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Summary

The aim of this research was to develop synthetic strategies for the construction of
multiporphyrin arrays with enhanced m-conjugation. Porphyrin oligomers with extended
conjugation display a bathochromic shift in their absorption profiles and thus have a
diverse range of potential optical applications. As Prof. Senge’s group has interest in the
areas of photodynamic therapy (PDT) and non-linear optics (NLO), the design of such

oligomers took these into account.

One method to enhance the bathochromic shift is via the creation of conjugatively linked
porphyrin oligomers. In our work, a series of symmetric and unsymmetric dimeric and
trimeric porphyrin systems which are connected via conjugated linkers, namely alkyne
and phenylacetylene, were synthesised via palladium catalysed C-C coupling reactions.
These novel unsymmetric dimers and symmetric trimers were synthesised via the
incorporation of all substituents on the monomeric components prior to coupling. The
majority of these conjugated arrays exhibited a significant bathochromic shift in their
UV/vis absorption profiles, in particular the alkyne linked arrays which showed
absorption greater than 720 nm. The mass spectrometry spectra for phenylacetylene and
diphenylbutadiene linked zinc arrays exhibited detachment of zinc from the porphyrin
core in their spectra. These unusual results are both linker and metal dependent, usually

only seen for more labile metals.

To further extend the absorption profile, a series of symmetric and unsymmetric dimeric
and oligomeric porphyrin f-f, meso-meso, -’ triply fused systems were synthesised
via oxidative coupling methods. These arrays exhibit a dramatic bathochromic shift into
the near-infrared region, many displaying absorption of greater than 1050 nm. Again, a
library of bisporphyrins were synthesised in moderate to good yields, employing a
diverse range of substituents on the porphyrin peripheries. Adopting a stepwise synthetic
strategy, unsymmetric directly linked dimers were synthesised, both fully substituted as
well as dimers containing a free meso position. Attempts to triply fuse these
bisporphyrins had mixed results, with the isolation of the free meso arrays being difficult.
A tetrameric fused array, incorporating alkynyl linked porphyrins was synthesised, the
first known example, to our knowledge, of such an array and it exhibited unusual
photophysical results. Encouraging preliminary biological studies of a symmetric triply-

fused dimer indicate that these may be applicable to the field of PDT.



To enable the fine-tuning of the bisporphyrins synthesised, the reactivity of such was
investigated via bromination, nitration, cycloaddition and organolitium reactions. Further
post-fusing chemical transformations, namely organolithium, cycloaddition and
transition-metal catalysed reactions, at the meso- and fS-positions enables the fine-tuning
of such arrays with the aim of enhancing the bathochromic shift and their potential
optical applications. Via organolithium methods, a chlorin fused dimer was synthesised,

few of which are known in the literature.

Finally, a series of porphyrin-carabzole conjugates were synthesised for OLED studies
via a novel synthetic strategy. Carbazole linked porphyrin dimers were synthesised in
good to excellent yields via stepwise Suzuki coupling reactions using bromoporphyrins
and borylated carbazoles as the precursors, the latter of which were synthesised via
known procedures from biphenyl derivatives. For comparative purposes porphyrin-
carbazole monomers with different metal centres were synthesised. Single layer organic
light emitting diodes (OLEDs) were created to demonstrate the optical properties of these
materials. Light emission from these carbazole substituted porphyrins showed better
results compared to previously examined bromo substituted porphyrins with better
electroluminescence and lower turn-on voltages. Dimers exhibited turn-on voltages of 3V
compared to 6V for monomeric porphyrin-carbazoles. Such results display the potential

of porphyrin oligomers as OLEDs.
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CHAPTER 1:

Introduction



1. Introduction

1.1 Porphyrins - Basic structure and roles in nature

Porphyrin is the name given to a family of compounds whose common structural feature
is a tetrapyrrole macrocyclic ring. They are intensely coloured compounds and the name
porphyrin is derived from the Greek word porphura, which was used to describe the
colour purple in ancient times.!'! The macrocyclic ring is made up of four pyrrole-type
ring units linked together by four methine bridging groups whose structure was first
proposed by Kiister in 1912 and proved by Fischer in 1929 upon his synthesis of heme,
the iron porphyrin which occurs in hemoproteins.”*! Of the 22 conjugated m-electrons in
the parent porphyrin structure, shown in Figure 1, only 18 m-electrons take part in the
aromatic system, thus obeying Hiickel’s law for aromaticity (4n+2)."”) The other four n-
electrons possess more double bond character and are not involved in the aromatic

system.

Figure 1.1: Porphyrin structure 1 and the TUPAC numbering system.!*”

There are three different types of carbon atom in the porphyrin structure: a, 5, and meso
carbons. a-carbons refer to those at positions 1, 4, 6, 9, 11, 14, 16 and 19, f-carbons to
those at positions 2, 3, 7, 8, 12, 13, 17 and 18 and meso-carbons to those at postions 5,
10, 15 and 20. The meso and f-carbons can undergo various addition and substitution
reactions. The inner nitrogen atoms can either lose or gain protons to form a dianionic or
dicationic species respectively. Metal ions can insert readily into the porphyrin core to

] Porphyrins can undergo many characteristic aromatic

form metalloporphyrins."
electrophilic substitution reactions, for example halogenations and acylation. The
reactive sites on the porphyrin macrocycle are the meso- and f-positions, and depending
on how electronegative the porphyrin is, either site can be activated. The introduction of

a divalent metal into the porphyrin core activates the meso position to nucleophilic
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attack, although this also occurs with free base porphyrins. Electrophilic metals
deactivate the meso-positions and activate the S-positions. Generally, based on frontier
orbital theory, all electrophilic, nucleophilic and radical addition reactions should
preferentially occur on the meso-positions. Electrophilic addition reactions at the /-
positions form chlorins and bacteriochlorins whilst addition reactions at the meso

positions generate phlorins or porphodimethenes.!"

7
Ny /

R = CH;3 : Chlorophyll a
R = CHO : Chlorophyll b

HOOC COOH N

OCH
2 3 o 3 °

The primary focus of porphyrins in nature is to chelate metals and these metal complexes
of porphyrins play a vital role in biochemical processes. These include oxygen transport
in the blood stream whereby the protein haemoglobin, which incorporates the iron(Il)
protoporphyrin IX 2, reversibly binds oxygen, allowing its transport. Multiporphyrin
systems are involved in the catalysis of biochemical reactions and in photosynthesis
(energy transfer) in plants as they make up components of cytochromes b and ¢ and
chlorophylls 3. Chlorophyll is a reduced magnesium(Il) porphyrin or chlorin with
different substituents at the periphery, as seen with chlorophylls a and b 3, and is crucial
for the photosynthetic process. In green plants and photosynthetic organisms, some
chlorophyll molecules make up part of the photochemical reaction centre which
transduces absorbed light into chemical energy. The other pigment molecules act as light-

harvesting molecules or antennae.!'”)

This light harvesting complex absorbs light energy to generate singlet excitation energy
from the donor molecule, which consists of a dimeric bacteriochlorophyll or ‘special
pair’ (Figure 1.3). The donor transfers the energy stepwise, via an acceptor
bacteriopheophytin to the quinone acceptors, which in turn relay it to the photochemical
reaction centre, through a process of electron transfer.!''! The electron transfer from the

special pair to the pheophytin is extremely rapid and it is in the reaction centre whereby
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the light energy is converted into a separation of charge, thus initiating this oxidation-

reduction chain.

Figure 1.2: X-ray crystal sructure of the photosynthetic reaction centre from Rhodobacter sphaeroides

showing the special pair in red."?!

Through 3D crystal strutures of the photosynthetic reaction centres and light-harvsting

113151 4 is obvious to see the significant and

complexes of cyanobacterial photosystems,
vital role which chlorophyll molecules play in photosynthesis and these structures
provide a deep insight into the understanding of the electron transfer events within the

reaction centre (Figure 1.3).

Figure 1.3: Crystal structure of LH2 complex in Rhodobacter acidophila. Bacteriochlorophyll (BChl)

[13] (16]

B800 is shown in green, BChl B850 in purple, and carotenoids in yellow" *" adapted from.
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As multichromophoric arrays are involved in this process, multiporphyrin arrays have
potential to be used in “artificial photosynthesis™ and solar energy generation due to their
electrochemical and photoactive properties. Porphyrins absorb strongly in the visible
region and thus can form part of an artificial photosynthetic system. Artificial models of
porphyrin arrays with distinct geometries can provide a useful insight into the
mechanisms of electron and energy transfers within these photosynthetic systems and
also could duplicate light harvesting and electron transfer characteristics.!""?? As these
models are of significance, it is crucial to develop synthetic strategies towards the

development of such arrays.
1.2 Multiporphyrin Arrays — Synthetic Considerations

There has been vast advancement in the synthetic strategies towards the functionalisation
and synthesis of monomeric porphyrins over the past few decades. For the synthesis of
simple meso-substituted porphyrins, a variety of condensation reactions can be carried

out, namely the Rothemund*?’! and Lindsey methods*®*7)

whereby numerous
tetrasubstituted A4 porphyrins can be synthesised from the acid-catalysed condensation
of pyrrole with various aldehydes. For the synthesis of A, and A,B, systems, dipyrryl

(28] which utilises

and tripyrryl analogues, namely MacDonald [2+2] condensation,
dipyrromethane derivatives'”>'" and an aldehyde to give the 5,15-A, and A,B,
porphyrins and also [3+1] condensations, whereby tripyrrane is utilised to give access to
5-A and 5.,10-A,/A;B, substituted porphyrins. For unsymmetric tetra substituted
porphyrins, i.e. ABCD porphyrins, numerous strategies can be adopted, namely mixed
condensations and organolithium methods. Mixed aldehyde condensations are not
favoured, as the purification for such is quite tedious and low yielding via this route.
Unsymmetric porphyrins can also be achieved via acyl dipyrryl analogues, a method

[32-33]

developed by Lindsey and co-workers, and more recently, the synthesis of ABCD

(34361 1y respectable yields, although the

porphyrins has been achived via bilane precursors
synthesis by such means requires several intermediary steps. For the synthesis of ABCD
unsymmetric porphyrins from porphine 1, A, A, and A,B, precursors, methods whereby
meso-substituents can be incorporated in a stepwise fashion can be adopted. This allows
for a variety of substituents to be added to the porphyrin in good yields. This includes the
novel meso functionalisations via organolithium reagents, developed by Senge and co-

workers to generate unsymmetrical ABCD porphyrins from the parent porphine e
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This approach is favourable as the mild conditions adopted enable a wide variety of

substituents to be introduced, without prior activation of the porphyrin macrocycle.

A=B=C=D A,
A=B=C; D=H A,

A=B; C=D=H 5,15-A,
A=B;C=D  5,15-A,B,
A=C; B=D=H 5,10 A,

A=C,; B=D 5,10 A;B,

A=B=C=D ABCD
Figure 1.4: meso-Substitution patterns adopting the ABCD nomenclature.

In addition to this method, numerous palladium catalysed coupling reactions can be
applied to porphyrins, enabling almost any substituent to be incorporated into the
porphyrin periphery.'*'**! These require prior activation via halogenation and these halo-
porphyrins provide an essential entry to meso functionalisations."****! The most utilised
palladium catalysed reactions on porphyrins are namely the Suzuki-Miyuara, Heck, Stille
and Sonosgahira couplings, which involve the coupling of haloporphyrins with the
desired substituent to be incorporated into the periphery.[%] The main issue with such
functionalisations is regioselectivity. As the meso position is more reactive towards
electrophilic substitution reactions over the f-pyrrolic position, due to a higher electron
density at the meso position, control over the regioselectivity of halogenation and other
reactions such as nitration is difficult. Recent advancements in transition metal catalysed
reactions on porphyrins by Osuka and co-workers has enabled functionalisation at f
positions over meso, via iridium catalysed reactions.”””) Such advancements in the
organic transformations of porphyrins have opened the door to the synthesis of a range of
functionalised and fine-tuned porphyrins, which can act as precursors towards the
synthesis of multiporphyrinic arrays. There has been comprehensive research into the
development of synthetic strategies towards such arrays and palladium catalysed

couplings, amongst other strategies will be described.

