/ppm: 9.61 (4H,
d, pyr-H), 8.50 (4H, d, pyr-H), 8.10 (4H, mgky), 7.98 (4H, d, GHy4), 5.50 (4H, t, 2 X €Hy),
5.04 (4H, t, 2 x GHy), 4.38 (10H, s, 2 x £Hs).

4.4.8 Polymer synthesis
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4.4.8.1 Poly-DL-succinimide , 82 [Scheme 3.11, p. 89]

COOH co

H3N COO0~ CO n

81

Powdered DL-aspartic aciél], (10.00 g, 75.14 mmol) and 858ftho-phosphoric acid (10.00 g,
102 mmol) were thoroughly mixed in a 250 ml rouradtdm flask. The flask was mounted on a
rotary evaporator fitted with a vacuum pump, anckitdly submerged at atmospheric pressure
into an oil bath preheated to 200°C with slow totat After 5 minutes of rotation, the oil
temperature was lowered slightly and maintained @-190°C for 180 minutes, while the
pressure was reduced to below 5 torr. After thekflwas cooled down to room temperature,
dimethylformamide (60 ml) was poured onto the neactnixture. The flask was slowly rotated
on the rotary evaporator overnight, to afford a bgeneous light gold solution. The solution
was very slowly poured, with vigorous stirring,ard beaker containing a large volume of water
(1000 ml). The resulting precipitated polymer surspen was filtered thoroughly, washed with
water (5 x 250 ml), and dried overnight in a vacuaen at 50°C. The solid was grounded under
liquid nitrogen and then further dried (30 hoursb&°C under reduced pressure over phosphor
pentoxide in an Abderhalden drying tube under vatypump connected to a liquid nitrogen
trap), using boiling acetone as a heat sourcejvi® \ghite poly-DL-succinimidel43 (6.25 g,
86%), having a molecular mass of 57000. Meltinghpob 200C. §4 (300 MHz, (CR),SO,
spectrum 48)/ppm: 5.75 (1H, s), 3.16 (1H, s), 281, s).

4.4.8.2 Polymer 142 [Scheme 3.11, p. 89]

CONH
co\ 1. 3/4neH,N(CHg)3 —N CONK
/N 2. HoN(CHy) NH -
excess Hyl 2)oNH»
co n CONH 3x CONH
82

H2N

Q

To a solution of polysuccinimide82, (1.16 g, 12 mmol repeating units) in anhydrous

dimethylsulfoxide (15 ml, at 5°C), 4-(3-aminopropybrpholine (1.30 g, 9 mmol) was added

over a period of 10 minutes. The reaction mixtues\stirred at room temperature for 20 hours,
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cooled down, and ethylenediamine (0.24 g, 4 mm®& &xcess) was added. After 8 hours of
stirring, a dialyses tube was charged with the treacmixture to which water (50 ml) was
added, and dialysed over 48 hours in 12000 molecukss cut-off membrane. After freeze-
drying, polymerl42 (0.80 g, 30%) was obtained as a white water-$elpblymer. Mr > 12000.
dn (300 MHz, DO, spectrum 49)/ppm: 4.52 (4H, s, asp-CH), 3.561(12¢-CH,), 2.99 (6H, s,
a-CHy), 2.95-2.50 (12H, s, 4 x asp-@H o'-CH, + B'-CH,), 2.38 (12H, s$--CHy), 2.16 (6H, s,
v-CHy), 1.55 (6H, sp-CHy).

4.4.8.3 Polymer adduct 143 bearing 3'-(3-pyrrolyl)propionoc acid
[Scheme 3.12, p. 91]

CONH CONH CONH CONH CONH
(CH),COOH
CONH | 3x CONH | x !/ \g coupling reagent CONH | 3x CONH | o. CONH | 0.8x
N 109 TEA /DMF "
H
HoN HoN COHN
N (CHa)2
142 ( 143
/ \
o

O
N

|
H

To a solution of polymed42 (0.44 g, 0.5 mmol repeating units) in water (2 mBs added
triethylamine (0.07 g, 0.7 mmol), 3'-(3-pyrrolyljymionoic acid,109 (0.07 g, 0.5 mmol) in

dimethylformamide (2 ml), and coupling reagent, @&nbotriazolyl-N,N,N',N'-
tetramethyluronium hexafluorophosphate (0.23 g9 @rnol). The reaction mixture was stirred
for 3 h at room temperature, then dialysed for 28 h2000 molecular mass cut-off membrane
tubing, and finally freeze-dried to give polynet3(0.26 g, 52%)éy (300 MHz, DO, spectrum
50)/ppm: 6.75 (1H, s, pyr-CH), 6.51 (1H, s, pyr-CH)84 (1H, s, pyr-CH), 4.51 (4H, s, asp-
CH), 3.66 (12H, sg-CH,), 2.98 (6H, sp-CH,), 2.95-2.50 (12H, s, 4 x asp-GH o'-CH, + B'-
CH,), 2.38 (16H, s§-CH, + 2 x CH), 2.21 (6H, sy-CH,), 1.56 (6H, sp-CH,).
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4.4.8.4 Polymer adduct 144 bearing 4'-(3-pyrrolyl)butanoicacid [Scheme

3.12, p. 91]
CONH CONH CONH CONH CONH
(CH2)3COOH
CONH 3x CONH x coupling reagent CONH 3x CONH 0. CONH 0.5x
HzN H2N COHN
N Y(cHps
(Nj 142 ( j 144
O (e) / \
N’

|
H

Polymer 144 was synthesised in exactly the same manner asnpol§42 utilising 4'-(3-
pyrrolyl)butanoic acid107, (0.99 g, 44 mmol) instead of 4'-(3-pyrrolyl)proyéc acid,109, to
give polymerl44 (0.43 g, 92%)oy (300 MHz, DO, spectrum 51)/ppm: 6.65 (1H, s, pyr-CH),
6.54 (1H, s, pyr-CH), 5.94 (1H, s, pyr-CH), 4.5H(4s, asp-CH), 3.67 (12H, s;CH,), 2.96
(6H, s,a-CH,), 2.95-2.50 (12H, s, 4 x asp-@H a'-CH, + B'-CH,), 2.39 (18H, sp-CH, + 3 X
CHy), 2.20 (6H, sy-CH,), 1.54 (6H, sp-CH,).

4.4.8.5 Polymer porphyrine adduct 145 [Scheme 3.12, p. 91]

CONH CONH CONH CONH CONH CONH CONH
CONH | 3x CONH 0.264] CONH orsx__ N=/ W CONH 0.2 CONH 0.55x CONH 0.2x
é H2N COHN | § 2 COHN COHN
\ H \

143 (CH2)2 (CHz)z (CH2)2
[:j 2/ \ [ Oj 2/ Y e P

! |
H 145 H

Ph Ph

To boiling propionic acid (10 ml) was added polymdB (0.15 g, 0.2 mmol pyrrole repeating
units), benzylaldehyde (0.35 g, 3.27 mmud; a 10 x molar excess) and pyrrole (0.212 g, 3.16
mmol; ca. a 4 X molar excess) and the mixture refluxed famolr. After standing at room
temperature overnight, the precipitate was filteoéidto remove purple crystals of pure free
polymer. To the filtrate was added water (90 mkl #ime solution was centrifuged before being
dialysed for 48 hours in a 12000 molecular massoffuhembrane. Freeze-drying followed after
centrifuging to give polymeti45 (0.098 g, 44%)oy (300 MHz, RO, spectrum 52)/pp: 7.37
(20H, m, 4 x GHs), 6.25 (7H, m, pyr), 4.28-4.62 (4H, s, asp-CHBE23(12H, s,-CH,), 3.35
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(6H, s,0-CHy), 3.19 (12H, s, 4 X asp-GH o'-CH, + B'-CHy), 2.38 (18H, s§-CH, + 2 x CH),
2.22 (6H, sy-CH,), 1.56 (6H, SB-CH.): Amax418 nm € = 4.53 x 18dm® mol* cm™).

4.4.8.6 Polymer porphyrine 146 [Scheme 3.12, p. 91]

CONH CONH CONH CONH CONH CONH CONH
CONH 3x CONH 0. CONH 0. 5x CONH | 3x CONH 0.5; CONH 0.3x CONH 0.2x
2 C\OHN é 2 COHN COHN
H

N (CHp)3 (CH2)3 (CH2)3

[Oj 144 @ [Oj - b I

Polymerl46 was synthesised in exactly the same manner asnpoly5 utilising polymerl44,
(0.99 g, 44 mmol) instead of polym&43to give the product, polymerd6 (0.079 g, 38%)dy
(300 MHz, BO, spectrum 53)/ppm: 7.92-5.60 (27H, s, 4¢HEC+ 4 x pyr), 4.38 (4H, s, asp-
CH), 3.55 (12H, sg-CHy), 3.08 (6H, sp-CHy), 2.40 (12H, s, 4 x asp-GH- a'-CH, + B'-CH,),
2.27 (18H, sp-CH, + 3 x CH), 2.12 (6H, m;y-CH,), 1.51 (5H, sB-CH,); Amax 416 nm € =
9.77 x 16dm® mol* cm™).

4.4.8.7 Polymer 139 adduct bearing 54§-carboxyphenyl)-10,15,20-
triphenylporphyrin, 144 [Scheme 3.12, p 14]

113 Y.
CONH CONH CONH CONH CONH
C?H 3x CONH X C?"‘ 3x CONH 0.7x CONH 0.3x

coupling reagent

HZN 2

N,

[Nj 142 [ j 147

O O

To a solution of polymefi42 (0.088 g, 0.1 mmol) in water (0.5 ml) was addeethylamine
(0.14 g, 0.14 mmol), Spfcarboxyphenyl)-10,15,20-triphenlyporphyriil3 (0.066 g, 0.1
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mmol) in dimethylformamide (0.5 ml), and couplingagent, O-benzotriazolyl-N,N,N',N'-
tetramethyluronium hexafluorophosphate (0.045 g,mmol). The reaction mixture was stirred
for 3 h at room temperature, 50 ml water added thed dialysed for 22 h (12000 molecular
mass cut-off membrane tubing). Freeze-drying gakenper 147 (0.0466 g, 42%) yieldby (300
MHz, D,O, spectrum 54)/ppm: 8.50-6.00 (27H, m, 4 gHE+ 4 x pyr), 4.51 (4H, s, asp-CH),
3.62 (14H, s), 3.47 (4H, s;CH,), 3.07 (6H, sp-CHy), 2.63 (12H, s, 4 x asp-GH o'-CH, + -
CHy), 2.27 (12H, s$-CH,), 2.16 (6H, my-CH,), 1.59 (6H, sB-CH,). Amax 418 nm € = 6.38 x

10°dm® mol* cmib).