Mulitporphyrinic arrays are important in nature and much work is being undertaken to
create arrays which mimic such biological processes present in light harvesting

complexes for applications in solar energy conversion, etc. (Section 1.1). Multiporphyrin
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arrays can be generated by various routes**) and the strategy adopted will depend on how
the array is connected, i.e. whether it is non-covalently linked or covalently linked, and
also on the type of linker or spacer group between the porphyrin sub-units which form
the array. Many different types of linkages exist, namely non-covalent and covalent.
Non-covalent refer to those arrays linked via self-association, e.g., hydrogen bonding and
metal co-ordination. These self-assembled supramolecular arrays provide a useful insight
into photosynthetic light-harvesting arrays as these highly ordered systems can serve as
mimics to the natural arrays, which are held together in a protein matrix via non-covalent
bonds.***" However, for the scope of this introduction, the focus will be on covalently
linked arrays as this is the motivation for our research. Emphasis will be placed on
carbon-carbon covalently linked porphyrin arrays and the different classes of linkages
which exist, with the main focus being on aromatic, direct and conjugatively linked
porphyrins. Other heteroatomic linked porphyrins, such as ether, ester and amide, exist,
but will not be discussed further. Also, attention will be directed to meso-meso linked
arrays, although there will be some references to other connectivity’s, for example, meso-

[ linked arrays.

We envisaged developing porphyrinic arrays which display enhanced n-conjugation with
the aim of employing these materials to optical applications such as photodynamic
therapy (PDT), organic light emitting diodes (OLEDs) and non-linear optics (NLO).
Such enhancement can be achieved via various strategies and most optical applications
require this feature for improved efficiency. As we are concerned with the electronic
properties of multiporphyrin arrays, it is important to understand the basic theory for

such characteristics.
1.3 Electronic properties of multiporphyrin arrays

Porphyrins have characteristic UV-visible spectra and this provides a useful and powerful
means of identifying different types of porphyrins. Their absorption spectra are similar to
other aromatic compounds in that they have two distinct absorption regions, however,
they absorb in the near-ultraviolet and visible regions unlike other aromatics. The intense

colour of porphyrins is due to this characteristic.

The first region is the Soret band (or B band), named after its discoverer," lies in the
390-425 nm region and this represents the allowed m-n* transition state. In the 480-700

nm region, the weaker Q bands are situated. These consist of between two and four
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bands, depending on the substitution pattern of the porphyrin and whether or not it is in
the free base or metallated form. Free base porphyrins have four Q bands due to their
lower symmetry compared to metallated porphyrins and thus the elimination of
degenerated excited states. Metalloporphyrins have higher symmetry and as a result they
generally only exhibit two Q bands. Gouterman’s four-orbital model (Figure 1.6) is a
theory commonly used to explain the origin of the UV-vis spectra of porphyrins,**>%
allowing for the two highest occupied molecular orbitals (HOMOs) and the two lowest

unoccupied molecular orbitals (LUMOs) of the porphyrin macrocycle to be considered.

The HOMOs (a;, and ay,) are singly degenerate whilst the LUMOs (e, and e,) are
doubly degenerate. The one electron transitions between these molecular orbitals
generate four excited states, with their symmetry being the same and thus causes them to
overlap and interact with one another, both constructively and destructively. The
constructive interaction results in the more intense short-wavelength Soret bands and the
destructive interaction results in ‘forbidden’ transitions giving the less intense long-
wavelength Q bands. The Q bands, according to Gouterman theory, are forbidden but

exist due to molecular vibrations within the macrocycle.

e
% % | | :

egy LUMO egx LUMO
- =
a;, HOMO ap, HOMO

Figure 1.5: Representation of the Gouterman four-orbital theory.

In multiporphyrin arrays, excitonic coupling theory can be used to explain their
absorption spectra. Depending on how the porphyrin subunits are arranged and how they

are linked, different absorption spectra will result. Point-dipole exciton coupling theory,

[55-56]

developed by Kasha et al., may be used to account for spectral changes by
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interporphyrin interactions where the strength of the dipole interaction is signified by
Coulombic interactions. These interactions are dependent on oscillator strength and
orientation and distance relative to one another. ‘Head-to-tail’ orientation results in J-
type excitonic coupling, which is an allowed lower energy transition. ‘Parallel’
orientation results in H-type coupling, which is of higher energy. Most multiporphyrinic
arrays exhibit split Soret bands and this is due to J-type exciton coupling between
adjacent porphyrins.’”’ The most pronounced interactions between porphyrins is
observed when they are directly linked, either singly or triply. Also, the extension of the
porphyrin conjugation results in the decrease in the HOMO-LUMO gap and this is due to
the change in the electron density distribution on the porphyrin.[sgl The absorption spectra
of the porphyrin oligomers depends on the type of linker used, the substituents on the
porphyrin macrocycle and where the porphyrins are linked, which in our case is
predominantly at the meso position. Any enhancement of conjugation will result in a
bathochromic shift in the absorption spectrum of the lowest energy Q band, i.e. Apax. AS
mentioned, the geometry of the array controls the communication between sub-units and
efficiency of electron transfer. For directly meso-meso singly linked arrays, the porphyrin
units are geometrically orthogonal to each other, resulting in a disruption to the m-
electron conjugation and thus little or no bathochromic shift in absorption. Any spectral
changes with respect to monomeric components are induced by Coulombic interactions
of the dipole moments i.e. excitonic interactions.”” Triply fused -8, meso-meso, -8
linked porphyrin are geometrically co-planar and these arrays exhibit a substantial red
shift in absorption due to the enhanced n-conjugation, which greatly reduces the HOMO-
LUMO energy band gap.[57] Arrays linked via conjugated linkers such as alkynyl and
phenylacetylene, exhibit a bathochromic shift due to enhanced m-electron conjugation.
Those linked via aromatic linkers such as phenylene have a more rigid geometry and lack
bathochromic shifts in their absorption profiles. Such arrays are suitable as
photosynthetic mimics as the rigid geometry acts as the structural motif for the protein

matrix in biological light-harvesting systems.
1.4 Applications of multiporphrin arrays

Due to the highly conjugated macrocyclic system, the absorption profile and the stability
of porphyrins, they have a diverse range of applications. These applications include
photodynamic therapy (PDT), catalysis, sensors and applications in materials chemistry,

such as non-linear optics (NLO) and organic light emitting diodes (OLEDs). Highly
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conjugated porphyrin arrays also have potential applications in such areas.””? A selection
of these applications will be discussed in more detail and also how these porphyrin arrays

can be employed for such applications.
1.4.1 Non-linear optics

Optical limiting is a protection method against high-intensity visible light source damage
to the human eye and porphyrins are a target choice as optical limiters. It is a process of
attenuating high intensity light whilst allowing the efficient transmittance of low intensity
ambient light. Non-linear optics (NLO) describes the behaviour of light in non-linear
media and NLO materials have also been widely investigated for potential use in data

storage, telecommunications, computers and display technologies.

Porphyrins have numerous properties which make them desirable materials for the use in

[58. 60-61] These properties include: 1) the fact that the porphyrin structure

optoelectronics.
can be modified to enhance their optoelectronic effect, 2) the delocalisation of =-
electrons in the conjugated macrocyclic ring which gives the large non-linear optical
effects and 3) the thermal-, chemical- and photostability of porphyrins is greater than for
those of “typical” organic chromophores. Conjugated multiporphyrin arrays are of
interest due to their extended m-systems and thus potentially enhanced NLO effect.!®* ¥
Two-photon absorption is a third-order non-linear optical response and TPA-PDT is an

emerging area for cancer-treatment (Section 1.4.3).

1.4.2 Photoinduced electron-transfer (Light-harvesting)

Photosynthetic light-harvesting antennae consist of circularly arranged chromophoresm]

where the exciton transfer processes of photosynthesis take place. In photo-induced
electron transfer, the electrons in th ground state are paired in the HOMO. One electron
transfers into the LUMO in the excited state after the absorption of light. In order to be
efficient, the antenna must absorb in a similar region to that of the light source. Also, as
the singlet excited states do not have a long lifetime, the transfer of energy within and
from the antenna must be rapid. In generating multiporphyrin arrays for this purpose,
electronic communication between the chromophores must be rapid and efficient.
Conjugative linkers are appropriate for such artificial antennas as there is a strong
delocalisation of electrons between the porphyrin units, potentially allowing the

necessary communication.®”’
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The simplest model consists of a porphyrin covalently linked to an electron donor or
acceptor and such two-component systems are known as a dyad. These dyads can
undergo photo-initiated charge transfer under appropriate conditions and their irradiation
leads to the formation of the excited singlet state of the porphyrin. The singlet state,
which is very short lived, may then donate an electron to the attached acceptor to form a
charge separated state. However, this state is also short-lived so does not adequately
mimic the photosynthetic reaction centre which gives long-lived charge separation. Triad
units covalently linked and containing donor and acceptor moieties may provide a better
mimic for the natural photosynthetic process which occurs in a number of steps. The
charge separation for such triads has a longer lifetime and thus provides a better model.
Larger covalently linked cyclic arrays and self-assembled supramolecular constructs
effectively mimic the light-harvesting systems, with electron transfer rates comparable to

those in natural systems. 2" %-¢7]

1.4.3 Photodynamic therapy (PDT)

Photodynamic therapy is a branch of cancer treatment which utilises the combination of a
drug and light to induce a cytotoxic effect in cancerous or other unwanted tissue. A drug,
or photosensitiser, is administered to the body and it accumulates in the malignant
tissue.'®® The diseased tissue is then illuminated with light of an appropriate wavelength

which activates the accumulated drug to the excited singlet state (5)).

PHOTOSENSITISER

SINGLET EXCITED STATE

SUPEROXIDES,

I.S.C.
RADICALS
TRIPLET STATE
ABSORPTION FLUORESCENCE
PHOSPHORESCER

GROUND STATE To

Figure 1.6: Generation of singlet oxygen through photosensitisation.



Chapter 1: Introduction |12

This can undergo intersystem-crossing to the triplet state (77) and this is the species
which can react with ground state oxygen to generate singlet oxygen (Figure 1.6). This,
along with superoxides and radicals, are the the cytotoxic species. Generally it is
accepted that the predominant mode of cell death is via singlet oxygen (Type I), with
some contribution from the superoxides and radicals generated (Type 10).1% As
porphyrins absorb strongly in the visible region, and have excited states with sufficient
lifetimes, they can be easily activated by light and thus can be used as such

photosensitisers.“]

The photodynamic effect of porphyrins was first illustrated in 1913 when Meyer-Betz
injected himself with “hematoporphyrin derivative” or HpD. HpD is derived from
hematoporphyrin and is a mixture of porphyrin compounds.”’gl It was the most commonly
used PDT agent until the 1980’s, when it was purified and partially identified. The active
fraction of HpD, known as Photofrin®, is now used as it has been shown to be twice as
active as HpD."”! Photofrin® is a mixture of porphyrin dimers and oligomers, joined
together by a variety of covalent bonds, Figure 1.7 showing an active dimeric component
4. A number of porphyrin based photosensitisers, primarily monomeric derivatives, have
since been developed as potential PDT agents, for example the commercially available

5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin, Temoporfin § (Foscan®).!7%7!]

HO OH
(©)
H H
COOH
H
HOOC 4 GRY

Figure 1.7: Structure of a dimeric component of Photofrin® 4 and Foscan® 5.