4.4.9 Other

4.49.1 Tetrabutylammonium tetrakis(pentaflourophenyl)borate, 163

F F r N F F
F F F F
F F F F FoF F F
Li F@—i—QF v NN e —— NN TN F&B—QF

161 162 163

Lithium tetrakis(pentafluorophenyl)borate (25 g046 mol) was dissolved in 20 ml methanol
(AR). Tetrabutylammonium bromide (12.75 g, 0.039)ntbssolved in 10 ml methanol (AR)
was added drop wise at room temperature over 15toihe lithium solution [a precipitate
forms]. The solution (closed with septum) was kft0°C for 30 min, and then overnight at
-25°C. An off-white precipitate from a brown liquidas obtained by filtration and washed with
10 ml cold (-25°C) methanol (AR). The solid wassotised in excess (30 ml) dry, distilled
CH.Cl,. A few spatulas MgS©was added and covered with a septum, the mixtae stirred
for 2h at room temperature. The MgSWas filtered off and washed with GEl,. The CHCI,
was evaporated and crudé3 was obtained as a white solid (21.7g, 0.024 mdkp)6urther
purification by recrystallization was achieved alidws: To a solution 0163 (9 g, 0.01 mol) in
11 ml CHCl,was added 55 ml ether drop wise, while stirringgrad min at room temperature.
The covered (closed with a septum) solution wasecbat 0°C for an hour and then overnight at
-25°C. The precipitate was filtered off and washéith 30 ml hexanes (distilled). The solid was
air dried for 2 h and recrystallisation was repddi@ a second time. Yield (21.7 g, 59%).
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Melting point = 158-162°Csy (300MHz, CDC}, spectrum 55)/ppm: 3.04 (8H, t, 4 x §H1.62
(8H, g, 4 x CH), 1.38 (8H, gq, 4 x Ch), 0.99 (12H, t, 4 x Ch).
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Chapter 5

Summary, conclusions and futur e per spectives

5.1 Summary and conclusions

In this study 4 pyrrole-containing carboxylic agidd new ferrocene-pyrrole conjugates, 3
dipyrromethanes, 7 tetraphenylporphyrin derivativasd 20 new metallocene-containing
porphyrins (metal-free as well as nickel-contaifingre synthesised in multi-step reactions. In
some cases, known general synthetic protocols watiemised to enhance synthetic yields. In
other cases, completely new synthetic approaches developed. Key compounds are shown
below and inFigure 5.2.

~
(CHa)—CONH \ b X
(CH.),COOH
2)n / \ \ NH
/ \ 102: n=0 | Fe M /B 7
104:n=1 R @ Z NH
| 109:n =2 111:R=H,n=2 @liG:M:Fe 139 /
N 107:n=3 112: R = PhSO,, n =3 117: M=Ru #

Ph Ph
113: R = COOH 121: Ry =CF3, Rp=R3=H Ry
37: R=NO, 35: R= CHO 124:R,=CF3, Ry =R3=H
114: R = NH, 115: R= CH=CHCOOEt 127:R3=CF3, Ry =Ry =H

Fe

R 123:Ry = CF3 Ry =R3=H
©IZZ:R=CF,R =R3=H Ry 1 1 3 R2=R3 @
iR 126: Ry = CF4, Ry = Ry = H 140: M = 2H
125:Ry=CF3, Ry =Ry = H o CRa R R o=z
128: Ry=CFg Ry =Ry =H ‘R3=CF3 R =Ry = oF,

Figureb5.1: Structures of the series of key compounds syrgbdsh this study.
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All compounds were characterised spectroscopicaitii ‘H NMR, IR and UV/vis, and their

physical properties were investigated by electratbey.

The pyrrole-containing carboxylic acid92, 104, 107 and109 were prepared through Friedel-
Craft acylation at thg-position of the N-protected pyrrole to obtain andtional group that
would allow anchoring of the derivatised pyrrole ampolymer. Ferrocene-containing pyrroles
111 and112 were synthesised by treatment of an appropriatel@ycontaining carboxylic acid
with a ferrocene-containing quaternary ammoniunh Jdlis enabled us to demonstrate that the
phenyl sulphonyl protective group not only masks pyrrolic NH functional group against
unwanted reactions but also activates pyrrole en3kand 4 positionga electron-withdrawing
properties as demonstrated by an increase in fmgbaeeduction potential af12 with 23 mV
over that ofl11.

Porphyrins substituted with either a BWONH, or COOH functional group on oneeso-
positioned phenyl group of tetraphenylporphyrinnpounds37, 114 and 113 in Figure 5.1)
were prepared starting either with a metal-freeapdtenylporphyrin or with a functionalised
aldehyde, while porphyrin85 and 115 mono-substituted on thp-pyrrole position of the
porphyrin ring were obtained from preformed coppetraphenylporphyrin.p-Position
functionalisation could be achieved because métatlaof porphyrin centre activates tlfie

pyrrole position of the porphyrin macrocycle.

From a spectroscopic study of the tetraphenylpatplyn the UV/vis region, it was established
that electron-withdrawing groups on ofgyrrole position reduces the electron densityhef t
porphyrin macrocycle ring, thereby resulting iniacrease in the wavelength of peak maxima.
Para substitution on one of the phenyls of tetrapheorgpyrin with an electron-withdrawing

group with NQ, NH, or COOH, did not have a significant effect on $&andimax values.

The metallocene dipyrromethand46 and 117 were obtained through a reaction of the
appropriate metallocene-carboxyaldehyde, Fc-CHO RarCHO, with excess pyrrole in
trifluoroacetic acid. These are precursors forrttetallocene-containing porphyrins. A series of
10 new metal-free metallocene-containing porphgomplexes 121-129 and 140) as well as
the corresponding nickel complexelll and other complexes not shownkigure 5.1) were
obtained through statistical condensation of metalhe-dipyrromethanes and the appropriate
CFRs-phenylcarboxyaldehyde.
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All the porphyrins described above are water-ingl@uwhich minimise their potential
application as photodynamic anticancer drugs. Traeece their potential use in cancer therapy,
porphyrins must be made water-soluble. In this\sttiis was achieved by demonstrating how
porphyrin may be anchored to water-soluble polymé@mwo routes were investigated to
synthesise water-soluble polymer-bound porphyrdimsone route, th@-functionalised pyrroles
107 and 109 were first bound to a water-soluble polymer toanbtl43 and 144, Figure 5.2.
Cyclisation of polymersl43 or 144 in the presence of excess pyrrole and benzaldethate
afforded polymer bound porphyrint5 and 146 (Figure 5.2) after filtration, dialyses and
freeze-drying. Polymer&45 and 146 demonstrate porphyrin anchoring on polymers atpthe
position. In the other method, a preformed porphyiinctionalised in themeso position,
porphyrin113, was anchored to polymé#2 to obtain polymed47. Ideally one would like first

to cyclise pyrroled02, 104, 107 and109 into a mono-functionalised porphyrin prior to polgr
anchoring, but the synthetic techniques at ouradigpfailed to generate these porphyrins in a

general synthetic approach. Further research ignestjto achieve this.
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Figure5.2: Structures of synthesised polymer derivatives.
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In a spectroscopic investigation, it was found that the water-soluble polymer-bound
porphyrins, the wavelength value of the Soret bawerlapped almost exactly with the one of
the metal-free tetraphenylporphyrin. This maddetcthat the polymeric porphyrins still have
the correct spectroscopic properties that wouldwvalthem to be used as photodynamic

anticancer drugs.

For the metallocene-porphyrins, the Soret bapg value was not greatly influenced by the
presence of one or two electron-donating ferroggoap on themeso position of the porphyrin
macrocycle. Neither did the metallocene positiotmad ferrocene groups either at two adjacent
meso positions nor at two oppositeeso positions on the porphyrin ring shift the Soremdbanax
value. The porphyrin substituted on tmeso positions with ruthenocene groups on opposing
(trans) positions showed a more bathochromic (red) shifthe Soret band compared to the
ferrocene-porphyrin counterparts. This result coméid that although all the metallocene-
containing porphyrins holds promise as potentigicancer drugs by virtue of the presence of
both a chemotherapeutic moiety, the metallocenapgrand a photodynamic active group, the
porphyrin macrocyclic core, the ruthenocene dereaiare potentially the most important
because of the red-shift of the Soret band figixx = 424 nm for ferrocene derivative X@ax =
439 nm for the ruthenocene derivative. Soret bapgdx for the mother compound,
tetraphenylporphyrin is 416 nm.

Electrochemical studies in dichloromethane utiisicyclic voltammetry, linear sweep
voltammetry and Osteryoung square wave voltammetye performed on most synthesised
complexes. In general all the Fc/Fcouples were mostly found to be chemically and
electrochemically reversible while the Rc/Rmuples were chemically and electrochemically
irreversible. Almost all ruthenocene-containing @bexes also exhibited multiple cathodic
(reduction) waves due to the formation of dimerizedthenicium species such as
[(CsH4R)(CsHs)RU'-" Ru(GsHs),]**. Here R is a porphyrine species.

The electrochemistry of ferrocene-containing pyrolderivatives revealed that the
electrochemistry of ferrocenyl group is electrocieaiy reversible withAE, values smaller
than 90 mV and current ratios approximately ongcan rates between 100 and 500 thVs

For the metallocene-dipyrromethanes, the ferrocemgmplex was chemically and

electrochemically reversibly oxidised and reducaty @t slow scan rate (100 m¥s while for
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the ruthenocenyl dipyrromethane only an oxidatiatf reaction could be identified at£= 513
mV (at scan rate 100 ms

The electrochemistry of all tetraphenylporphyrimngdexes showed four one-electron-transfer
redox processes for the porphyrin macrocycle cortheé potential widow that dichloromethane
as solvent allows. This study showed that subgiruat thep-pyrrole position of the porphyrin
macrocycle introduces more electron density maatmi capabilities than substitution at the
para, meta or ortho positions of the phenyl ring on timaeso position of the porphyrin ring. For
example, thg-substituted aldehyd@&5, showed B = -1741 or -1481 mV for waves 1 and 2 at
potentials 376 and 174 mV more negative than tlulmserved for the acid13 for the two
observed reduction processes.

The redox active centres’ of the metallocene-caoimgi porphyrin derivatives exhibited E*' and
Epa Values that are independent of the position okteetron-withdrawing Cfgroups if the Ck
group is in thepara or meta position of the phenyl ring on theeso position of the porphyrin
macrocycle. However, if the GRs on theortho position of themesophenyl ring a significant
effect on E°' values can be observed. This effext 80 extensive that the second oxidation wave
(wave 6) of such porphyrin was shifted so muchargér potentials that it went completely of
scale in the potential window that @El, as solvent allow. With respect to wave 1, thet firs
reduction potential wave of these porphyrins,dht@o effect was greatest with E°' values being
lowered from -1971 mV till -2100 mV. In general wation potentials was lowered up to 130
mV for wave 1 because @ftho substitution. For wave 5, the first ring-baseddaxion wave,
ortho substitution led to oxidation potentials beingreased by up to 60 mV; from 938 mV for
125 to 1003 mV forl28.

The number of metallocene groups on theso positions of the porphyrin ring as well as the
specificmeso position that two metallocene occupies; i.e. agljaor opposingneso positions
also had an effect on the value of formal reducpotentials. The effect is greatest for wave 5,
the first ring-based oxidation. If only one metaboe is located on a porphyrin, typical wave 5
E°' values are 824-836 mV for metal-free compleg2s, 124, 127. If two ferrocenes are
substituted on the porphyrin, E®' can be as lagg@&@b3 mV (forl28). In general, ferrocenyl
fragments in opposingeso positions, likel22, 125 and128, has a bigger influence on formal
reduction potentials than ferrocenyl fragments diaeentmeso positions. Shown below is the
CV of porphyrin126 for demonstration purposes.
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Figure 5.3: Cyclic voltammograms of porphyrii26 in dichloromethane at a scan rate of 100, 200, 300 and
500 mVs' on a glassy carbon working electrode. Fc* = dec¢hyiierrocene as internal standard. Peak labelés!
from an unidentified impurity, and is not regardedpart of the main CV of this porphyrd@6.

Spectacularly, utilisation of [NBJ[B(Ce¢Hs)s as supporting electrolyte not only led to
resolution of closely overlapping ferrocenyl-basgeictrochemical process, but it also allowed

detection of resolved RIRU"

couples in ruthenocene-containing porphyidii. Normally this
would not be possible with conventional electradyseich as [NB4[PFg]. Nickel coordination
appeared to levitate all electrochemical differentleat could be detected in the metal-free

complexes.

Quantum computational chemistry showed that thealethethods, namely DFT, could be used
to deduce thé\.nax value of unsynthesised phthalocyanines after opitng the theoretical
structures of these phthalocyanines. This coularip®rtant in order to design a phthalocyanine
complex that has amax value that is red-shifted enough for applicationsphotodynamic
therapy of cancer. HOMO and LUMO energies could bealculated and
n — 7* transitions could be identified, that is involvéd creating the UV/vis spectra of the

complexes.
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5.2 Future perspectives

Having completed the research herein reported, abovious that this research is very wide and
multidisciplinary. Future studies may expand vasiqarts of the information obtained in this
study. These could include variation of the centnaftal in the porphyrin macrocycle core to
include Al, Co, Fe, Zn and other metals. The eftédhese changes may be explored by UV/vis,
CV and other techniques. The influence of differmetal centres in the metallocenyl group such
as Co, Os and Ti may also be explored. A detailetbdiical study on the complexes that are
suitable for photodynamic treatment of cancer sthoeteive attention. These would especially

include the Al, Gd and Zn complexes.

Porphyrins and phthalocyanines are also very aet$velectrocatalysts for thiol oxidations and
for oxygen transfer to alkenes generating epoxideswards this industrial application,
especially the Fe, Co, Mn and Ru complexes woulgimenising due to the multiple redox
states Fe, Co, Mn and Ru can assume. The presés o€ metallocene-containing porphyrins
represent a new class of porphyrins and it couldabery rewarding study to determine the

catalytic properties of these complexes in follogvstudies.

Another potential future field of investigation tee mentioned here, concerns the field of
polymers. Investigations could be done into thespmisty of effectively coupling both a

metallocene and porphyrin moieties onto the sanmgnpr. These complexes could lead to
possible synergistic effects in chemotherapy. mthetic methodologies reported in this study
should also be further studied. In particular, mdgmust be found to synthesise controllghly

substituted carboxylic acid functionalised porphgri and to anchor them on suitable
biodegradable polymers. In this study poly(aminmaderivatives were focused on as potential
water-soluble polymeric drug carriers, but otheitadle polymeric drug carriers may also be

searched for. Especially sugar entities would belipduce drug selectivity in cancer therdpy.

5.3 References
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Appendix 1

Proton NMR
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Spectrum 4: 3'-(3-Pyrrolyl)propenioc acid, 108 (CD3),SO
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Spectrum 7: (3-Pyrrolyl)carboxylic acid, 102
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Spectrum 10: 4'-[1-(Phenylsulphonyl)-(3-pyrrolyl)butanoic acid, 106 (CDR).SO
(CH5)3COOH
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Spectrum 13: Ruthenocenecarboxyaldehyde, 70 C
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Spectrum 16: N-(1'-Ferrocenylethyl)-1-(phenylsulphayl)-4'-(3-pyrrolyl)butanamide, 112
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Spectrum 19: 5-Ferrocenyldipyrromethane, 116 DCl3
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Spectrum 22: 5,10,15,20-Tetraphenylporphyrincoppet(), 36 CDCl;
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Spectrum 25: 5-p-Aminophenyl)-10,15,20-triphenylporphyrin, 114 CCCl3
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Spectrum 28: 5-Ferrocenyl-10,15,20-trig¢-trifluoromethylphenyl)porphyrin, 121 CDCI 3
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Spectrum 31: 5-Ferrocenyl-10,15,20-trigg-trifluoromethylphenyl)porphyrin, 124
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Spectrum 34: 5-Ferrocenyl-10,15,20-trigg-trifluoromethylphenyl)porphyrin, 127
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Spectrum 37: 5,15-Bisruthenocenyl-10,20-big{trifluoromethylphenyl)porphyrin, 140
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Spectrum 40: [5,10-Bisferrocenyl-15,20-bigttrifluoromethylphenyl)porphyrinato] nickel
(I, 132 CDCk
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Spectrum 41: [5-Ferrocenyl-10,15,20-trig-trifluoromethylphenyl)porphyrinato] nickel
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Spectrum 42: [5,15-Bisferrocenyl-10,20-bis{-trifluoromethylphenyl)porphyrinato]
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Spectrum 43: [5,10-Bisferrocenyl-15,20-bis{-trifluoromethylphenyl)porphyrinato]
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Spectrum 46: [5,10-Bisferrocenyl-15,20-bisttrifluoromethylphenyl)porphyrinato]
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Spectrum  47:  [5,15-Bisruthenocenyl-10,20-bipftrifluoromethylphenyl)porphyrinato]
nickel (1), 141 CDCk
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Spectrum 49: Polysuccinimide-4-(3-aminopropyl)morplbline:ethylenediamine, 142 RO
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Spectrum 50: Polymer 142 adduct bearing bearing 33-pyrrolyl)propionoic acid, 143
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Spectrum 52: Polymer 143 adduct bearing 3'-(5,10,1%0-tetraphenylporphyrin-2-
yl)propionoic acid, 145
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Spectrum 53: Polymer

144 adduct bearing 4'-(5,10,1%0-tetraphenylporphyrin-2-
yl)butanoic acid, 146
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Spectrum 55: Tetrabutylammonium tetrakis(pentaflourophenyl)borate, 163 CDd
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Appendix 2

UV/Vis spectra
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Figure 1. UV/is spectra of 2HTPP, 12, 2HPor-(0-CFs-Ph)s-Fc, 127, 2HPor-(o-CFs-Ph),-(Fc),-trans, 128, and
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Figure 2: UV/is spectra of 2HTPP, 12, 2HPor-(p-CFs-Ph)s-Fc, 121, 2HPor-(p-CFs-Ph),-(Fc).-trans, 122, and
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Figure 3: UV/vis spectra of 2HTPP, 12, 2HPor-(p-CFs-Ph)s-Fc, 121, 2HPor-(m-CFs-Ph)s-Fc, 124, and
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Atomic coor dinates of geometry optimised structures

TableAl: 1,4,8,11,15,18,22,25-octa(tr ifluor omethyl)phthalocyaninato nickel (11), 148

Atom X y z
-0.004900000 -0.004600000 -0.048200000
1.255500000  7.373200000 -1.237700000
2.929900000 5.383500000 -0.969600000
-0.005900000  1.907700000 -0.178200000
2.350400000 2.366600000  0.016100000
0.707000000  4.082400000 -0.610100000
1110700000  2.711900000 -0.272000000
0.715400000  6.446000000 -1.065300000
1424900000 5.268700000 -0.870900000
1.250000000 -7.354600000 -1.400800000
2.916600000 -5.329100000 -1.159700000
-0.001100000 -1.912700000 -0.181200000
2.366500000 -2.361700000 -0.071700000
0.707800000 -4.073400000 -0.669500000
1.119400000 -2.708500000 -0.329800000
0.711100000 -6.439600000 -1.173600000
1424600000 -5.254800000 -0.990700000
-1.200800000  7.388300000 -1.290900000
-2.901500000  5.398100000 -1.092800000
-2.370100000  2.356900000 -0.051800000
-0.709700000  4.081900000 -0.636700000
-1.125900000  2.709500000 -0.308800000
-0.675800000  6.456000000 -1.094700000
-1.405500000 5.284700000 -0.928800000
-1.208700000 -7.386800000 -1.287400000
-2.918600000 -5.431900000 -0.913700000
-2.356800000 -2.378500000  0.017200000
-0.704900000 -4.091800000 -0.618600000
-1.116600000 -2.722200000 -0.270300000
-0.679900000 -6.451900000 -1.112100000
-1.407700000 -5.290200000 -0.872900000
7.285400000 1.229400000  1.525000000
5.307500000 2.913300000  1.122100000
1.897700000 -0.002500000  0.093600000
4.043100000 0.703000000  0.645500000
2.694500000 1.116600000  0.262900000
6.380100000  0.690600000  1.266800000
5.207100000 1.417100000  1.002700000
-7.319500000  1.233000000  1.423800000
-5.334000000  2.949900000  0.941900000
-1.905900000 -0.008000000  0.095000000
-4.065500000 0.699600000  0.599100000
-2.709600000  1.110800000  0.215700000