Chlorins and bacteriochlorins are advantageous for PDT due to their longer wavelength
absorbance compared to porphyrin counterparts. Covalently linked porphyrin dimers
have been synthesised and tested for cytotoxicity as models for understanding the

mechanism of action of Photofrin®.!7>7%
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A major drawback of these agents limitation of the cancer types which they can treat, due
to the wavelength dependency of the penetration of light..””) One method to overcome
this is the extension of the m-conjugation of the porphyrin, and as mentioned a convenient
approach to this is the development of conjugated porphyrin arrays. Conjugated
butadiyne linked dimers have recently been shown to be efficient as photosensitisers in
vitro."® These dimers exhibit large two-photon absorption (2PA) and interest in 2PA
PDT is on the increase. Described as an ‘emerging area’ in a recent medical review,””
2PA is a third-order non-linear occurrence, whereby there is excitation of a molecule by
the simultaneous absorption of two photons using strong laser pulses (Section 1.4.1).
With one-photon absorption, the penetration of biological tissue by light is low as
absorption is in the 400-700 nm region, where tissues absorb strongly.”*”! With 2PA,
irradiation at longer wavelengths, into the near IR region of 700-1300 nm, is possible and
thus light can penetrate deeper as biological tissues absorb less in this region. This
potentially could enable to targeting of deeper tumors, making PDT attractive for a wide

range of cancers.m

I Also, the light source required is a focused laser beam which enables
a higher selectivity for the tumour and minimises damage to healthy cells. The efficiency
of 2PA is quantified by two-photon absorption cross-section values (¢) and molecules
exhibiting high ¢ values are of interest to this area. Monomeric porphyrin compounds
without any donor-acceptor groups show low efficiency and thus are poor candidates for
2PA-PDT. However, by increasing the m-conjugation, the efficiency can be greatly
improved. As mentioned, an attractive route to execute this is to link porphyrins via
conjugated linkers or by triply fusing porphyrins together. Such an increase in =-
conjugation results in a substantial increase in o values, as seen with Anderson’s

81 which have o values of 1 x 10* GM and are proving to be

butadiyne linked dimers
promising candidates for PDT application. Using these materials as ‘molecular rotors’,
due to the rotation about the alkynyl bonds, they have also quantified intracellular
viscosity alterations in cells via fluorescent imaging and the effect which this has on PDT

treatment.[gzl

Although the materials mentioned are of benefit to PDT, a major drawback is the general
poor solubility of porphyrins, but there are many means to overcome this issue. One such

route 1s via the incorporation of water-solubilising groups into the porphyrin periphery,

[81] [83] [84]

such a alkoxy chains, sugar moieties, or bile acids * or by constructing

amphiphilic arrays, i.e. constructs with lipophilic and hydrophilic entities. An example of
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this has been given recently with conjugated glycosyl dimers.*® In the cases of sugars
and bile acids, these not only enhance the solubility of the array, but also assist with
tumour targeting. As there is lectin overexpression of tumor cell surfaces, which are
sugar binding proteins, glycosyl-porphyrin conjugates can target specific tumors,
enabling better incorporation and thus efficacy. It also has been shown that bile acids can
promote PDT efficacy by potentiating apoptosis.[87] Another method to overcome the
poor solubility of porphyrins is the development of liposomal formulations, whereby the
porphyrin is incorporated into the liposome as a drug delivery system. Liposomes consist
of a lipid bilayer and therefore can permeate the cell and release the drug within. Known
Foscan®-liposomal formulations,™ such as Foslip®®” and Fospeg®*! have not shown
enhanced PDT effects but with regard to multiporphyrin arrays, liposomal formulations
could provide a solution to their poor solubilities, enabling their incorporation into the
cell and thus their application in PDT. A very recent development in this area was the
discovery of ‘porphyrin hybrid cerasome’ whereby lipid substituted porphyrins self-
assembled to form a liposomal type structure and possessing many advantages over
traditional liposomal formulations.”' Other than the dimers mentioned above, there
has been little focus on the development of porphyrin arrays as potential photosensitisers
but promising in vitro results'’® have shown this to be an emerging area for PDT

enhancement.
1.4.4 Organic Light Emitting Diodes (OLEDs)

The field of organic light emitting diodes (OLEDs), also known as organic
electroluminescent devices, has been developed substantially over the past 25 years, due
to their importance in flat panal displays and electrical devices.'”**! OLEDs are multi-
layered structures consisting of two electrodes, an emissive and conductive layer, as
shown in the schematic representation in Figure 1.8. The electroluminescent layer
consists of organic semiconducting materials which emit light in response to electric
current flowing through it and are of use in everyday devices such as television screens,
mobile phones and computer monitors.”> These OLEDs also have the potential to act as
emitters into the near-IR region, depending on the organic material employed.”® Such

near-IR OLEDs could have diverse optical applications such as in PDT and night vision.
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Figure 1.8: Diagram of a working OLED device

When a voltage is applied to the OLED device, the cathode pumps electrons into the
emission layer whilst the anode pumps electron holes putting the dye material into an
excited state. On return to the ground state, there is a release of energy from the dye in
the form of light or electroluminescence, the colour of which is dependent on the
difference in energy between the ground and excited energy levels.””! There are many
different types of OLED devices, the standard of which adopts fluorescent dyes. By
incorporating phosphorescent dyes, phosphorescent OLED devices can be created which
have an added advantage of longer emission lifetime.'”””® As the colour of light depends
on the differences in energy levels, the structure of the dye molecule will affect this.
Porphyrins are highly chromophoric materials, thus emit light in the red-region and have
a narrow emission width. Therefore, their incorporation into OLED host matrix materials
as dopants is of interest for the development of improved displays. As a result, research

into developing porphyrins for use in OLEDs is expanding.[94' SRl

Porphyrins can be fine-tuned by the substitution pattern on the periphery and through the
modification of their central metal ion, depending on the type of OLED required.
Generally, the host matrices consist of conjugated polymers such as polyfluorene (PFO)
and poly(N-vinylcarbazole) (PVK) which themselves act as strong green and blue
emitters."" These conjugated polymers are attractive as OLED materials as they have

good hole transporting abilities and they have high triplet energy.[94'95]
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Recently, the incorporation of these aromatic moieties into porphyrins has become
attractive for OLED purposes so as to enhance the efficiency of the host, as seen in
porphyrin 6.7 ' 191 platinum porphyrins 7 and 8 have also been shown to have high

external quantum efficiencies when doped into OLED devices.!'?"'%%!

With 8, the fused aromatic groups at the beta-pyrrolic positions enhance the
bathochromic shift of the absorption and emission profiles due to the extended =-
conjugation of the structure. Also, the non-planarity of the structure enhances this shift
making the dye a NIR emitter.!"” "' Phosphorescent OLEDs are desired as they emit

light for longer periods of time and porphyrin trimer 9 has been shown to be an efficient
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phosphorescent dopant in PhROLED devices with an external quantum efficiency of 6 %.

These NIR emitters are of use in applications such as night-vision displays and PDT and

display the potential which conjugated porphyrin arrays have in the field of OLEDs.""®

1.5 Porphyrin arrays with conjugated linkers

Multiporphyrin arrays can be connected through a variety of covalent linkers and
depending on the linker used, the array will function in different applications. The
primary purpose for developing multiporphyrin arrays is for applications in artificial
photosynthesis, to gain a deeper insight into light-harvesting and photo-induced energy
transfer in plants by mimicking such processes.!''!! Additionally, multiporphyrin arrays,
if exhibiting enhanced delocalised m-conjugation, can serve as materials for NLO, PDT
and other optical applications, which require long-wavelength absorption. The electronic
properties of these arrays can be fine-tuned via structural modifications of the porphyrin
sub-units either at the monomeric stage or through post array construction modifications;
for example by variation of the central metal or by alteration of meso and / substituents.
For the scope of this section, focus will be on ethynyl, butadiyne, aromatic and hybrid

ethynyl-aromatic linkers. Multiporphyrin arrays containing other conjugated linkers such
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as alkenyl and azido exist, but will not be further described. There are numerous
synthetic strategies towards the synthesis of such conjugatively linked porphyrin
oligomers. The most predominant are condensation strategies, whereby the necessary
aldehyde precursors are synthesised in a multistep fashion. Stepwise synthesis involving
functionalisations of monomeric porphyrins are also used, culminating in an ultimate
palladium catalysed coupling reaction to form the desired oligomer. The type of coupling
employed is dependent on linker involved and the shape of the architecture, it being

linear, cyclic, star-shaped or dendritic.**

1.5.1 Ethynyl, aromatic and hybrid linked multiporphyrin arrays

Ethynyl linked porphryin arrays and derivatives of such a conjugated linker such as
phenylethyne and butadiyne linkers, are widely known in the literature. As a result of the
conjugation through the linker, there is strong excitonic and electronic coupling between
the porphyrin units and this causes a pronounced shift in absorption profiles into the
visible and near infra-red regions. With alkynyl units, there is rotational freedom about
the triple bonds giving rise to rotational isomers or so-called conformational isomers. In
porphyrin arrays linked via alkynyl groups, this gives rise to complicated optical
properties as the electronic nature of the array is dependent on its conformation in the
ground state. These properties were investigated by Anderson and co-workers, '
whereby butadiyne linked porphyrin arrays exhibited two limiting conformations: the
twisted conformation and the co-planar conformation. The coupling between the
porphyrinic units is strongest when they are co-planar and steadily decreases to a
minimum when they are perpendicular. In other words, the alkynyl linked arrays adopt
multiple conformations resulting in unique photophysical properties. The overall 7t-

conjugation in these arrays is enhanced and this results in an enhanced absorption

spectrum or red-shift, desirable for many optical applications.

The first alkynyl linked porphyrin array was that of butadiyne linked dimer 11,
synthesised in 1978 by Arnold ez al. "' This was formed via the Eglington reaction of 5-
ethynyl-octaethylporphyrin 10, which is the oxidative homo-coupling of terminal alkynes

(4] This type of homo-coupling can also be achieved under

to form bis-acetylenes.
Glaser-Hay coupling conditions, whereby catalytic quantities of copper(I) can be used, as

opposed to stoeichiometric amounts for the Eglington reaction.
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Cu(OAc),

pyridine

[113]

Scheme 1.1: Synthesis of first acetylene linked bis-porphyrin.

The development of palladium catalysed coupling chemistry has opened the door to
numerous syntheses of alkynyl linked multiporphyrins, with the most utitised method
adopting Sonogashira coupling conditions, or medified versions thereof. These palladium
catalysed coupling reactions require the activation of the porphyrin via halogenation, the
most common precursors of which are bromo-porphyrins. Brominations at the meso-
positions are readily achieved using NBS in excellent yields, although lower if a free
meso-position is necessitated.** The incorporation of the alkynyl moiety to the
porphyrin periphery can also be achieved using a condensation reaction with propargyl
aldehyde,!'"” along with the organolithium approach!''® to introduce phenylacetylene
which removes the activation step and eliminates any selectivity issues. A recently
developed method, yet to be applied to porphyrins, uses calcium carbide to generate
acetylene in situ from hydrogenbromide (derived from aryl-bromides) in the presence of
an amino-phosphine ligand.!"'”! This forms symmetric diaryl alkynes in one-pot excellent
yields and could be applied to the bromo-porphyrins to synthesise alkynyl linked
porphyrins. Another alternative is via the condensation methods described in Section

1,2 el
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Therien and co-workers synthesised meso-meso dimeric and trimeric and meso-f ethynyl
linked dimeric linear porphyrins via palladium catalysed Sonogashira coupling
conditions in yields of 33-72 %, the lower yield being that of trimer 12. Butadiyne
bridged dimeric derivatives of 12 were synthesised in yields of up to 74 %, employing
Eglington reaction conditions. Such arrays were used as model systems for light-

{3120} ‘Porphyrin ladders’ were developed by Anderson and co-

harvesting antennae.
workers, whereby dimeric butadiyne linked linear porphyrins were synthesised via Glaser
coupling conditions. Ladder type complexes were formed via aggregation and the co-
ordination of 1,4-diazabicyclo[2.2.2]octane (DABCO) with the central zinc metals.["*!)
These double-stranded ladder-type assemblies control the conformation of the arrays,
reducing the rotation barrier along the triple bonds, thus adopting a planar conformation
which has been shown to improve their potential to be employed in optical applications

. D 122-123
as enhanced m-conjugation is observed.! ]

Further research by Anderson and co-workers on butadiyne linked arrays has yielded
hydrophilic dimers 13 which are currently being tested in vitro for photodynamic therapy
[76. 821 (Section 1.4.3). These dimers display high singlet oxygen quantum vyields, strong
fluorescence in the 700-800 nm region and large two-photon absorption cross-sections in

the near-IR region, all of which are of importance to PDT.[*!

Also, Osuka and co-workers have developed butadiyne bridged dimers with large 2PA
cross-section values. In contrast to 13, these dimers are bridged at the f-positions, made
possible through selective f-borylations via iridium catalysed reactions,*” leaving the

meso-position free. Subsequent transformation of the boryl groups to trifluorosulfonyl
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derivatives and Sonogashira coupling provided the precursor 14. Deprotection and

Glaser-Hay coupling yields the butadiyne bridged dimer 15 in good yield.['2+1%]
Ar Ar Ar
; TMS — e
1) KGO
Ar Ar Ar
2) Cu(OAc),
=—TMS =
Ar Ar Ar
14 15

Scheme 1.2: Synthesis of f-f butadiyne linked bisporphyrins.