z
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-6.401800000 0.692700000  1.201800000
-5.242300000  1.404300000  0.907700000
7.300500000 -1.238300000  1.472000000
5.317600000 -2.962700000  0.992200000
4.055500000 -0.711500000  0.613300000
2.700700000 -1.119700000  0.215600000
6.380700000 -0.700300000  1.235700000
5.228900000 -1.409200000  0.938300000
-7.302700000 -1.235200000  1.506100000
-5.313700000 -2.929200000  1.132600000
-4.058300000 -0.716600000  0.637100000
-2.699600000 -1.128200000  0.260600000
-6.389400000 -0.702300000  1.246400000
-5.227300000 -1.419300000  0.993600000
3.499500000 5.468600000  0.260300000
3.487200000  4.362300000 -1.650800000
3.293900000 6.527700000 -1.629600000
3.541000000 -5.515800000  0.036400000
3.429600000 -4.237800000 -1.758000000
3.274100000 -6.401700000 -1.935400000
-3.445700000 -5.441400000  0.338100000
-3.510200000 -4.458700000 -1.638400000
-3.291100000 -6.618500000 -1.487300000
-3.528600000  5.472900000  0.110400000
-3.426200000  4.380400000 -1.807000000
-3.237200000  6.547900000 -1.760100000
4.306400000  3.438300000  1.870100000
5.305400000  3.501600000 -0.099900000
6.475500000  3.298700000  1.725700000
4.324800000 -3.504900000  1.726800000
5.304600000 -3.486200000 -0.251800000
6.493400000 -3.358100000  1.568000000
-4.313500000 -3.428900000  1.893300000
-5.299400000 -3.532100000 -0.081200000
-6.482500000 -3.309900000  1.733500000
-4.377100000  3.495900000  1.724200000
-5.255300000  3.467100000 -0.303500000
-6.535300000  3.358000000  1.454800000

M M T M M M M M M M M M M M M M m M m m m T T T O O00O0OI00O0O0OO0noITaonoaon

Table A2: 2,3,9,10,16,17,23,24-octa(trifluor omethyl)phthalocyaninato nickel (1), 149

Atom X y z
Ni 0.005900000 -0.003200000  0.000300000
1.564400000 7.793900000  0.023600000
2.499900000 5.310200000  0.010000000
0.003200000  1.910100000  0.000500000
2.385100000 2.385200000 -0.005800000
0.696300000  4.126500000  0.002300000
1.114200000  2.735400000 -0.002000000

O 0Oz 2 ITO0
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0.718200000  6.527700000  0.009500000
1.414300000  5.319700000  0.007400000
1.525100000 -7.834000000  0.010100000
2.502600000 -5.354000000  0.002300000
0.008600000 -1.918600000  0.002000000
2.392200000 -2.383200000 -0.004700000
0.704300000 -4.140000000  0.001800000
1.123100000 -2.737600000 -0.000300000
0.697800000 -6.548300000  0.005700000
1.415200000 -5.350300000  0.002900000
-1.559600000  7.806100000 -0.004100000
-2.505700000  5.322400000  0.000200000
-2.383200000  2.374600000 -0.000700000
-0.696300000  4.127700000  0.002400000
-1.112700000  2.726400000  0.000600000
-0.713200000  6.533200000  0.004800000
-1.418400000  5.330000000  0.002500000
-1.599400000 -7.783300000  0.013900000
-2.507600000 -5.293600000  0.007900000
-2.373300000 -2.388900000  0.007300000
-0.688600000 -4.131600000  0.004200000
-1.102800000 -2.740200000  0.004900000
-0.734000000 -6.528700000  0.007000000
-1.420500000 -5.315100000  0.006200000
7.835700000  1.570000000 -0.027700000
5.320800000 2512100000 -0.022600000
1.918300000  0.002000000  -0.006400000
4.132700000  0.702300000 -0.015900000
2.739600000  1.116000000 -0.009500000
6.539200000  0.716400000 -0.016100000
5.323700000  1.424700000 -0.019800000
-7.788800000  1.532300000 -0.012600000
-5.326500000  2.480400000 -0.015200000
-1.907100000 -0.006600000  0.003800000
-4.130900000  0.681900000  0.000100000
-2.729200000  1.103800000  0.000400000
-6.526100000  0.684800000 -0.009900000
-5.328000000  1.392800000 -0.008500000
7.788100000 -1.574700000  0.012700000
5.316300000 -2.498200000 -0.003700000
4.138600000 -0.691300000 -0.013000000
2.737400000 -1.111100000 -0.008300000
6.533800000 -0.712700000 -0.008500000
5.328500000 -1.410700000 -0.009100000
-7.780100000 -1.609500000 -0.012400000
-5.286300000 -2.529300000  0.012700000
-4.120100000 -0.710900000  0.006700000
-2.727400000 -1.121000000  0.007400000
-6.518000000 -0.753100000 -0.001200000
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-5.305700000 -1.442100000  0.007200000
1.358000000  8.539700000  1.138900000
1.325600000  8.591100000 -1.048200000
2.895300000  7.501200000 -0.003500000
1.292200000 -8.596000000  1.108200000
1.291300000 -8.606200000 -1.080800000
2.861100000 -7.558200000  0.008000000
-1.388600000 -8.551100000  1.113700000
-1.390500000 -8.566700000 -1.075000000
-2.926700000 -7.471000000  0.012700000
-1.325100000  8.593200000  1.076700000
-1.347800000  8.561400000 -1.112000000
-2.891100000  7.513000000  0.013300000
8.642000000  1.299100000  1.026900000
8.560200000  1.383800000 -1.158500000
7.541800000  2.898500000  0.033500000
8517400000 -1.396200000  1.145700000
8.607500000 -1.322500000  -1.040800000
7.485300000 -2.902100000 -0.042700000
-8.600900000 -1.339800000  1.034500000
-8.504000000 -1.447100000 -1.149700000
-7.476500000 -2.936100000  0.064400000
-8.524200000  1.365900000  1.117900000
-8.598000000  1.252300000 -1.067200000
-7.499600000 2.861700000 -0.089900000
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Table A3: 1,4,8,11,15,18,22,25-octa(methyl)phthalocyaninato nickel (11), 150

Atom X y z

z

-0.000400000 -0.000300000 -0.002300000
1.671700000 -0.511800000  0.790400000
2.375600000 -2.271800000 -0.721200000
0.256900000 -1.301300000 -1.393600000
1.731000000  0.944000000  2.726800000
2246900000 0.027900000  1.926500000
3.557800000 -0.565600000  2.161300000
4535300000 -0.325200000  3.144300000
5.704700000 -1.077500000  3.030900000
5.900400000 -2.011200000  2.004000000
4.936100000 -2.256600000  1.022800000
3.750900000 -1.506500000  1.133300000
2.550100000 -1.466300000  0.311700000
1.307200000 -2.194700000 -1.494800000
1.132000000 -3.053300000 -2.657200000
1.880400000 -4.146700000 -3.125300000
1.423100000 -4.730000000  -4.309800000
0.302200000  -4.249500000 -4.991500000

-0.457700000 -3.171400000 -4.522700000

-0.027900000 -2.597500000 -3.314300000
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0.572100000  1.527100000  2.473600000
4.391800000  0.668800000  4.259600000
5.203700000 -3.253200000 -0.066900000
3.085200000 -4.707000000  -2.428000000
-1.623700000 -2.671400000 -5.324300000
6.498200000 -0.927100000  3.765400000
6.841900000 -2.562600000  1.962800000
1.961200000 -5.590300000 -4.712900000
-0.000600000 -4.734600000 -5.922200000
4.190700000  1.675300000  3.871400000
3.553700000  0.406900000  4.918300000
4.478000000 -4.074400000  -0.042400000
5.112600000 -2.787400000 -1.056600000
3.921300000 -3.998100000  -2.448300000
2.872900000 -4.908600000 -1.370600000
-2.150300000 -3.503800000 -5.810800000
-2.316300000 -2.110600000 -4.697200000
-0.572600000 -1.531600000 -2.476700000
-0.257100000  1.301100000  1.389400000
0.028500000  2.591400000  3.315400000
-1.731400000 -0.949300000 -2.730900000
-1.307300000  2.195500000  1.489300000
-1.134000000  3.052900000  2.653300000
0.458500000  3.162000000  4.528800000
-2.245900000 -0.031500000 -1.931800000
-2.375100000  2.272500000  0.714800000
-1.878100000  4.149300000  3.131500000
-0.298300000  4.239400000  5.002300000
1.627400000 2.662100000  5.330700000
-1.671700000  0.510300000 -0.795800000
-3.557000000  0.563600000 -2.166200000
-2.549900000  1.465800000 -0.317100000
-1.417200000  4.725400000  4.321000000
-3.081800000  4.723600000  2.438800000
0.005400000  4.721000000  5.934600000
2.158400000  3.497200000  5.807900000
2.315000000  2.096200000  4.703400000
-4.543300000  0.330900000 -3.146100000
-3.748600000  1.505500000 -1.137900000
-1.953400000 5.585900000  4.727000000
-3.924100000 4.021600000  2.458300000
-2.870800000  4.928600000  1.381900000
-5.712000000  1.089400000 -3.028000000
-4.405400000 -0.661000000 -4.264700000
-4.931700000  2.258300000 -1.021400000
-5.900900000  2.019800000  -1.999900000
-6.507100000  0.942100000 -3.761400000
-4.207300000 -1.669300000 -3.879200000
-3.566800000 -0.401200000 -4.923900000
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-5.198700000  3.252600000  0.072200000
-6.840900000 2.574100000 -1.953500000
-4.472800000 4.073900000  0.050000000
-5.107900000  2.784000000  1.060800000
-3.393000000  5.655500000  2.927100000
-6.208100000  3.670100000 -0.031600000
-5.323400000 -0.690600000 -4.865000000
-1.276100000 -1.993000000 -6.120900000
3405100000 -5.639000000 -2.910400000
6.212300000 -3.671200000  0.037100000
5.309000000  0.702800000  4.860900000
1.281700000  1.991400000  6.133100000

I r T T r* T T T T T T O

Table A4: 2,3,9,10,16,17,23,24-octa(methyl)phthalocyaninato nickel (11), 151

Atom X y z

P

0.007800000 -0.001600000  -0.000500000
1.688000000 -0.491700000  0.766300000
2.381600000 -2.279700000 -0.725300000
0.248500000 -1.314000000 -1.369100000
1.819000000  1.046100000  2.643500000
2.289600000  0.084100000  1.871400000
3.581600000 -0.528400000  2.108000000
4.572800000 -0.286200000  3.054500000
5.748600000 -1.035400000  3.005400000
5.918800000 -2.034200000  2.001000000
4.909300000 -2.269500000  1.063000000
3.744800000 -1.507600000  1.124300000
2550100000 -1.471500000  0.303600000
1.310300000 -2.193600000 -1.489900000
1.119700000 -3.045500000 -2.649300000
1.868600000 -4.092400000 -3.178800000
1.417900000 -4.722300000 -4.339500000
0.218900000 -4.281800000  -4.974900000
-0.527900000 -3.238900000 -4.420700000
-0.072300000 -2.634600000 -3.251400000
0.648100000  1.597200000  2.399900000
-0.607400000 -1.569600000 -2.426200000
-0.232300000  1.311800000  1.370500000
0.091900000  2.668500000  3.241000000
-1.767000000 -0.998200000 -2.688600000
-1.321300000  2.154400000  1.516100000
-1.141100000  3.012300000  2.665900000
0.550400000  3.320800000  4.386200000
-2.254500000 -0.060400000  -1.900500000
-2.403600000  2.220200000  0.765400000
-1.930000000  4.023000000  3.212800000
-0.233000000  4.334600000  4.951000000
-1.673200000  0.486900000 -0.770000000
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-3.555500000 0.543400000 -2.131700000
-2.553400000  1.437100000 -0.284300000
-1.478500000 4.692900000  4.354500000
-4.544100000  0.328100000  -3.091900000
-3.742100000  1.483800000 -1.113300000
-5.736400000  1.059400000 -3.019100000
-4.914700000 2.232700000 -1.034700000
-5.922400000  2.020200000  -1.981500000
1.507200000  3.044900000  4.833800000
-2.883000000  4.288700000  2.752200000
-5.047000000  2.965900000 -0.237200000
-4.392900000 -0.408200000 -3.883100000
-1.448900000 -2.900200000 -4.894600000
2.787300000 -4.416000000 -2.690300000
5.033400000 -3.027900000  0.290600000
4.433400000 0.483200000  3.813500000
0.247700000  5.051200000  6.190400000
0.372700000  6.130500000  6.010600000
-0.470300000  4.949700000  7.019100000
1.211500000  4.650200000  6.526300000
-2.309900000  5.801600000  4.954400000
-2.598100000  5.575400000  5.992800000
-3.226800000  5.963300000  4.375100000
-1.753200000  6.751400000  4.981300000
-7.214300000  2.794600000 -1.860200000
-7.930800000  2.262000000 -1.211000000
-7.707700000 2.943200000 -2.829800000
-7.037500000  3.782100000 -1.410600000
-6.819500000  0.810600000  -4.042800000
-7.757400000  0.483600000 -3.569200000
-6.511100000  0.033700000  -4.753000000
-7.051300000  1.719300000 -4.619000000
-0.252600000 -4.947400000 -6.245400000
-0.533800000 -5.997500000 -6.069900000
0.534200000 -4.956100000 -7.014800000
-1.126300000 -4.429800000 -6.658200000
2.201900000 -5.872000000 -4.924400000
1.571300000 -6.764600000 -5.054400000
3.044100000 -6.143000000 -4.276300000
2.605500000 -5.622700000 -5.918900000
7.198300000 -2.832700000  1.940300000
7.157900000 -3.579900000  1.138600000
7.394900000 -3.358200000  2.887400000
8.068100000 -2.183100000  1.753500000
6.842400000 -0.785100000  4.014700000
7.799800000 -0.551500000  3.525200000
7.018200000 -1.670200000  4.645000000
6.583800000  0.052600000  4.674500000
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Table A5: 1,4,8,11,15,18,22,25-octa(methoxy)phthalocyaninato nickel (1), 152

Atom X y z

Ni  0.000800000 -0.008300000 -0.013300000
-0.005300000  1.908200000  0.009300000
2.372200000  2.382500000  0.044500000
0.688700000  4.126200000  0.079000000
1.104100000  2.735100000  0.053700000
0.674100000  6.517300000  0.111600000
1.414600000  5.331200000  0.131400000
0.010000000  -1.924900000  -0.001000000
2.391400000 -2.375600000 -0.032900000
0.725800000 -4.138500000  0.055300000
1.126000000 -2.742000000  0.013700000
0.721100000 -6.533200000  -0.000700000
1.453800000 -5.346800000  0.052300000
-2.385500000  2.365100000 -0.028400000
-0.712600000  4.119000000  0.021600000
-1.119200000  2.727700000 -0.006100000
-0.727900000  6.512800000  0.027600000
-1.452900000  5.317300000 -0.021200000
-2.371800000 -2.397400000 -0.002100000
-0.682300000 -4.141400000  0.038000000
-1.100700000 -2.751300000  0.013400000
-0.686600000 -6.544700000 -0.036300000
-1.414500000 -5.347700000 -0.007200000
1.918200000  0.000800000  -0.025800000
4.127700000  0.717500000 -0.074900000
2.734700000  1.117800000 -0.013100000
6.520200000  0.736600000 -0.181300000
5.325600000  1.458800000 -0.101800000
-1.916700000 -0.015400000 -0.038000000
-4.130100000  0.684700000 -0.049400000
-2.739000000  1.097500000 -0.043800000
-6.528200000  0.710600000 -0.016400000
-5.323800000  1.421800000 -0.041100000
4.134100000 -0.684300000 -0.126300000
2.747000000 -1.106200000 -0.071300000
6.528200000 -0.666300000  -0.248600000
5.341000000 -1.405900000 -0.229200000
-4.134500000 -0.725100000 -0.049100000
-2.735900000 -1.132100000 -0.036900000
-6.535300000 -0.691900000 -0.024800000
-5.351800000 -1.431500000 -0.052500000
-5.325000000  2.791300000 -0.143200000
-5.803200000  3.493800000  1.010600000
-6.589900000 2929800000  1.533100000
-4.967900000  3.690700000  1.702900000
-6.220600000  4.446200000  0.658600000
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O  -5.440400000 -2.801800000 -0.159700000
C  -5.653700000 -3.476200000  1.087800000
H  -4.753600000 -3.425600000  1.720200000
H  -6.517000000 -3.050500000  1.625900000
H  -5.867600000 -4.522500000  0.839200000
O  -2.811400000 5.243400000 -0.113200000
C  -3.507700000 6.467100000 -0.326800000
H  -3.438100000 7.134200000  0.547600000
H  -3.128700000 6.994100000 -1.217000000
H  -4.553400000 6.188000000 -0.489000000
@) 2775700000  5.274400000  0.195800000

Cc 3459600000 6.510800000  0.365800000

H 3.277800000  7.202600000 -0.473400000
H 3.172900000  7.000500000  1.311300000

H 4.524500000  6.258400000  0.398500000

) 5.251900000  2.819000000 -0.052900000
C 6.485700000  3.526500000 -0.096200000

H 7.113200000  3.301500000  0.781900000

H 7.051200000  3.303800000 -1.014900000
H 6.219300000  4.588400000 -0.088300000
@) 5.282400000 -2.766400000 -0.312400000
Cc 6.515000000 -3.453800000 -0.507100000
H 6.250200000 -4.510600000 -0.614300000
H 7.026300000 -3.113200000 -1.421400000
H 7.189500000 -3.329200000  0.355700000
) 2.825800000 -5.452400000  0.035900000
C 3.482200000 -5.036400000  1.248000000
H 3.404000000 -3.950300000  1.381000000
H 3.064200000 -5.573400000  2.114500000
H 4.536200000 -5.311800000  1.124200000
O  -2.774700000 -5.280000000 -0.030400000
C  -3.477500000 -6.511300000 -0.179100000
H  -4536900000 -6.242000000 -0.238200000
H  -3.184200000 -7.032900000 -1.103600000
H  -3.315300000 -7.177100000  0.684000000
H 7.488700000 -1.172600000 -0.319300000
H 7.475800000  1.256400000 -0.198700000
H 1.272700000 -7.473300000 -0.016200000
H  -1.200700000 -7.502800000 -0.079600000
H  -7.481200000 -1.234600000 -0.050400000
H  -7.468700000 1.262400000 -0.035700000
H  -1.245200000 7.469900000  0.004500000
H 1.180600000  7.479000000  0.152500000

Table A6: 2,3,9,10,16,17,23,24-octa(methoxy)phthal ocyaninato nickel (11), 153

Atom X y z

Ni  -0.000200000 -0.062600000 -0.009700000
H 2.502100000  5.272600000 -0.137200000
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-0.001600000
2.380000000
0.695500000
1.107200000
0.703200000
1.415900000
2.521900000
0.001500000
2.384500000
0.700100000
1.111000000
0.738200000
1.437700000
-2.517900000
-2.383600000

-0.703600000

-1.112000000

-0.722900000

-1.430000000
-2.502000000
-2.380500000

-0.691300000

-1.106700000

-0.706000000

-1.417400000
5.277100000
1.907700000
4.120400000
2.729900000
6.509800000
5.306000000
-5.240700000
-1.908200000

-4.115100000

-2.731200000

-6.496700000

-5.290000000
5.332700000
4.119400000
2.734300000
6.511300000
5.312900000
-5.366500000
-4.126100000
-2.734600000
-6.519400000
-5.331200000
-7.723000000
-7.738100000

1.849200000
2.320000000
4.062700000
2.673800000
6.451900000
5.254700000
-5.335200000
-1.969000000
-2.443500000
-4.180300000
-2.797000000
-6.569400000
-5.368400000
5.260400000
2.313300000
4.058600000
2.671600000
6.449800000
5.247400000
-5.356200000
-2.450400000
-4.184700000
-2.797500000
-6.574400000
-5.378200000
2.457100000
-0.062500000
0.637700000
1.051500000
0.661400000
1.371200000
2.468400000
-0.069500000
0.629600000
1.044600000
0.687800000
1.381800000
-2.565800000
-0.756800000
-1.174500000
-0.771300000
-1.477800000
-2.558700000
-0.765600000
-1.180500000
-0.746300000
-1.471800000
1.295300000
2.718300000