For light harvesting applications, the phenylene, phenylacetylene and diphenylacetylene
linkers are predominantly used as these provide architectural control which mimics the
protein matrix. With the phenylacetylene linker, the ethyne component serves as the
acceptor whilst the phenyl unit acts as the donor in symmetric porphyrin arrays, thereby
allowing the mediation of excited state energy transfer, which occurs in the
photosynthetic antennae complexes. The incorporation of the phenylacetylene moiety can
be achieved via organolithium reactions,'''” Sonogashira coupling and subsequent

2 : : 127-12 :
[126) and also via condensation approaches.!'*”"**! Lindsey and co-workers

deprotection
fine-tuned these phenylacetylene linked dimers for this purpose, for example by the
incorporation of pentafluorophenyl substituents in dimer 16. With these substituents, the
energy levels of the porphyrin can be tuned, thereby facilitating charge-separation.[lzg]
This energy-transfer can also be mediated by the incorporation of free-base and zinc
metallated porphyrins into the array. Trimeric variations of these arrays have also been

(1301 Such arrays were synthesised via Sonogashira

developed for similar purposes.
coupling of the free phenylacetylene monomer with halogenated porphyrin in yields of

up to 62 %.
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The diphenylacetylene linker is semi-rigid with some limited rotation about the alkynyl
bond and also allows for weak excitonic coupling between to porphyrin components.
Thus, due to this weak coupling, the electronic properties of the array equal the sum of
the individual porphyrins. A similar effect is observed in phenylene linked porphyrin
arrays but here, due to a shorter distance between porphyrin units, energy transfer is
enhanced. As the phenyl ring lies orthogonal to the plane of the porphyrin ring,
phenylene linked arrays will adopt a rigid conformation and thus are of interest for
biological model studies.!"*"! In constructing such phenylene and diphenylacetylene

linked arrays, many considerations must be taken into account.

M = 2H or Mg(Il)

17 Ar
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Lindsey and co-workers have led the field in the development of such linked porphyrins
for light-harvesting applications and provided insight into the effects various
modifications have on energy transfer within the arrays.!'*"! Generally, the copper-free
Sonogashira conditions are employed for the preparation of such oligomers. With
porphyrin nonamer 17, a coupling yield of 20 % was obtained and these large arrays
exhibit efficient singlet energy transfer, particularly when mixed metal porphyrin
components were used.'*?! Investigations into the torsional mobility of the linker and its
effect on the electronic communication between the porphyrin units have been assessed.
It was proven that as the torsional constraint increases, the rate and efficiency of energy
transfer decreases, thus having a diphenylacetylene linker with modest flexibility is
advantageous. Also investigated was the substituent pattern on the porphyrin periphery
and the effects, if any, these have on energy transfer rates. It was discovered that meso-
aryl and other electron donating substituents result in an a;, HOMO and thus electron
density is localised on the meso-carbon where the linker is attached. In contrast to this, /-
alkyl substituents and meso electron withdrawing substituents result in an a;, HOMO
which localises electron density on the pyrrolic carbons. Optical communication between
porphyrin units of multiporphyrin arrays is seen with an a;, HOMO for f-linked arrays
and an a;, HOMO for meso linked arrays. Thus, the importance of the substitution pattern
on the porphyrin periphery, in terms of energy transfer, is evident and can play an

important role in the design of such arrays.

In attempts to mimic the cylindrical structure of the light harvesting complex in natural

(1331341 covalently linked arrays have also been developed.

systems, cyclic and square
These incorporate ethyne, butadiyne, phenylene, diphenylacetyelene and phenyl

acetylene linkers and, in some cases, require the template-directed synthesis for optimum
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yields of the desired array. Depending on the linker adopted, these large arrays can have
complete or incomplete m-conjugation. Those lacking complete conjugation have been
extensively investigated and generally incorporate hybrid aromatic-ethynyl linkers, as

1331 synthesised via copper-free Sonogashira

show with square-shaped tetramer 18,
coupling of 5,10 A,B, monomeric porphyrins. Arrays of 1,3-phenyl linked porphyrins
have been employed to generate porphyrin wheels by Osuka and co-workers,!** from a
1,3-phenylene linked dimer with free-meso positions and subsequent oxidative
oligomerisation using AgPF¢ with an ultimate oxidative coupling under dilute conditions
to give the desired porphyrin wheel-like array containing up 12 or 24 porphyrin units, in

yields of 34 and 60 %, respectively.

Ar Ar Ar i
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However, incorporating ethynyl and butadiyne linkers, as shown in square shaped

[133] 1341 creates the porphyrin dodecamer array as

tetrameric and dodecameric arrays 19,
fully conjugated system, functioning like a molecular wire and making it applicable to
the field of molecular devices and also for as a host-guest material. These arrays are
generally synthesised via an ultimate Sonogashira or Glaser-Hay type coupling step, with

overall yields being low to moderate, in the case of 19, 9 %.
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To enhance yields of these “cyclic porphyrin oligomers™ and direct the desired oligomer
formation, templates can be employed in the synthetic strategy via a supramolecular
approach.“3 7] Oligophenyleneacetylene linked cyclic hexamer 20 was synthesised in 59
% yield using the template 21 by Gossauer and co-workers.!"*® Without this template
low yields of 8-31 % were obtained.!"*”! Recently, the template-assisted synthesis of
nano-ring 22 was obtained in a coupling yield of 96 % by Anderson and co-workers.
Vernier templating was adopted to generate this 12-porphyrin nano-ring with a diameter
of 4.7 nm, the template of which can easily be removed. These nano-rings of porphyrin
macrocycles are of interest due to their resemblance to the natural light-harvesting
complexes and no doubt will serve as mimics for insight into light-harvesting

processes.“40] Also, Anderson and co-workers developed the 6-membered porphyrin
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nano-ring derivative of 22 and this has been shown to have promising OLED properties,
whereby the cyclic array minimises aggregation in the electroluminescent layer.!"!]
These supramolecular type constructions exhibit the benefits of using template-directed
synthesis for the generation of new and potentially more efficient light-harvesting arrays,

molecular wires and arrays for other optical applications.

22 [140]

1.5.2 Directly linked multiporphyrin arrays

Directly linked multiporphyrin arrays, both singly and triply fused, have the the potential
to be utilised in applications such as optoelectronics and nanotechnology. These directly
linked arrays exhibit extremely efficient and rapid electron transfer along the array as the
porphyrin chromophores interact strongly with one another as they are closer together
than arrays connected via covalent linkers. With meso-meso directly linked arrays, the
porphyrins lie orthogonal to each other (Figure 1.9), whereby the electronic
delocalisation is minimal, in contrast to the conjugatively linked arrays. Thus, these
arrays can be applied as electron transfer mimics and much research has been invested

into the synthesis and application of such arrays to electron transfer processes. In
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contrast, f-f5, meso-meso, f-f triply linked arrays exhibit a substantial increase in
electronic delocalisation and the m-conjugation is greatly enhanced through the array.

Such oligomers are suitable for a wide range of optical applications.

Ar

Ar E
A

r

M = Cu, Ni, Pd, Zn or 2H
23 24

Ar

Figure 1.9: Directly linked porphyrin trimer 23 and dimer 24 showing perpendicular geometry.

Since the first synthesis of meso-meso directly linked porphyrins by Susumu et al. in
1996 via a condensation reaction of a formyl porphyrin and a dipyrromethane

l to yield trimer 23, there have been numerous approaches towards the

derivative'"
synthesis of such directly linked porphyrin arrays. As this condensation approach only
yielded the directly linked array in low yield (<1 %), the development of alternative
synthetic methods for the synthesis of such arrays was crucial. For singly linked arrays,
these strategies include: total synthesis involving the condensation of a dipyrromethane

(4] hickel-mediated Ulmann coupling,[l44]

with tetrakis(5-formyl-2-pyrrol)ethane,
oxidative fusing of free meso porphyrins using various oxidants such as hypervalent
iodine reagents (e.g., PIFA)," > silver salts (AgPFe),!'*"*") and other strong oxidants
such as DDQ/Sc(OTf); . Also, these arrays can be synthesised via electrochemical

[152-153

oxidation I"and via the oxidative dimerisation of porphyrin anions, a method

'3 The former method is advantageous as free base

developed by Senge and co-workers.!
dimers are produced in one-step in excellent yields. Most other coupling methods require
metallated porphyrins for fusing to occur. Additionally, a stepwise synthetic strategy can
be adopted, which necessitates the prior activation of the C-H bond via bromination and
borylation, with the ultimate palladium catalysed Suzuki coupling step to give the desired
directly linked porphyrin array.!'> Although prior activation of the meso position is
needed, this stepwise synthesis is beneficial for the generation of unsymmetric and non-
linear porphyrin arrays, such as L-shaped trimer 25, which can act as precursors to more

(156

elaborate multiporphyrin arrays.!"*® These meso-meso directly linked porphyrin arrays
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not only have importance in electron transfer studies as photosynthetic mimics but also

are vital precursors to in the synthesis of triply fused porphyrinic arrays.

A large number of these oligoporphyrins have been synthesised and exhibit interesting
photophysical properties. One convenient method is the Ag(I)-promoted oxidative

1571 one of the

coupling of 5,15-diarylporphyrins, discovered by Osuka and co-workers,!
first methods developed towards directly linked porphyrin synthesis. This method
involves the one-electron oxidation of metalloporphyrins at the free meso positions to

give a radical cation!'**!>")

which reacts with a neutral 5,15-porphyrin to give a directly
linked bisporphyrin and higher oligomers. This approach opened the door to the use of
other oxidants such as DDQ/Sc(OTf); and hypervalent iodine to be employed as these
reagents result in fewer side products. Using this single electron oxidation method, an
oligomer consisting of 128 directly linked porphyrin units was synthesised,"*"!
employing AgPFs as oxidant. The Ag(I) promoted oxidation can be improved by the
addition of iodine and for 5,10,15-trisubstituted porphyrins, bisporphyrins can be

') To further prove the mechanism for

synthesised in yields of up to 95%.!
oligoporphyrin formation, an electrochemical anodic oxidation was used for their
synthesis. The regioselectivity for this oxidative coupling is strongly dependent on the
central metal. For zinc(Il) porphyrins, the a,, HOMO predominates and as a result there
is greater electron density at the meso carbon over the S-pyrrolic carbon.!'®" Thus, the
cation radical generated is attacked by the neutral zinc(II) porphyrin at the meso position,
which is the most nucleophilic site. With copper(Il), palladium(Il) and nickel(II), the a;,

HOMO is favoured, resulting in larger electron density at the f-pyrrolic carbon and thus
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the meso-f linked arrays form with these metalated porphyrins. With hypervalent
iodine(IIl) reagents such as bis(trifluoroacetate) (PIFA), a similar oxidative coupling
pattern results. These reagents provide an alternative to the traditional metal oxidisers
using mild conditions and can promote many coupling reactions due to the highly

[162-165] Their use in the synthesis of biaryl compounds via an

[166-167] [168

electrophilic iodine center.

efficient single-electron transfer mechanism I prompted the application of such

reagents for the synthesis of directly linked porphyrin dimers in excellent yields with
[146]

short reaction times.

Expanding from singly linked arrays, triply fused f-f, meso-meso, f-f triply linked
arrays can also be synthesised using similar strategies, just employing larger quantities of
oxidants. The first example of such fused arrays was that of copper(Il) bisporphyrin
26.1"°1) This was synthesised from a meso trisubstituted precursor, using tris(4-
bromophenyl)aminium hexachloroantimonate (BAHA) as oxidant.!'”'"""*' A drawback of
this oxidant is that f-pyrrolic chlorinated side products formed, thereby limiting the
applicability of this reagent. To eliminate this, other strong oxidants such as
DDQ/Sc(OTf); ') and PIFA "™ can be used. Again, the central metal determines the
regioselectivities of these oxidations with f-f, meso-meso, f-f triply linked arrays
forming with zinc(II) porphyrins and /-3, meso-meso doubly linked arrays forming with
palladium(II) and nickel(II) porphyrins 26 and 27.1"7) This can be attributed to electronic

properties as discussed for the singly linked arrays.

Using 5,15-disubstituted porphyrins, porphyrin tapes 28 and 29, of up to 12 porphyrin
units, were synthesised'””) employing DDQ/Sc(OTf); as oxidant (Scheme 1.3). These
planar structures have an absorption bathochromic shift due to their extensive -
conjugation, which increases with increasing porphyrin units, and have the potential for

applications in non-linear optics and molecular electronics.
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Scheme 1.3: Synthesis of porphyrin tape 29 via DDQ/Sc(OTf); oxidation of 28.