-0.002500000
-0.109300000
-0.029100000
-0.053700000
-0.039800000
-0.070400000
-0.180400000
-0.012600000
-0.082100000
-0.041000000
-0.054300000
-0.045500000
-0.098000000
0.151000000
0.107800000
0.037300000
0.054200000
0.059900000
0.084300000
0.201900000
0.051500000
0.040400000
0.034400000
0.095200000
0.120100000
-0.161000000
-0.079200000
-0.130100000
-0.112400000
-0.099600000
-0.143600000
0.174600000
0.056900000
0.112000000
0.099200000
0.087900000
0.138300000
-0.013900000
-0.095300000
-0.082500000
-0.053700000
-0.058500000
-0.062700000
0.058400000
0.048800000
0.011400000
0.005200000
0.076800000
0.194900000
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-7.264600000  3.044900000  1.134300000
-7.230800000  3.196500000 -0.656200000
-8.794500000  3.005300000  0.198000000
-7.716100000 -1.398800000 -0.159400000
-8.596900000 -1.403000000  0.978900000
-8.111600000 -1.889700000  1.840200000
-8.907200000 -0.384800000  1.248900000
-9.472100000 -1.987400000  0.674100000
-1.439100000  7.632400000  0.076200000
-1.242600000  8.433500000  1.259800000
-1.638500000  7.909800000  2.143600000
-0.179700000  8.667900000  1.412000000
-1.809500000  9.356300000  1.096200000
1414100000  7.638400000 -0.052900000
1.215900000  8.438400000 -1.236900000
1.615300000  7.916500000 -2.120100000
0.152600000  8.668000000 -1.390800000
1.778600000  9.363600000 -1.072600000
7.743500000  1.255000000 -0.065000000
7.777300000 2.679800000 -0.169000000
7.308900000  3.021800000 -1.105000000
7.274200000  3.156300000  0.686400000
8.837000000  2.953800000 -0.167800000
7.677800000 -1.487400000  0.099400000
8.639200000 -1.390400000 -0.968100000
8.178900000 -1.670700000 -1.928700000
9.063800000 -0.380800000 -1.038400000
9.427900000 -2.108900000 -0.718600000
1.306500000 -7.806900000 -0.114000000
2.709000000 -7.847500000 -0.381100000
2.947100000 -7.324000000 -1.319100000
3.289700000 -7.404600000  0.442200000
2.962800000 -8.907700000 -0.478000000
-1.262800000 -7.814900000  0.193100000
-2.671500000 -7.864500000  0.420800000
-2.946400000 -7.312100000  1.333000000
-3.231400000 -7.457100000 -0.435100000
-2.914800000 -8.924300000  0.547100000

I r T oorrrooIrxTrTrOO0ITITITOOITIIOOIIIOOIIIOOIITIT

TableA7: 1,4,8,11,15,18,22,25-octa(trifluor omethyl)phthalocyaninato zinc (11), 154

Atom X y z
Zn  0.007900000 -0.014300000 -0.007600000
1.715800000 -0.608800000  0.877200000
2.344800000 -2.347100000 -0.684300000
0.270400000 -1.378700000 -1.457900000
1.716500000 0.912700000  2.761800000
2.278800000 -0.003500000  1.973600000
3.642000000 -0.537400000  2.145700000

O o0z 2 2 Z2
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4.685400000
5.888500000
6.088300000
5.086700000
3.839100000
2.581900000
1.284900000
1.087700000
1.676700000
1.329900000
0.439900000
-0.221600000
0.044000000
0.560900000
4.583000000
6.695300000
7.050700000
1.773500000
0.249700000
-0.534900000
-0.253700000
0.015300000
-1.714700000
-1.251500000
-1.021000000
0.295000000
-2.292400000
-2.334200000
-1.583000000
-0.325500000
-1.711100000
-3.687900000
-2.589700000
-1.204700000
-0.116100000
-4.760900000
-3.878600000
-1.620000000
-5.993800000
-5.146300000
-6.185300000
-6.828100000
-7.167500000
4.288000000
5.763100000
3.651500000
5.417700000
5.128300000
4.763600000

-0.261200000
-0.942500000
-1.852200000
-2.121300000
-1.482500000
-1.526000000
-2.303000000
-3.166300000
-4.362300000
-4.840400000
-4.146300000
-3.011600000
-2.565200000
1.528000000
0.749200000
-0.746300000
-2.346000000
-5.764700000
-4.501700000
-1.518200000
1.361200000
2.635000000
-0.940600000
2.302900000
3.220800000
3.148100000
-0.060500000
2.317600000
4.452000000
4.331500000
0.573200000
0.403300000
1.463600000
5.001000000
4.740900000
0.056000000
1.352700000
5.956900000
0.664800000
1.930500000
1.581600000
0.409200000
2.021300000
1.987300000
0.869200000
0.387700000
-3.085900000
-2.579200000
-4.264000000

3.052600000
2.915600000
1.879900000
0.954800000
1.103200000
0.337100000
-1.485300000
-2.667400000
-3.119000000
-4.379900000
-5.193400000
-4.731600000
-3.423400000
2.526700000
4.167900000
3.615500000
1.783500000
-4.739900000
-6.202500000
-2.560400000
1.434100000
3.340200000
-2.766100000
1.434100000
2.562200000
4.621000000
-1.952200000
0.663900000
2.946400000
5.014400000
-0.883900000
-2.063800000
-0.322800000
4.169300000
5.998900000
-2.907400000
-1.024900000
4.476700000
-2.703800000
-0.816000000
-1.672100000
-3.350400000
-1.526500000
3.699900000
4.851200000
5.083500000
-0.159000000
-1.381800000
-0.002400000
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6.752800000 -3.390700000 -0.178700000
1.173800000  2.476800000  5.650700000
0.795600000  2.835800000  6.918500000
2475700000  2.848200000  5.532700000
1.095800000  1.128900000  5.597500000
-2.558100000 5.261100000  2.122000000
-2.449700000  6.595600000  2.415600000
-3.846000000  4.921200000  2.400300000
-2.354800000  5.146400000  0.791800000
-5.455300000  2.920100000  0.282000000
-4.873300000  4.120900000  0.035400000
-5.062000000  2.484900000  1.503200000
-6.800300000  3.158400000  0.377200000
-4.654100000 -0.944800000 -4.032200000
-3.815300000 -0.505800000 -5.003000000
-5.863700000 -1.155400000 -4.637000000
-4.230400000 -2.157800000 -3.599200000
-1.142000000 -2.324000000 -5.713500000
-1.146700000 -0.980100000 -5.575700000
-2.419100000 -2.780700000 -5.614000000
-0.751700000 -2.579100000 -7.002500000
2.639700000 -5.211000000 -2.322300000
3.929600000 -4.828600000 -2.523400000
2571500000 -6.522400000 -2.715000000
2.379600000 -5.196700000 -0.997200000

m M T O M T T O Mmoo T T O Mmoo T T O mmom T O Tmmom T O T

Table A8: 2,3)9,10,16,17,23,24-octa(trifluor omethyl)phthalocyaninato zinc (11), 155

Atom X y z
-0.023600000 -0.044900000  0.025000000
1.712000000 -0.583100000  0.867900000
2.390800000 -2.311100000 -0.698300000
0.247100000 -1.415200000  -1.409000000
1.747000000 0.978100000  2.728900000
2.262300000  0.005900000  1.980200000
3.568400000 -0.603700000  2.219300000
4.550200000 -0.370000000  3.174400000
5.744400000 -1.092400000  3.112800000
5.947800000 -2.051200000  2.078100000
4.943300000 -2.289500000  1.136600000
3.760400000 -1.563100000  1.210900000
2.567200000 -1.535400000 0.368900000
1.330400000 -2.255100000 -1.500700000
1.150800000 -3.103200000 -2.676200000
1.917400000 -4.129200000 -3.216000000
1.477900000 -4.765000000 -4.379200000
0.274400000 -4.342100000 -5.013700000
-0.498000000 -3.326000000 -4.446200000
-0.060400000 -2.718600000 -3.274800000

N
=)
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0.584300000
-0.620800000
-0.289800000

0.037200000
-1.784200000
-1.365000000
-1.176100000

0.494500000
-2.301100000
-2.420400000
-1.933200000
-0.263600000
-1.751500000
-3.598600000
-2.597500000
-1.478200000
-4.578100000
-3.781700000
-5.754000000
-4.944800000
-5.941300000
-1.422200000

2.840900000

5.093400000

4.395000000

1.425900000
-4.434600000
-5.083500000
-7.179900000
-2.861700000
-8.333800000
-7.258100000
-7.167900000
-6.799500000
-7.794800000
-7.375700000
-6.252000000
-2.360500000
-3.118900000
-1.653400000
-3.233900000

0.303000000

1.240900000

0.924600000
-0.641400000

6.789300000

7.454400000

7.715300000

6.218100000

1.578400000
-1.651900000
1.332600000
2.661300000
-1.052900000
2.183300000
3.044200000
3.293800000
-0.082200000
2.245700000
4.082000000
4.327800000
0.502800000
0.540500000
1.468200000
4.736900000
0.317400000
1.510800000
1.070300000
2.269400000
2.050100000
-3.008800000
-4.439400000
-3.020600000
0.368500000
2.985400000
-0.434500000
3.014200000
2.925200000
4.386400000
2.232600000
3.515600000
3.936500000
0.740600000
-0.040800000
1.843000000
0.042000000
5.857000000
5.451500000
6.944900000
6.288200000
4.979800000
4.181500000
6.159400000
5.223700000
-0.740200000
-1.818300000
0.130100000
-0.125900000

2.485100000
-2.447400000
1.454100000
3.298400000
-2.690900000
1.537100000
2.702500000
4.448600000
-1.941200000
0.728900000
3.233500000
5.002400000
-0.825800000
-2.189600000
-0.336800000
4.379900000
-3.150200000
-1.189900000
-3.109100000
-1.138000000
-2.091600000
-4.920900000
-2.735300000
0.346800000
3.955800000
4.915200000
-3.920900000
-0.359700000
-1.981800000
2.759000000
-2.150000000
-0.753200000
-2.893100000
-4.162900000
-3.658400000
-4.702500000
-5.199700000
4.908700000
5.964700000
5.303100000
3.952400000
6.254000000
6.842800000
5.976300000
7.196200000
4.160000000
4.639000000
3.668900000
5.236900000
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C 7.222800000 -2.866600000  1.926900000
F 7.287800000 -3.459500000  0.698700000
F 8.342300000 -2.109000000  2.049400000
F 7.300800000 -3.872100000  2.840100000
C 2.366600000 -5.880600000 -4.907000000
F 1.664300000 -6.944200000 -5.368600000
F 3.177500000 -5.452500000 -5.914100000
F 3.190200000 -6.355500000 -3.926900000
C  -0.256400000 -4.950800000 -6.302200000
F  -0.876200000 -6.144100000 -6.089000000
F  -1.183600000 -4.136200000 -6.885400000
F 0.716800000 -5.149800000 -7.226300000