Other methods for the synthesis of such arrays adopt different oxidants, a recent one
being that of gold(Ill) mediated oxidation using AuCl;-AgOTf. This gold salt induces the
oxidative coupling of free meso porphyrins, most likely through a one-electron oxidation
as seen with other oxidants, albeit much more powerful, enabling the synthesis of
nickel(1) -, meso-meso, -4 triply fused bisporphyrins of type 26.!'" Formation of the
doubly fused bisporphyrin, typical with nickel(II) porphyrins using other oxidants, was
observed only when oxidant equivalents were lowered. This gold mediated oxidation also
enabled the synthesis of bromo substituted triply fused dimers in excellent yields, in
comparison to yields of <15% when DDQ/Sc(OTf); was employed as the oxidant. A
limitation in this method, however, is the instability of zinc(II) porphyrins. There is
significant demetallation from the starting material, restricting any possible oxidative
coupling products. For the synthesis of more elaborate, non-linear constructs a stepwise
strategy is needed.["*® In general, the construction of the singly directly linked array is
executed first and subsequent oxidation provides the desired fused array. A range of

square, L-shaped, T-shaped 30, square 31, triangular and circular arrays have been
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developed by Osuka and co-workers, all with interesting photophysical properties
).1156]

enabling their use in areas such as NLO and other optical applications (Figure 1.10

Figure 1.10: Square-shaped and T-shaped fused arrays 30 and 31 developed by Osuka and co-workers.

Work by Davis et al. has produced triply linked systems with anthracene fused at the
porphyrin periphery using Osuka’s oxidative method.l"""'7*] This further enhances the
absorption profile and electronic properties of the array. For this fusing to work,
however, electron donating alkoxy substituents on the anthracene units were required and
dimer 32 was prepared in 13 % yield. This dimer exhibited a pronounced bathochromic
shift is in absorption spectrum, well into the near-IR region, with a Ay, of 1495 nm.
Other triply fused porphyrin arrays incorporating fused aromatic moieties, e.g., pyrene

33[179-180] [181

and perylene,''®" have been developed, with similar effects in comparison with

anthracene derivative 32 on the overall electronic properties.
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Limited research has focused on the reactivity of such triply fused systems, with Osuka

and co-workers reporting ‘bay-area’ modifications when zinc(II) triply fused dimers were

[182] 183]

treated with azomethine ylide and o-xylene !"* whereby cycloaddition occurred with
the internal double bonds (“bay area™), to form chlorin intermediates which are

subsequently oxidised to give the cycloadduct of type 34.

Other modifications to directly linked porphyrins were generally carried out on singly
fused arrays, prior to triply fusing, for example p-functionalisations using iridium
catalysts. Such post-modifications of meso-meso linked arrays demonstrate the ability to

fine-tune such oligomers for use in optical applications.“84]

1.6 Objectives

The aim of this work was to develop novel strategies for the synthesis of covalently
linked unsymmetrical multiporphyrin arrays, both conjugatively and directly linked, for
the purpose of exerting a bathochromic shift in the absoption profile. These arrays have
the potential to be used in optical applications, the focus here being on PDT, NLO and
OLED:s.

For the synthesis of multiporphyrin arrays, the functionalisation of the porphyrin
periphery was essential and therefore the introduction of substituents at the monomeric
stage was executed adopting an extensive range of reactions, particularly organolithium
reactions, which have been comprehensively developed by the Senge group, and
palladium catalysed coupling reactions. These reactions enabled the introduction of the

vital linker substituents for the synthesis of conjugated arrays.
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Whilst many multiporphyrin arrays connected via conjugated linkers exist, the majority
of these focus on symmetric systems and arrays that have saturated meso substitution
patterns. Our approach was to develop unsymmetric conjugated dimers and and linear
trimers via a twofold strategy. The first involved the introduction of asymmetry at the
monomeric stage, whilst the second was the synthesis of linear arrays bearing free meso
positions which potentially act as sites for further chemical modifications. Adopting
Sonogashira catalysed coupling reactions it was hoped to prepare a library of these

compounds and to investigate their photophysical properties.

Fully conjugated porphyrin arrays were also sought after for further expansion of the
absorption profile. The most efficient way of doing so is through triply fusing porphyrin
units via oxidative methods generating fused porphyrin arrays, resulting in a significant
bathochromic shift of the absorption into the near-infrared region. Although several
investigations have been carried out on these arrays, these are limited to symmetric
arrays incorporating similar substituents. Our aim was to develop a library of symmetric
and unsymmetric porphyrin dimers and arrays, via known oxidative methods, for similar
purposes as those for the conjugatively linked oligomers. It was also hoped to investigate

the reactivity of the fused arrays, limited research of which exists in the literature.

Lastly, it was envisaged to develop a series of novel porphyrin-carbazole conjugates for
OLED studies. Polymeric carbazoles are commonly used as host matrices in OLED
devices. Via the incorporation of this moiety to the porphyrin macrocycle and the
development of novel carbazole-linked porphyrins, it was hoped that an improvement of
OLED properties would be observed. Implementing a novel stepwise synthetic strategy,

such conjugates could be generated and their OLED properties investigated.



CHAPTER 2:

Synthesis of Monomeric Porphyrin
Precursors
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2.1 Introduction

The synthesis of monomeric porphyrins is vital for the subsequent construction of
multiporphyrin arrays. At the monomeric stage, synthetic strategy is of utmost
importance, as it is at this point that the majority of functionalisations to the porphyrin
periphery are executed. An example for this is the activation of the porphyrin via
halogenation and the introduction of the conjugated linkers, such as ethyne and
phenylacetylene, necessary for synthesis of linked porphyrin arrays. A range of different
reactions can be adopted for these syntheses and this chapter will focus on the key steps

in the construction of these monomeric precursor porphyrins.
2.2 Synthesis
2.2.1 Synthesis of 5,15-A, porphyrins

For the scope of this thesis, the porphyrin building block of main concern are the 5,15-
disubstituted A, type porphyrin and the various meso functionalisations which were
undertaken. To synthesise this type of A,-porphyrin, the [2+2] MacDonald synthetic

2% 185 (Scheme 2.1), whereby dipyrromethane 35 (DPM) was

strategy was adopted[
condensed with the desired aldehyde (36-43) to yield 5,15-disubstituted porphyrins
44,1151 45 [187] 46 1881 47 11421 48 18] 49 57 11831 50 [1°0) iy yields of 4-43 %, comparable
to those in the literature. The mechanism for this acid-catalysed condensation proceeds

18] over the

via a thermodynamically favoured porphyrinogen intermediate,!
oligomeristion of DPM, which is subsequently oxidised to the desired porphyrin using

DDQ as oxidant.!? 183 191]

This mild synthetic approach is versatile for many functionalities, enabling the
generation of 5,15-porphyrins in gram scale quantities and is advantageous over the
harsher Rothemund™ and Adler-Longo® condensation strategies. The equilibrium for
porphyrinogen formation is highly dependent on the reaction concentration and the
irreversible formation of porphyrin is achieved via oxidation with DDQ. Any
oligomerised 35 will also be oxidised, the removal of which is easily executed via

filtration through a plug of silica gel.
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R = Ph 44 46%

R = Hexyl 45 26 %

R = 1-Ethylpropyl 46 20 %

R = 3,5-Di-tert-butyl-CgHz 47 26 %
R = 4-Me-CgH, 48 40 %

R = 4-N02-C6H4 49 4 %

R = 3-MeO-CgH,4 50 36 %

R = 4-MeO-CgH4 5119 %

Scheme 2.1: MacDonald [2+2] Condensation: Synthesis of 5,15-A, porphyrins 44-51. Reagents and
conditions: 1) 35, aldehyde, CH,Cl,, TFA, rt, ii) DDQ, TEA.

For the synthesis of 35, pyrrole was condensed with paraformaldehyde in a one-pot
synthesis with pyrrole acting as both reagent and solvent, with a reaction temperature of
60 °C due to the poor solubility of paraformaldehyde at room temperature. Following
Kugelrohr distillation 35 was obtained in a yield of 46%, following a widely utilised
method, developed by Lindsey and co-workers.>” This method can also be adopted for
the synthesis of substituted dipyrromethanes, allowing for the “frans™ tetrasubstituted
5,15-AB, porphyrins to be synthesised,!'”” although scrambling issues from this

[192-194] K ey to obtaining acceptable yields of these

synthetic route can prove problematic.
DPMs is the termination of the condensation at the DPM stage, minimising the formation
of oligomerised products which is obtained by using a huge excess of pyrrole which
suppresses oligomerisation. Also, acid-catalysation of pyrrole gives predominantly 2- and
trace 3- substituted products leading to a N-confused dipyrromethane which can can
affect yields.?™ ' An array of other methods exist for the synthesis of 35, generally
only differing in quantities of pyrrole and reaction solvent used and the work-up

conditions, without significant effect on the yield. The maximum reported yield of 35 in
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51 % was from the Lindsey method, adapted recently by Anderson and co-workers,!'*®

with modified quantities of pyrrole, using paraformaldehyde dissolved in water and
carrying out the reaction at room temperature. Such conditions minimise oligomerisation
and hence improve reaction yields. Alternative routes to these key DPM precursors
include stepwise and directed syntheses. The yields of the A, substituted porphyrins 44-
51 vary quite significantly depending on substituent and are generally affected by poor
solubilities of the final compound, thus making isolation difficult. This was particularly
noticeable for para-nitrophenylporphyrin 49, where a condensation yield of only 4 %
was obtained. These 5,15- A, porphyrins have two free meso positions whereby

functionalisations and the introduction of crucial linker substituents can be executed.
2.2.2 Organolithium reactions

A versatile method for the introduction of meso substituents to the 5,15-A, porphyrins is
the organolithium approach, developed by Senge and co-workers.?’?"  As
unsymmetrically substituted porphyrins are required by many applications, this method
proves quite useful for their synthesis. Other strategies for the production of unsymmetric

35 . . . :
3] which, from a practical viewpoint, are

porphyrins involve challenging total syntheses
not viable. The organolithium approach involves a direct nucleophilic substitution of the
porphyrin periphery, thereby eliminating any need for prior activation, and was first
demonstrated by Callot and co-workers on TPP via butylation at the f-position and also
meso-butylation of OEP giving stable phlorin products but in low yields.!'?71%%
However, Senge and co-workers demonstrated the capability of nucleophilic substitution
via organolithium reactions with OEP yielding 5-substituted porphyrins in yields of up to
95 %.5"1%1 When applied to f-unsubstituted 5,15-A, porphyrins, the synthesis of A,B
porphyrins in excellent yields was possible.!''®**"! This method is favorable as it is highly
tolerant of a wide range of functionalities and involves either the direct reaction of
organolithium reagent with the porphyrin, i.e. whereby these are commercially available,
namely phenyllithium, hexyllithium and n-butyllithium, or, where the organolithium
reagent must be first generated in sifu and subsequently reacted with the porphyrin. This

method enables the introduction of vital substituents and is key to the synthetic strategy

for the generation of multiporphyrin arrays.

These organolithium reactions can be used to generated fully unsymmetrical ABCD

201-202

porphyrins from porphine 1 or 5- A substituted porphyrins,! I but here emphasis will
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be on the generation of trisubstituted A; and A,B systems from A, precursors 44-51. On
reaction of a 5,15-A, porphyrin with the organolithium reagent (Scheme 2.2), a
hydroporphyrin intermediate is generated. For free-base porphyrins the reaction proceeds
via a dihydroporphyrin or phlorin intermediate, whilst for metalloporphyrins, the reaction
proceeds via a porphodimethene species. The overall nucleophilic substitution via an

291 whereby the

addition-oxidation mechanism is similar to that of Ziegler alkylation,!
initial reaction of the organolithium reagent on the meso carbon generates an anionic
species. This can be hydrolysed to the hydroporphyrin, with subsequent oxidation with

(18] or, the anionic species can be trapped

DDQ yielding the desired Aj; or A;B porphyrin
with electrophilic reagents to generate unsymmetric A,BC monomeric systems,**" but

other routes are preferred.