Table A9: 1,4,8,11,15,18,22,25-octa(methyl)phthalocyaninato nickel (11), 156

Atom X y z
0.002500000 -0.008300000 -0.010400000
1.746000000 -0.549400000  0.825300000
2410800000 -2.274300000 -0.748200000
0.275100000 -1.367800000 -1.462000000
1.762900000  0.975400000  2.713900000
2.295200000 0.018300000  1.950200000
3.601200000 -0.596900000  2.197000000
4571100000 -0.376100000  3.191700000
5731700000 -1.148800000  3.100100000
5.928600000 -2.083400000 2.078900000
4.975300000 -2.313900000  1.083400000
3.796800000 -1.549900000  1.167600000
2.601700000 -1.500400000  0.323000000
1.348200000 -2.221300000 -1.555000000
1.165000000 -3.080500000 -2.726800000
1.936100000 -4.135300000 -3.247300000
1449500000 -4.734500000 -4.412300000
0.269600000 -4.312100000 -5.033100000

-0.514400000 -3.274900000 -4.519800000

-0.045900000 -2.673000000 -3.338100000
0.595900000  1.582200000  2.483500000
4.415000000  0.629300000  4.294900000
5.238000000 -3.317600000 -0.000900000
3.204800000 -4.627700000 -2.614300000

-1.770000000 -2.852800000 -5.225200000
6.512400000 -1.011400000  3.849100000
6.859400000 -2.651000000  2.053600000
2.011700000 -5.559500000 -4.850900000

-0.055100000 -4.810800000 -5.947000000
4.341600000  1.645900000  3.889800000
3.495200000 0.457100000  4.863600000
4.487800000 -4.116100000  0.006900000
5.179900000 -2.850400000 -0.990700000

N
=)
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3.974100000

3.040200000
-1.935700000
-2.641400000
-0.592500000
-0.270500000

0.048400000
-1.759600000
-1.343900000
-1.161800000

0.515100000
-2.291300000
-2.406500000
-1.933600000
-0.269800000

1.769300000
-1.741400000
-3.597900000
-2.597500000
-1.448800000
-3.201500000

0.053200000

1.932400000

2.642300000
-4.568700000
-3.793200000
-2.011700000
-3.970200000
-3.035100000
-5.729800000
-4.412900000
-4.972100000
-5.926400000
-6.511100000
-4.339600000
-3.493300000
-5.234500000
-6.857500000
-4.483900000
-5.177200000
-3.589400000
-6.227300000
-5.268900000
-1.714500000

3.591100000

6.231000000

5.270800000

1.714000000

-3.847400000
-4.905400000
-3.468500000
-2.936600000
-1.600800000
1.350800000
2.652800000
-0.994500000
2.204000000
3.061500000
3.251700000
-0.036300000
2.257200000
4.115200000
4.287500000
2.827700000
0.532600000
0.578200000
1.483300000
4.711600000
4.608900000
4.783700000
3.439500000
2.915300000
0.356400000
1.531600000
5.535400000
3.828100000
4.890200000
1.128200000
-0.649100000
2.294800000
2.063200000
0.990400000
-1.665700000
-0.477000000
3.298800000
2.630400000
4.096900000
2.831400000
5.477900000
3.746400000
-0.606200000
-1.801000000
-5.498600000
-3.764700000
0.586500000
1.774600000

-2.608700000
-1.567000000
-6.116600000
-4.567600000
-2.502200000
1.441900000
3.320600000
-2.732300000
1.535500000
2.708600000
4.504600000
-1.969100000
0.728500000
3.230400000
5.019300000
5.211100000
-0.845300000
-2.215100000
-0.342700000
4.397700000
2.596700000
5.935200000
6.105600000
4.556200000
-3.208900000
-1.186200000
4.837600000
2.587100000
1.550600000
-3.116300000
-4.312100000
-1.101000000
-2.095400000
-3.864700000
-3.907000000
-4.881000000
-0.016900000
-2.069600000
-0.024300000
0.972900000
3.140300000
-0.139800000
-4.995000000
-5.530800000
-3.155800000
0.121700000
4.978100000
5.511800000
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Table A10: 2,3,9,10,16,17,23,24-octa(methyl)phthalocyaninato nickel (I1), 157

Atom X y z
0.001000000 -0.012400000 -0.006200000
1.748700000 -0.534900000  0.812600000
2421700000 -2.262900000 -0.758400000
0.266600000 -1.373500000 -1.446200000
1.787500000 1.010100000  2.688400000
2.303200000  0.042300000  1.930900000
3.600800000 -0.577300000  2.173000000
4581000000 -0.369000000  3.140000000
5.760500000 -1.116300000  3.092300000
5.951700000 -2.083000000  2.064200000
4.958600000 -2.288700000  1.103400000
3.788400000 -1.536000000  1.158800000
2.601700000 -1.490900000  0.312900000
1.353900000 -2.208900000 -1.554000000
1.165700000 -3.060300000 -2.723200000
1.935500000 -4.075300000 -3.285600000
1479400000 -4.724300000 -4.435600000
0.240200000 -4.344000000 -5.025400000

-0.526700000 -3.327300000  -4.449300000

-0.064400000 -2.691000000 -3.300300000
0.617100000  1.603900000  2.456600000

-0.614800000 -1.625100000 -2.471300000

-0.264400000  1.352200000  1.431300000
0.067400000 2.671400000  3.284500000

-1.785700000 -1.032200000 -2.702600000

-1.350700000  2.188800000  1.537600000

-1.161300000  3.042300000  2.705200000
0.527200000  3.306400000  4.435400000

-2.301700000 -0.065200000 -1.944300000

-2.419500000 2.241400000  0.743400000

-1.930400000 4.058600000  3.265400000

-0.238700000  4.324100000  5.009500000

-1.748100000 0.510300000 -0.824700000

-3.598500000  0.555600000 -2.187400000

-2.600800000  1.467200000 -0.326000000

-1.475200000 4.707600000  4.416300000

-4.575100000 0.352700000 -3.159200000

-3.787100000  1.512700000 -1.172200000

-5.753400000  1.102400000 -3.113800000

-4.956600000 2.266700000 -1.118300000

-5.947100000 2.065000000 -2.082700000

-1.477600000 -3.033400000 -4.892700000
2.883900000 -4.359300000 -2.829800000
5.098400000 -3.025300000  0.312500000
4.429200000  0.375300000  3.921600000
1476100000  3.009800000  4.882100000

N
=)
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-4.421000000 -0.388300000  -3.943400000
-5.097900000  3.001600000 -0.326000000
7.228900000 -2.881400000  2.005300000
7.222100000 -3.571400000  1.154800000
7.379500000 -3.472200000  2.920800000
8.107800000 -2.227700000  1.904600000
6.834100000 -0.889900000  4.125900000
7.072400000 -1.814400000  4.671900000
6.523400000 -0.135500000  4.856600000
7.771700000 -0.547300000  3.663200000
2.303300000 -5.826100000 -5.051600000
1.742100000 -6.770800000 -5.100400000
3.215900000 -6.004900000 -4.473000000
2597800000 -5.581600000 -6.082900000
-0.249200000 -5.038000000 -6.270800000
-0.385200000 -6.116900000 -6.104900000
0.467900000 -4.935000000 -7.098400000
-1.207800000 -4.623500000 -6.600900000
-6.823600000  0.881000000 -4.152100000
-7.750000000  0.498000000 -3.697900000
-6.495300000  0.158400000 -4.907100000
-7.088800000  1.815600000 -4.667300000
-7.223400000  2.865000000 -2.025500000
-8.105300000  2.211800000 -1.952800000
-7.358400000  3.476300000 -2.930000000
-7.227900000  3.536700000 -1.160400000
-2.297600000  5.812600000  5.028500000
-2.599300000  5.568900000  6.058000000
-3.206000000  5.995900000  4.444800000
-1.732200000  6.754600000  5.081100000
0.247600000  5.016400000  6.257100000
1.201300000  4.596000000  6.593700000
-0.475700000  4.919300000  7.080000000
0.391700000  6.094100000  6.090600000
-2.877400000  4.343900000  2.807500000

r r rr OTrr*r O0rTrrOIrrrOIrrrTOIrIIrTIrOIrrIrTIrTOIITITOIIT

Table A1l: 1,4,8,11,15,18,22,25-octa(methoxy)phthalocyaninato nickel (11), 158

Atom X y z
Zn  -0.022300000 -0.003600000  0.074000000
N -0.030300000 1.999800000  0.071100000
N 2.364100000 2.401200000  0.071400000
C 0.672900000  4.189700000  0.072300000
C 1.094200000 2.793500000  0.082900000
C 0.670700000  6.588100000  0.033000000
C
N
N
C

1.398100000  5.396300000  0.093200000
-0.014700000 -2.009400000  0.077700000
2.380200000 -2.384500000  0.028800000
0.710400000 -4.199600000  0.069900000
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1.114300000 -2.792500000  0.069900000
0.695100000 -6.593500000 -0.075700000
1.428800000 -5.410900000  0.033300000
-2.424100000  2.380800000  0.038300000
-0.738400000  4.187300000  0.017700000
-1.154200000  2.786900000  0.037900000
-0.728400000  6.586900000 -0.052200000
-1.458000000 5.395100000 -0.063700000
-2.407700000 -2.406600000  0.061800000
-0.708300000 -4.201600000  0.040800000
-1.135400000 -2.805200000  0.063400000
-0.700700000 -6.601100000 -0.131500000
-1.428200000 -5.406700000 -0.063600000
1.982900000  0.005500000  0.061800000
4.165600000  0.724200000 -0.047400000
2.767900000  1.134900000  0.038200000
6.557200000  0.734800000 -0.235000000
5.365800000  1.456500000 -0.120900000
-2.031900000 -0.010900000  0.084400000
-4.227000000  0.694000000  0.018900000
-2.824400000  1.111500000  0.058900000
-6.612300000  0.667500000 -0.281900000
-5.438100000  1.402900000 -0.092100000
4.171400000 -0.687800000 -0.083500000
2.776400000 -1.112500000  0.002400000
6.562100000 -0.666000000 -0.287100000
5.376700000 -1.402300000 -0.217900000
-4.220400000 -0.728900000  0.008100000
-2.815400000 -1.138800000  0.060300000
-6.602900000 -0.725700000 -0.305200000
-5.419600000 -1.448900000 -0.133600000
-5.566100000 2.771300000 -0.080500000
-5.152500000  3.416900000  1.141200000
-5.663500000 2.960700000  2.001500000
-4.064700000  3.373000000  1.253600000
-5.469400000  4.459900000  1.044400000
-5.509600000 -2.822100000 -0.171000000
-5.244900000 -3.465300000  1.090500000
-4.198300000 -3.330400000  1.387300000
-5.930300000 -3.082000000  1.862200000
-5.440700000 -4.529500000  0.930300000
-2.818700000  5.330900000 -0.157700000
-3.510000000  6.563600000 -0.348800000
-3.404900000  7.224900000  0.524100000
-3.154700000  7.086100000 -1.248400000
-4.561700000  6.295900000 -0.479500000
2.758300000  5.329900000  0.176100000
3457700000  6.569100000  0.236300000
3.309000000  7.162800000 -0.677800000
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Table A12: 2,3,9,10,16,17,23,24-octa(methoxy)phthalocyaninato nickel (11), 159