The mechanism shown in Scheme 2.2 is generally what can be applied for free-base
precursors, whereby the lithiated intermediate generated on addition of R’Li is
hydrolysed to a phlorin, which is subsequently oxidised to the desired trisubstituted Az or
A,B porphyrin. From a strategic viewpoint, these organolithium reactions were critical as
they enabled the introduction of the phenylacetylene linker to porphyrins 44, 45 and 46
and these also enabled the incorporation of key substituents to the free meso positions of
A, porphyrins 44-51 generating A; and A,B porphyrins. Substituents such as
methoxyphenyl have been shown to be beneficial for the localisation of photosensitisers

[

in tumours in PDT treatment *°* (Section 1.4.3), so it was envisaged that the

introduction of these substituents would be advantageous for this application.

The introduction of phenyl, n-butyl and n-hexyl substituents to the porphyrin macrocycle
is simply executed via the direct addition of 52, 53 and 54 respectively to the specific
porphyrin dissolved in THF under inert conditions. For organolithium reagent 52,
addition can be carried out at 0 °C but for 53 and 54, addition is carried out at -78 °C and
is implemented more slowly. This enabled the generation of a library of phenyl, n-butyl
and hexyl substituted A3 and A,B porphyrins in good to excellent yields of 67-93 % for
porphyrins 65, 67, 72, 73-75, 77 and 78 (Scheme 2.2). However, attempts to substitute
5,15-bis(4-nitrophenyl)porphyrin 49 with a phenyl group via the organolithium reaction,
for the formation of 71, were unsuccessful, most likely due to the poor solubility of 49 in

THEF. No reaction was observed and the starting material was recovered. para-Nitro
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porphyrins are notoriously insoluble materials!?” and thus functionalisation of 49 was
abandoned.

R? H
(iYa,borc
2 (ii) H,O
R R! R R! —— R R!
R? = Ph 52
R? = n-Butyl 53
R? = Hexyl 54
44-51
- (i) DDQ
in situ RLi generation R2
2
= R? n-Buli @ © <—/::R
By, 7 ether, \_7/
-78°C R -R!
R? = 3-MeO 55 R? = 4-MeO 58
R? = 4-Ethyne 56  R? = 4-NO, 59
| R?=4-Meb57 R? = 4-NH, 60
R' R’ # % R' R’ # %
Ph 3-MeO-CgH, 6119 30 Ph Ph 72201 93
Ph )= 62l''®) g5 Ph Hexyl 731208) 67
Ph 4-O,N-C¢H, 63" nd Ar Ph 74290 | g
Ph 4-H,N-CiH,  64!"¢ 11 Ar Hexyl 75 75
Hexyl Hexyl 6521 93 4-Me-CgH, 4-Me- 76112 91
CeH,

Hexyl C)—= 66 30 4-Me-CeHy  n-Butyl 77 69
1-ethylpropyl Ph 67 92 3-MeO-CH, Ph 78140 92
1-ethylpropyl )= 68 35 3-MeO-C¢H;  n-Butyl — 79%% 26
3-MeO-C¢H,  3-MeO-CH, 691 65 4-MeO-C¢H;  n-Butyl 80 33
4-MeO-C¢H,  4-MeO-C¢gH, 7022 Tt where Ar = 3,5-di-tert-butyl-C¢Hs
4-O,N-C¢H, Ph 71 wd

Scheme 2.2: Synthesis of A; and A,B porphyrins 61-80. Reagents and conditions: 1) a) PhLi, THF, rt, 0.5
h. b) n-BuLi or n-HexLi, THF, -78 °C — rt, 0.5 — 1 h. ¢) n-BuLi, arylbromide, diethylether -78°C — rt,

porphyrin, THF 0.5 — 1 h. i1) H,0, 0.4 h. iii) DDQ, 1 h.

For substitutions where the organolithium reagent was not commercially available, these

were obtained via the in situ lithiation of aryl bromides with n-BuLi, via a lithium-
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halogen exchange. The generated organic nucleophiles were then reacted with the
electrophilic porphyrin at a free meso position to form the desired trisubstituted product.
For phenylacetylene introduction, on generation of RLi 56, the reaction proceeded quite

(116140 74% yield. However, this was

well with phenyl substituted porphyrins, forming 62
not the case for the alkyl substituted porphyrins, which formed 66 and 68 in yields of 35
and 30 %, respectively. The best yield for 68 was obtained when the reaction was left
overnight. This appeared initially to be a solubility problem of 46 in THF. However,
when the solvent volume was increased no improvement was seen. Other alterations such
as adjusting the n-BuLi equivalents and altering reaction time had no positive effect on
the reaction yield. Starting materials 45 and 46 were recovered in approximate yields of
30 and 28%, respectively. Other methods employ mixed condensations for
phenylacetylene substitution, but as arrays bearing a free meso substituent were of

concern, this was not a feasible approach and thus the organolithium method was

favoured.

To introduce a para-nitrophenyl substituent via organolithium reaction, test reactions
were carried out using 44. The generation of the organolithium reagent in situ from
bromo-nitrophenyl 59 was challenging and although some generation was observed, with
a white suspension forming, subsequent trapping via the porphyrin electrophile (44 in
THF) was unsuccessful. The desired compound 63 was not detected and the starting
material 44 was recovered. The unsuccessful generation of organolithium 59 can most
likely be attributed to the para electron withdrawing effect of the nitro group which
destabilises carbanion formation, i.e the ortho/para deactivating effect. Therefore, for the
introduction of such nitrophenyl groups, an alternative strategy was required (Section
2.2.5). For the 4-aminophenyl incorporation to the porphyrin periphery, for the synthesis
of 64, generation of the organolithium reagent again proved challenging. Although here,
a para electron donating group is being used and thus, in theory, generation of 60 should

116 this was not the

not be problematic with porphyrin 64 has a literature yield of 82 %, |
case. In practice, RLi 60 took longer than 5 hrs to generate and the subsequent reaction of
60 with porphyrin 44 had poor results. Generally, the butylated starting material was
observed when a shorter generation time of RLi was used, only after a 5 h generation
time and subsequent reaction time of 16 hrs was the desired porphryin 64 observed in a
low yield of 11 %. Such low yields may be attributed to the decomposition of 64 on silica

gel during purification or due to incomplete generation of RLi 60.
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For 4-methylphenyl (tolyl) introduction, reactive species 57 was generated from 4-
bromotoluene. Subsequent reaction with ditolyl porphyrin 48 gave the trisubstituted A;
porphyrin 76 in an excellent yield of 92 %. The introduction of aryl-alkoxy substituents,
however, was not as high yielding. Porphyrins 50 and 51 yielded the butylated side-
products 79% and 80 in yields of 26 and 23%, respectively, along with the desired
trisubstituted compounds 69 ***!and 70 in yields of 65 and 71%. Also, for the synthesis
of 61, the tetrasubstituted product 81 was formed as a side product in 4% yield, and the
desired trisubstituted porphyrin was only obtained in a 30 % yield. In spite of occurring
as side products, the butylated materials were employed in subsequent reactions for the

synthesis of porphyrin arrays.

Ph
—0
O_
Ph
81

2.2.3 Bromination

Key precursors for the production of porphyrin oligomers are bromo-porphyrins. These
activated porphyrins allow for many palladium catalysed cross-coupling reactions to be
carried out, generating a new C-C or C-heteroatom bond, useful in both the synthesis of
arrays, and also for the introduction of key substituents or linkers. Brominations of

213-214

porphyrins can be carried out by numerous methods,! I'and involve an electrophilic

aromatic substitution (SgAr). There are two sites where SgAr in porphyrins can occur, the
meso and S-positions, with preferential substitution at the more reactive meso positions.
The most utilised bromination methods involve the use of molecular bromine (Br,) or N-
bromosuccinimide (NBS) in chlorinated solvents, the latter of which is preferred for
meso-bromination. 5,15-A, 44-48 and 50, and 5,10,15-A,B 61, 65, 67, 69, 70, 72-76 and

78-80 porphyrins were brominated using NBS following a standard procedure!**!

(21521714 yields ranging from 55-95%, the lower

forming brominated porphyrins 82-102
yields being those of alkoxy substituted porphyrins 90 and 91, along with

monobrominated porphyrins 94,2151 95 96,281 97291 and 102. The alkoxy-phenyl
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porphyrins were more soluble in methanol than other substituted porphyrins, thus,
product was lost during the work-up procedure, leading to a lowering of yields. For
monobromination of 5,15-disubstituted porphyrins, the regioselectivity is quite difficult
to control and thus leads to the formation of dibrominated porphyrins as side products,
although optimised conditions enable isolation of monobrominated products in yields of
up to 66 %. The separation of such bromo products via column chromatography is time-
consuming and uneconomical. Thus, an alternative method to achieve such
monobrominated precursors is through dibromination and subsequent mono
debromination via dehyropalladisation, using a palladium catalyst and hydrogen

[176. 2202211 qych debromination procedures are of benefit as they enable the

source.
generation of mono-brominated porphyrins without the requisite of column
chromatography and it also enables the bromo substituent to act as a protecting group in
some reactions. This method was not investigated but could facilitate a superior and less
time-consuming route towards the generation of mono-brominated porphyrins. One

drawback of the procedure would be the possible palladium metal insertion so generally

metallated porphyrins need to be employed for this method.

Despite this drawback, these monobrominated porphyrin monomers are essential in
subsequent coupling reactions to form the linear oligomers with free meso positions, with
dibrominated porphyrins being used for trimeric array synthesis. Surprisingly, the

1"l proved quite insoluble in many organic solvents, such

dibromo-dihexyl porphyrin 99!
as THF, and thus was not used for further reactions. Hence the 1-ethylpropyl derivative
101 was used as solubility was enhanced. All of the above bromo-porphyrins were used
in subsequent coupling reactions, for the introduction of functionalised substituents

and/or for the synthesis of porphyrin arrays.
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NBS
where R? = H
R' 61,65, 67,69,70,
72-76,78,80
NBS | where R? # H NBS
where R? = H
R! R!
R? Br Br Br
R! R'
where R? # Bror H
A,;B/A; bromo porphyrins A, mono and dibromoporphyrins
R’ R’ # Yield % R! R’ # Yield %
Ph 3-MeO-CH, 82 69 Ph H 9429 58
Ph Ph 8312102221 93 1-Ethylpropyl H 95 54
Ph Hexyl 84127 89 3-MeO-C¢H, H 96" 54
Hexyl Hexyl 85211 88 4-Me-C¢H, H 97" 57
Ar Hexyl 86 93 Ph Br 98! 93
Ar Ph 87121 91 Hexyl Br 99" 88
1-Ethylpropyl Ph 88 94 Ar Br 100" 92
3-MeO-C¢H, Ph 89 94 1-Ethylpropyl Br 101 88
3-MeO-CH;  3-MeO-C¢H, 90 69 Ar H 102 88
4-MeO-C4H, 4-MeO-C4Hy 91 61 where Ar = 3,5-Di-tert-butyl-C¢Hs
4-MeO-CqH, n-Butyl 92 55
4-Me-C¢H, 4-Me-C¢H, 931129 92

Scheme 2.3: Synthesis of bromoporphyrins 82-102. Reagents and conditions: NBS, pyridine, CHCI;, 0 °C,
0.5-3h.
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2.2.4 Metallation

Metalloporphyrins exist where a metal ion coordinates with the lone-pairs on the inner
nitrogen atoms in the porphyrin core, with the loss of the two inner hydrogen atoms. An
extensive range of metal ions can be inserted, the method of which is dependent on the
metal ion involved.””! Metal insertions into the porphyrin core are very straightforward
and high yielding.'**®! Tactically, metallations were undertaken to protect the porphyrin
core from undesired metal insertions during coupling reactions, for comparative studies

with free-base counterparts and also for the fine-tuning of electronic properties for

optical applications, such as electron transfer to mimic biological systems.**”)
R1
Zn(OAC),
— R2 R3
R1
Where R’ = Br Where R’ = H
R' R’ # % R' R’ # %
Hexyl Hexyl 103 89 Ph Hexyl 115 89
Ph 104" 95 Ph 116" 93
H 105" 90 Ph @{ 11727 86
Ph
Hexyl 106 84 H 118 90
[216]
AT L = 4-MeO-CgH,  4-MeO-CqH, L B
H 108 85 3-MeO-C¢H, n-Butyl 120 85
4-MC'C6H4
4-Me-CgH, 10911 93 1-Ethylpropyl @—: 121 81
H 110 82 Hexyl H 22/ sy
3-MeO-C¢H,
Ph 1 89 Ar Br 1238 g0
Ar Ph 11249 | 90 4-Me-C¢H, butyl 12400 92
Ph 113 92
1-Ethylpropyl
Br 114 88 where Ar = 3,5-Di-tert- butyl-C4Hs

Scheme 2.4: Metallation of monomeric porphyrins with zinc(Il). Reagents and conditions: Zn(OAc), in

MeOH, CHCl;, 70 °C, 0.5 h.
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The most predominant metal used was zinc, as not only has this metal been proven to
improve efficacy in PDT,”*! but also is easily inserted with short reaction time and is
easily removed if so required as it is acid labile. Other metals, such as palladium, indium
and nickel require more time for insertion and also are less labile so, if required, cannot
be easily removed. Generally, the palladium, indium chloride and nickel complexes were
synthesised for comparative purposes with zinc and free base counterparts, and will be
discussed in Chapters 3 and 6. For zinc insertion, the acetate method, developed by
Buchler, **% %% was adopted and can be applied to all divalent metal ions, except those
unstable in acetic acid as this is a by-product of the reaction. The method involves the
addition of zinc(IT)acetate dihyrate, the metal carrier, dissolved in methanol to a refluxing
solution of the free-base porphyrin in chloroform yielding zinc metallated porphyrins
103-124 in yields ranging from 77-93 % (Scheme 2.4). Generally reaction times are
short, with most completing in less than 30 minutes. The isolation of bromo porphyrins
108, 110 and 111 proved problematic as such porphyrins were highly insoluble in
organic solvents such as DCM and thus their isolation from the silica plug was difficult

and impacted on yield.