3.153000000
4.514900000
5.294100000
6.524900000
7.194100000
7.041400000
6.258700000
5.314500000
6.538600000
6.268700000
7.011800000
7.244400000
2.798700000
3.458100000
3.422700000
3.006000000
4.498100000
-2.789800000
-3.486900000
-4.543400000
-3.170400000
-3.343900000
7.517600000
7.510000000
1.248800000
-1.215100000
-7.527600000
-7.544500000
-1.240900000
1.183700000

7.162800000
6.307800000
2.818400000
3.527900000
3.298700000
3.309100000
4.587600000
-2.764800000
-3.456000000
-4.511200000
-3.120000000
-3.328200000
-5.533100000
-5.053700000
-3.960600000
-5.507900000
-5.384000000
-5.343300000
-6.572500000
-6.304000000
-7.067200000
-7.258000000
-1.174000000
1.254000000
-7.530100000
-7.554400000
-1.285600000
1.219400000
7.543300000
7.546000000

1.110900000
0.330400000
-0.080300000
-0.181100000
0.661600000
-1.127400000
-0.153500000
-0.282500000
-0.522700000
-0.614500000
-1.456500000
0.311600000
0.040400000
1.230100000
1.277700000
2.123700000
1.143300000
-0.105700000
-0.304500000
-0.383000000
-1.233400000
0.543800000
-0.385300000
-0.292000000
-0.114200000
-0.216300000
-0.436600000
-0.389900000
-0.107000000
0.045800000

Atom X y z
Zn  0.002800000 -0.060600000  0.005000000
H 2.506900000 5.345200000 -0.102400000
N 0.003400000  1.941300000  0.005100000
N 2.400000000 2.337600000 -0.090000000
C 0.707300000  4.127300000 -0.016600000
C 1.127700000 2.731300000 -0.037700000
C 0.711400000  6.521800000 -0.031000000
C 1.419700000 5.324400000 -0.050800000
H 2.500000000 -5.417700000 -0.224300000
N 0.002300000 -2.051700000  0.005900000
N 2.396500000 -2.458700000 -0.109800000
C 0.702000000 -4.241100000 -0.043400000
C 1.122600000 -2.850000000 -0.060000000
C 0.710900000 -6.635500000 -0.067100000
C 1.418800000 -5.438200000 -0.122000000
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-2.504800000 5.338300000  0.118300000
-2.393400000  2.337100000  0.096700000
-0.701800000  4.125700000  0.031100000
-1.121000000  2.730600000  0.048800000
-0.712600000  6.520500000  0.049500000
-1.417800000  5.321100000  0.067200000
-2.498200000 -5.411900000  0.250800000
-2.392100000 -2.458600000  0.115200000
-0.698100000 -4.240200000  0.064500000
-1.118200000 -2.849400000  0.073500000
-0.711600000 -6.633900000  0.098300000
-1.417100000 -5.435500000  0.148400000
5.348600000  2.451500000 -0.126900000
1.997600000 -0.060700000  -0.100600000
4.185400000  0.641800000 -0.131400000
2.790500000  1.064200000 -0.110700000
6.579500000  0.659000000 -0.101100000
5.376100000  1.365200000 -0.131000000
-5.338300000  2.455400000  0.111500000
-1.991900000 -0.061400000  0.108000000
-4.179000000  0.642600000  0.120800000
-2.785300000  1.063700000  0.113000000
-6.572800000  0.664400000  0.064700000
-5.368900000  1.369400000  0.110000000
5.409000000 -2.561600000 -0.078900000
4.183800000 -0.765400000 -0.120600000
2.789800000 -1.183600000 -0.111000000
6.583000000 -0.769100000 -0.087400000
5.384100000 -1.474200000 -0.100700000
-5.407100000 -2.559000000  0.035000000
-4.179300000 -0.764700000  0.106500000
-2.785900000 -1.183500000  0.110700000
-6.576300000 -0.763900000  0.040400000
-5.381000000 -1.471600000  0.066300000
-7.805100000 1.261800000  0.009700000
-7.829700000  2.689900000  0.070200000
-7.374000000  3.055200000  1.001600000
-7.310800000  3.134500000 -0.790200000
-8.885600000 2.970300000  0.044200000
-7.747600000 -1.474600000 -0.113000000
-8.682400000 -1.394400000  0.979100000
-8.230600000 -1.792900000  1.899400000
-9.020800000 -0.365200000  1.142800000
-9.530800000 -2.020700000  0.688100000
-1.431200000  7.701600000  0.052400000
-1.252100000  8.507900000  1.235700000
-1.651000000  7.983100000  2.115500000
-0.194800000  8.751000000  1.396000000
-1.825200000 9.423700000  1.064600000
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1.427000000
1.242100000
1.638200000
0.183600000
1.814400000
7.812500000
7.837300000
7.374400000
7.326100000
8.893700000
7.747100000
8.717700000
8.263500000
9.145800000
9.499500000
1.277200000
2.678100000
2.912800000
3.261300000
2.929900000
-1.280700000
-2.683800000
-2.924900000
-3.259000000
-2.939000000

7.705900000
8.514800000
7.993200000
8.757000000
9.431000000
1.257500000
2.685300000
3.052400000
3.129000000
2.964900000
-1.493700000
-1.355700000
-1.592200000
-0.347700000
-2.087400000
-7.874900000
-7.916800000
-7.395000000
-7.473600000
-8.975800000
-7.872000000
-7.909300000
-7.383100000
-7.468100000
-8.967300000

-0.032700000
-1.213100000
-2.096100000
-1.368900000
-1.041700000
-0.050700000
-0.109100000
-1.036100000
0.756400000
-0.091500000

0.043500000
-1.011900000
-1.985000000
-1.034900000
-0.787600000
-0.156900000
-0.430800000
-1.369800000

0.388900000
-0.526800000

0.192200000

0.455400000

1.390300000
-0.370900000

0.553900000
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NiPc-np-(OCHa)s, 152

NiPc-p-(OCH3)s, 153

NiPc-np-(CF3)s, 150
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NiPc-np-(OCHyg)g, 152

NiPc-p-(OCHyg)g, 153
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NiPc-np-(OCHa)s, 152

NiPc-p-(OCH3)s, 153

NiPc-np-(CF3)s, 150
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NiPc-np-(OCHsj)g, 152

NiPc-p-(OCHyg)g, 153

NiPc-np-(CF3)s, 150
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NiPc-np-(OCHa)s, 152

NiPc-p-(OCH3)s, 153

NiPc-np-(CFj3)s, 150
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NiPc-np-(OCHaj)g, 152

NiPc-p-(OCHs3)g, 153
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Opsomming

Tydens hierdie studie is ‘n reeks van karboksigigeiunksionaliseerde piroolderivate sowel as
ferroseen- en rutenoseenbevattende dipirometanetefeseer. Porferienkomplekse wat oor ‘n
mono-karboksielsuur funksionele groep in Aiposisie en oor ‘n ferroseen of rutenoseen in die

-5-, of -5,10-, of -5,15meso-posisies beskik is vanaf hierdie pirool derivatecbe

‘n Reeks metaalvrye tetrafenielporferiene wat aonitro, amino of karboksielsuur funksionele
groep op digoara posisie van een van die fenielring beskik, is ¥ai@ol en ‘n gesubstitueerde
bensaldehied berei. ‘n Reeks metaalvrye porfenesteoor ‘n elektronontrekkende ggroep in
die orto, meta en para posisies van ‘n fenielgroep in een of twee van dier meso
porferienposisies sowel as drie of twee elektronk&ade ferroseniel- of rutenosenielgroepe in
die oorblywendemeso posisies beskik, is berei met behulp van ‘n gefismbrde statistiese
kondensasie van korrek-gefunksionaliseerde dipitaareen bensaldehiede. Koper and nikkel is
ook met hierdie porferiene gekomplekseer. Tegnmkewateroplosbare polimere wat oor ‘n
porferien syketting beskik is ook ontwikkel. All®hplekse was ten volle gekarakteriseer met

'H KMR, IR en UV/vis spektroskopiese tegnieke, ert behulp van elektrochemiese studies.

Die nuwe porferiene wat in hierdie studie besksyfmag oor ‘n hoé antikanker aktiwiteit beskik
as gevolg van sinnergistiese effekte tussen dienotexapeutiesaktiewe metalloseengroepe en
die fotodinamiesaktiewe makrosikliese porferienskeDie beskikbaarheid van wateroplosbare
porferienevia wateroplosbare polimeriese geneesmiddeldraerewmeérdie studie berei is, mag
die kliniese toediening van hierdie antineoplastigesneesmiddels aan pasiente vergemaklik.

Elektrochemiese studies het aangetoon dat ferrbsgatiende porferiene oor chemiese en
elektrochemiese omkeerbare een-elektron Fc/Foppels beskik. Die gebruik van
[NBu4][B(CeFs)4] as hulpelektroliet het die identifisering van akektrochemiese omkeerbare
Rc/Rc koppel in plaas van die gewone onomkeerbarsRGBCp,RU" koppel ook moontlik
gemaak. Die metalloseenvry porferiene beskik oaetwen-elektron oksidasiegolwe sowel as
oor twee een-elektron reduksiegolwe. Die metalloseeattende porferiene beskik daarteenoor
oor slegs een een-elektron oksidasiegolf. Die twegds van skaal af in die potensiaalvenster
wat CHCl, as oplosmiddel oor beskik.



ADF kwantumchemiese berekenings is op verskilleradktagesubstitueerde ftalosianiene
uitgevoer om gasfasestrukture te optimiseer en @mneties-voorspelde UV/vis spektrums te
genereer. Die resultate het aangedui dat DFT beisdge gebruik kan word om ‘n ftalosienien te
ontwikkel en beplan wat oor ‘n Q-band met.x waardes beskik wat ver genoeg in die rooi

optiese gebied gestel is ten einde die ftalosiar@engeskik te beskou vir toepassing in
fotodinamiese kankerterapie.