R’ R'
Ni(acac),
R2 RS — R2 R
R’ R'
62, 98 R'=Ph, R? = 4-ethyne-CgHy, R® = H, M = Ni'' 125

R'=Ph,R2=R3=Br, M =Ni'" 126
Scheme 2.5: Metallation with nickel(II). Reagents and conditions. Ni(acac),, toluene, 120 °C, 3.5 h.

For nickel insertion the acetylacetonate method was adopted,”””) whereby the metal
carrier used is acetylacetonate. Porphyrins 62 and 98 were metallated with nickel in
excellent yields of 90 and 92 % forming porphyrins 125 and 126" respectively (Scheme
2.5).

2.2.5 Palladium catalysed coupling reactions

Transition metal mediated reactions enable the introduction of numerous functionalities

onto organic substrates, via the generation of carbon-carbon (C-C) and carbon-
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heteroatom (C-X, where X = O, N, B etc.) bonds and have a critical function in organic

[231]

synthesis. Although numerous metal catalysts exist, the most extensively used

transition metal for the catalysis of the generation of such bonds is palladium. Numerous

]

palladium catalysed reactions, such as Stille, Heck, Sonogashira®? and Suzuki-

Miyaura**!

couplings are known, enabling the formation of new carbon bonds, with
their mild reaction conditions allowing the tolerance of a versatile range of
functionalities. Such palladium-catalysed reactions have been extensively applied to

porphyrins, with generation of numerous novel moieties.[*! > 234

Depending on the functionality desired, different Pd-catalysed couplings can be
employed, the majority of which involve the derivatisation of a halo-porphyrin precursor.
Sonogashira coupling!”*” allows for the introduction of alkynyl functionalities via the
coupling of a halo porphyrin with a terminal alkyne. Suzuki-Miyaura couplings L2325 8561
allow for C-C bond generation via the coupling of an organoborate with a halo-
porphyrin. These organoborate precursors can also be in the form of porphyrinyl borates,
generated via an analogous Suzuki-Miyaura type coupling of haloporphyrins with a
borane. Such Pd-mediated reactions were used extensively in our work for the
construction of key monomeric porphyrin precursors and also in the production of
multiporphyrin arrays. These palladium catalysed reactions proceed via a basic general

mechanism involving three key steps: oxidative addition, transmetallation and reductive

elimination.

Borylation

2 . . . o
(2371 are key precursors for Suzuki coupling reactions and in many

Organoboranes
instances act as an alternative to haloporphyrins in these C-C coupling type reactions.
Applying a procedure to generate aryl boronates developed by Murata et al.,'">* the first
reported synthesis of porphyrinyl borates was by Therien and co-workers and these so-
called ‘Suzuki synthons® were employed for numerous Suzuki type couplings.”**! This
Pd-catalysed reaction generates the desired porphyrin boranes from bromoporphyrin
precursors and pinacolborane 127 in good to excellent yields and such synthons can be

used as precursors, not only for the introduction of substituents to the porphyrin

periphery, but also for the generation of directly-linked porphyrin dimers.
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R! R
0 Pd catalysed o
R2 Br + HB Ltk L ™ B,
\O O
127
R! R
83, 87, 93, 104,
105, 108, 111
R! R’ M # Yield %
Ph Ph 2H 128124 54
Ph Ph T 1292219 60
4-Me-C¢H, H zn" 13041 62
3-MeO-CgH, Ph Zn" 131 62
4-Me-C¢H, 4-Me-C4H, 2H 1320242 54
Ph H Zn" 133133 69
Hexyl Hexyl 2H 134 51

Scheme 2.6: Synthesis of borylated porphyrins 128-134. Reagents and conditions: pinacolborane 127,
Pd(PPh;),, DCE, TEA, 80 °C, 16 h.

Porphyrins 83, 85, 93, 104, 105, 108 and 111 were borylated to form the trisubstituted
porphyrinyl boronates 128-134 in yields of 51-69 %. For aryl substituted porphyrins, the
reactions proceeded quite well with higher yields than those observed for alkyl porphyrin
134. Catalyst loading, reaction time and temperature have a substantial effect on the
yields obtained. When more than 0.05 equivalents of palladium catalyst were used, the
yields obtained were somewhat diminished due to the generation of a homo-coupled
directly linked porphyrin dimer. These dimers, most likely, are generated from the

[243]

borylated substrates which self-dimerise and thereby affect the yields of the desired

borylated porphyrins.

The porphyrinyl boronates were subsequently used to form directly linked dimers via
Suzuki coupling (Sections 3.2.1 and 4.2.3). A recent advancement in the synthesis of
boronyl porphyrins was in the iridium-catalysed direct C-H activation, a method
developed by Osuka and co-workers, although control over the number of boryl groups
can be difficult. This method is advantageous as it does not require the halogen activation

of the porphyrin,*”! but it is not applicable for meso functionalisations.
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Suzuki-Miyura coupling

For the introduction of 4-nitrophenyl and 4-bromophenyl substituents, Suzuki Pd’
mediated coupling, first applied to porphyrins by Therien and co-workers, was performed
yielding porphyrins 63, 136-140 in yields of 36-85%, from bromoporphyrins 83, 94, 98,
105 and 123,and aryl-boronic esters 135 and 136 (Scheme 2.7. It is interesting to note
that for 63 and 137, literature procedure states to use of 12 equivalents of boronic ester
135" but, on optimisation of reaction conditions, it proceeds in excellent yield with

only 3.5 equivalents.

R R
@) Suzuki
\ 3
R? Br + B-R® 2 R
0
R3 = 4-O,N-CgH4 135
1 3 R
R R3 = 4-Br-CgH, 136
R’ R’ R} M # Yield %
Ph H 4-0,N-C¢H, Zn" 137 82
Ph H 4-0,N-C4H, 2H 6302%% 85
Ph Br 4-O,N-C¢H, 2H 138027 36
Ph  4-O,N-Cg¢H, 4-O,N-C¢H, 2H 1391244 22
Ar H 4-0,N-C¢H, Zn 140143 80
Ph Ph 4-Br-C¢H, 2H 14124 71

Scheme 2.7: Synthesis of Suzuki coupled porphyrins 63, 137-141. Reagents and conditions: a) 135 (3.5
equiv.), Pd(PPhs),, THF, K3POy, 67 °C, 16 h. b) 136, AsPh;, PdC1,(PPhs),, K;PO,, THF, 67 °C, 16 h.

For the synthesis of precursor 138, as only 1 equivalent was employed, yields were
diminished due to incomplete conversion and thus the presence of starting material 99
and disubstituted porphyrin 139,2* recovered in yields of 28 and 22 %, respectively.
The 4-bromophenyl substituted porphyrin 141 was generated in 71 % yield using
modified conditions with Pd" catalyst and phosphine ligand. Debrominated 141 or
tetraphenylporphyrin was also formed as a side product in trace amounts. 141 was
employed for the synthesis of phenylacetlene linked arrays (Section 3.2.3). The Suzuki-

Miyaura coupling is a versatile method for the introduction of substituents to the
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periphery and can also be used for the introduction of the phenylethynyl group in
excellent yields. This, however, requires two additional steps when compared to the
organolithium approach, as activation via halogenation and post-coupling deprotection is

necessary. Borylated porphyrins can also react with aryl bromides under Suzuki

conditions, although the competing homo-coupling forming directly linked porphyrin
[243]

dimers can be problematic.

Sonogashira coupling

R1
R1
82, 83, 86, 87, 93,
98, 104, 105, 112
R R’ M TMS product#  Yield Deprotected #  Yield
Ph Ph 2H 1421247 58 151 91
Ph Ph Zn" 143247 68 15202481 87
Ph H 2H 144 55 15312 92
Ph H Zn" 14511 84 15419 90
Ph TMS-ethyne 2H 145%) 52 1550 88
Ar H Zn" 14612 65 = 2
Ar Ph 2H 147 36 156 92
Ar Ph Zn" 148" 46 1571 94
Ar Hexyl 2H 149 83 158 61
Ph 3-MeO-C¢H, 2H 150 48 159 90

where Ar = (3,5-Di-tert-butyl)C4H;

Scheme 2.8: Sonogashira coupling to give TMS-acetylene products 142-150 and TBAF deprotection to
give alkynyl porphyrins 151-159. Reagents and conditions: 1) TMS-ethyne, PdCl1,(PPhs),, Cul, TEA, THF,
40-60 °C, 16 h. ii) TBAF (IM in THF), CH,Cl,, 0.5 h, r.t.

The ethynyl group was introduced via Sonogashira coupling.”*”! It involves the coupling
of bromoporphryin derivatives with a protected acetylene under standard Sonogashira

conditions of Pd" catalyst, Cul as a co-catalyst and a base. The reaction mechanism
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proceeds through the generation of an alkynyl cuprate in sifu, and this species

participates in the palladium coupling cycle to generate the desired alkynyl product.!**?!

Porphyrins 82, 83, 86, 87, 94, 98, 104, 105 and 112 were subjected to Sonogashira
coupling conditions (Scheme 2.8) with trimethylsilylacetylene to form the mono and
disubstituted trimethylsilyl acetylenes 142-150 in yields of 36-88%. An alternative
method for this synthesis is a one-step condensation reaction'**”! but this is not applicable
for the unsymmetric targets and thus the stepwise approach was used. With free base
porphyrins there was an inevitable insertion of copper into the core as a side product,
thus leading to slightly lower yields of the desired materials. Metallated porphyrins are
usually used under these conditions to avoid this formation, although for 148 this did not
increase the yield significantly. Porphyrins 142-145 and 147-150 were subsequently
deprotected using TBAF forming the free alkynyl porphyrins 151-159 in yields of 61-
94%, the lowest yield being that for hexyl substituted porphyrin 158.

2.3 Spectroscopic studies
2.3.1 "H NMR analysis

General considerations

The proton chemical shifts in porphyrins are quite distinct and can be divided into two
categories: 1) protons which lie above or inside the porphyrin ring and ii) protons which
lie in the porphyrin plane. These protons are in the shielded and deshielded regions of the
diamagnetic ring current effect, respectively, as the chemical shifts depend on the
orientation and distance of the proton with respect to the delocalisation pathway of the n-
electrons of the macrocycle. This can be seen in the free base porphyrins where the N-H
protons inside the core are strongly shielded from the external magnetic field to upfield
resonances (<0 ppm), whilst the meso and f-protons are strongly deshielded (~8-10
ppm). The meso protons are attached to more electron deficient carbons and hence are

deshielded further downfield than S-protons.
"H NMR of monomeric porphyrins

The substitution arrangement on the porphyrin periphery can easily be deduced by 'H
NMR spectra via the pattern of S-pyrrolic hydrogen signals, which depend on the overall
symmetry of the molecule. Taking 1-ethylpropyl A,, A;B and A,BC substituted
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porphyrins 46, 67 and 88 as examples (Figure 2.1), a clear pattern is observed on
alteration of the symmetry of the porphyrin. 5,15-A, porphyrin 46, having a two
symmetry (D;) axis, results in two AB systems for the non-equivalent f-protons at 9.4
and 9.7 ppm, for H2/H8/H12/H18 and H3/H7/H13/H17 respectively, the latter of which
has a more low-fields shift due to the close proximity of the alkyl groups. The two meso

protons exhibit a singlet at 10.2 ppm.

H2/H18
‘ H8/12 aryl ” _BR
A,BC 88 H3/7/13/17 ‘

A
A,B 67

H2/18  Hg/12
meso

T L]

A 46 H2/8/12/18
2
meso | ‘
’ H3/7/13/17 3 7
{ ’ i
18 12
“““’JL‘ 17 13
I[T‘lﬁ"rrl'rlllTlIT‘fII‘IIll]llllllll
10.5 10.0 9.5 9.0 8.5 8.0 [ppm]

Figure 2.1: '"H NMR spectra of I-ethylpropyl substituted porphyrins 46, 67 and 88 in CDCl; with
porphyrin numbering system inset.

With phenyl substituted A,B porphyrin 67, there is reduced symmetry and a splitting of
the AB signals for H2/H18, H3/H17, H7/H13 and H8/H12 is seen, with the highest field
shift at 8.8 ppm occurring for H8/H12, as these protons lie in closest proximity to the
phenyl ring and are thus affected by the ring current effect of this substituent. The meso
proton resonates at 10.1 ppm as a singlet. The A,BC substituted porphyrin 88, exerts a
different pattern. Again, four f-signals are seen but a substantial deshielding effect is
observed for the H2/H18 AB system as these protons lie adjacent to the electronegative
bromo substituent, resulting in a low field resonance for these protons. With 67 and 88,
the phenyl protons are seen at higher fields between 7.7 and 8.2 ppm and the alkyl

substituents occur in typical regions, from 1.0 to 4.5 ppm, depending on the distance
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from the macrocyclic ring. The strongly shielded inner N-H protons lie in the low field —
2 to 3 ppm region. Although it was impossible to detail the effects that all the
substituents incorporated have on the porphyrin 'H NMR resonances, the spectra shown
in Figure 2.1 exhibit the typical regions for substituted monomers and these are vital for
comparison when analysing oligomeric porphyrin arrays. Differences will arise
depending on the substituents attached but the general region values can be useful as a

guideline when assigning structures.
2.3.2 UV/vis spectroscopy

Porphyrins have very characteristic UV-vis absorbance spectra and much information
regarding the structure can be obtained from such. Figure 2.2 shows typical free-base and
metalloporphyrin UV/vis spectra of porphyrins 82 and 159, and 121 and 125,
respectively. The intense Soret band lies in the 400 nm region whilst the Q bands, four
for free-base and two for metalloporphyrins, lie between 500 and 650 nm, depending on

the substituents attached.
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Figure 2.2: UV-vis absorption spectra of free base porphyrins 159 and 82 (pink and blue lines) and
metalloporphyrins 121 (purple) and 125 (green) in CH,Cl,.
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The most pronounced bathochromic shift for monomeric porphyrins was observed with
trimethylsilylalkynyl and alkynyl substituted porphyrins 142-159 whereby a Anax in the
region of 660-670 nm was observed for free base porphyrins, an enhancement of 15-20
nm with respect to their unsubstituted precursor. This can be attributed to the enhanced
conjugation and the UV spectra of such precursors will be important in the analysis of
porphyrin arrays. Nickel porphyrin 125 exhibited a hypsochromic shift in its profile,
typical of d-block elements with unfilled d-orbitals. Electrons may be donated to the
porphyrin’s LUMO, thereby raising its energy and thus the n-n* transition which causes
the hypsochromic shift in the absorption spectrum, with respect to its free-base
counterpart. These spectra show an example of the typical absorption profiles for

porphyrin monomers and will be used for comparative purposes against porphyrin arrays.
2.4 Conclusions

Numerous synthetic strategies were employed for the synthesis of the monomeric
porphyrin precursors. A library of compounds was synthesised, all of which were used in
further coupling reactions for the synthesis of porphyrin arrays, as will be described in
the subsequent chapters. The activation of the periphery via halogenation, the
introduction of conjugated linkers and borylation of the macrocycle will all enable the
construction of conjugated porphyrin arrays, along with directly linked and triply fused
porphyrin oligomers. It is evident that, via the methods explored, almost any substituent
can be incorporated into the porphyrin, an important trait for the design of
multiporphyrin arrays. In most cases, reaction conditions were optimised but there is
some scope to further develop the parameters to further enhance yields, particularly in

the case of borylations and Sonogahsira coupling reactions.



CHAPTER 3:
Conjugated Porphyrin Arrays
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3.1 Introduction

Multiporphyrin arrays have a wide range of potential applications in areas such as light-
harvesting, non-linear optics (NLO), organic light emitting diodes (OLEDs),
optoelectronics and photodynamic therapy (PDT). Hence, these systems have been
studied widely.[g' 98, 60-61. 70. 86. 252253 yegpite the vast knowledge about and investigations
of such arrays, the majority of work involved studies of symmetric multiporphyrin
systems. Whilst these are also of interest to our area of research, the main focus here was
on unsymmetric arrays, through which amphiphilicity for PDT could be introduced or,
with respect to NLO, push-pull systems could be arranged via arrays with different

substituent and/or porphyrin subtypes.

We are interested in nonlinear optical materials and Prof. Senge’s group has initiated a
programme aimed at the development of new photosensitisers for PDT.[20% 208 223
Currently commercially available photosensitisers show absorption in the 530 to 630 nm
range, which limits the penetration of tissue by light.”*7* Increasing the absorption
wavelength of the photosensitiser may enable a deeper penetration and therefore the
targeting of deeper tumours. Here conjugated dimers and trimers are ideal potential
photosensitiser candidates as their absorption maximum should exhibit a bathochromic
shift to this region. The type of linkage in the porphyrin arrays will influence the
structure and the properties of the system. So by extending the conjugation of the
porphyrin m-system, and hence increasing the wavelength absorption, these oligomers
could be used as potential photosensitisers for PDT or for other optical applications.
Recent work by Anderson et al. exemplifies this concept, whereby butadiyne linked
dimers were synthesised and tested for in virro PDT.*" 1 Our aim was to synthesise
novel alkyne and phenylacetylene linked arrays and further develop the synthetic
chemistry for unsymmetrical array systems. As the delocalisation of electrons extends
into the alkyne spacer group, these arrays are linear and sterically non-demanding.[25 4l

Hence, the communication between the chromophores should be efficient making them

attractive for not only for PDT but also for NLO, OLED and other optical applications.

Our approach incorporated two strands: the first was the synthesis of unsymmetric
dimers, namely alkyne linked arrays. These unsymmetric dimers can contain both
hydrophilic and hydrophobic entities at the various meso positions (Figure 3.1), whereby

the amphiphilicity is enhanced and thus, in theory, assisting with the entry of the
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photosensitiser into the cell target.'”**! The second approach was to synthesise symmetric
conjugated porphyrin dimers and trimers with free meso positions. Linear trimeric arrays
with such linkers, in particular the phenylacetylene linker, have not been investigated to a
great extent, with only two such free meso trimers previously synthesised.[64’ 261 Once
appropriate lead structures are identified further modifications, e.g., the introduction of
water solubilising groups, are possible at the free meso positions to further optimise their
biological utility. Here, the basic chemistry of this approach using model compounds is

outlined.

Figure 3.1: Model for conjugated unsymmetric dimers

3.2 Synthesis

The synthetic strategy for the synthesis of conjugated porphyrin oligomers was two-fold,
incorporating both the synthesis of symmetric dimers and trimers with free meso
positions and also the synthesis of unsymmetric arrays. Both strategies utilised Pd-
catalysed cross-coupling reactions and the free meso positions on the symmetric arrays
allow subsequent chemical modifications to be carried out. Also, for a mass
spectrometric comparative study, some diphenylbutadiyne and butadiyne symmetric
dimers were synthesised using a Pd-mediated Glaser coupling method. Both of these
39, 116, 257)

approaches utilise the organolithium methods, developed by Kalisch and Senge,

to introduce the phenylacetylene linker and the substituents on the porphyrin core.
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Sonogashira coupling was used to introduce the alkyne linker and also for the coupling

. 119, 1
reactions.!''®> 13- 28

(155, 239]

J Some directly linked dimers were synthesised via Suzuki coupling
to compare their properties to those oligomers which contain conjugated linkers.
Depending on the type of oligomer/linker desired, different well established palladium-
catalysed coupling methods were adopted for their synthesis. The most utilised method
was copper-free Sonogashira coupling and the others were Suzuki-Miyaura coupling (for
the directly linked dimers), Sonogashira coupling (as a comparative to the copper free

method) and also Pd-mediated Glaser-Hay coupling for homocoupled dimers.
3.2.1 Directly linked dimers

Directly meso-meso linked dimers were synthesised for comparison to investigate what
effect the linker has on the absorption wavelength. Using Suzuki-Miyaura coupling

239.259 directly linked amphiphilic dimers 160-162 were synthesised in yields of

methods,[
29-51% (Scheme 3.1). The porphyrinyl boronates 128 and 134 provided the hydrophobic
entity whilst bromoporphyrins 90 and 91 provided the hydrophilic entity. Yields for the
3-methoxyphenyl substituted dimers 160 and 162 were lower than those for 4-
methoxyphenyl substituted dimers 3, most likely due to the stronger electron donating

effects of the para methoxy group over the meta group on the porphyrin macrocycle.

Easier purification of hexyl substituted dimers 161 and 162 was observed due to larger
differences in polarity. Whilst these arrays do not show much promise as candidates for
PDT due to the lack of a bathochromic shift in their absorption profile (Section 3.4), they
were of interest for comparison with the conjugated linked arrays, i.e., to observe the
linker effect on the photophysical properties of the array. These directly linked dimers

will also be discussed in Chapter 4 as they can act as precursors to triply fused systems.



Chapter 3: Conjugated porphyrin arrays |58

R' R?
0
R B + Br RS
0
R R?
128, 134 Suzuki 90, 91
R! R?
R! R’ #  Yield %
R R3 Ph  3-MeO-C¢H, 160 29
Hexyl 4-MeO-C¢H,; 161 37
Hexyl 3-MeO-C¢Hy 162 Sl
R R?

Scheme 3.1: Synthesis of directly linked porphyrins via Suzuki coupling. Reagents and conditions:
Pd(PPh;)4, Cs,COs, toluene, DMF, 80 °C.

3.2.2 Alkyne linked dimers

To synthesise unsymmetric dimers, without any free meso positions, the introduction of
all substituents prior to the coupling reaction to form the oligomer was implemented.
These unsymmetric alkyne linked dimers were initially synthesised via original

(119,235, 2601 yyging Pd" and CuCl as a co-catalyst.

Sonogashira coupling conditions,
However, formation of the homocoupled product 182 as an undesirable side product (see
Scheme 3.3) was observed. This homocoupling takes place during the reduction of Pd" to
Pd’, thus it was decided to use a copper-free/Pd” Sonogashira approach.[2® 21262 Thig
coupling protocol yielded the unsymmetric dimers 163-176 in moderate to good yields
ranging from 25-68% (Scheme 3.2). Generally these dimers exhibited good solubility in
most organic solvents. However, depending on substituents and in some cases, upon
metallation with zinc, this solubility was somewhat diminished. This was particularly

noticeable for the phenyl substituted dimers 171 and 176.
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R R3
R2 — + Br R
151-155, 156-159 R (copper-free) R 83, 84, 86, 87,
Sonogashira 90, 91, 104, 112
R1 RS
R2 — R4
R! RE

R} PR M R® R M’ Yield % #

Ph  Ph  2H 4-MeO-C¢H, n-Butyl 2H 29 163
Ph  Ph 2H 3-MeO-C¢H, 3-MeO-C¢H, = 2H 29 164
Ar  Ph  2H 4-MeO-CH, 4-MeO-C¢H, @ 2H 64 165
Ar Ph | 2H Hexyl Hexyl 2H 45 166
Ar  Ph  2H Ph Ph 2H 45 167
Ar  Ph  2H Ar hexyl 2H 34 168
Ar  Ph 2H Ar Ph 2H 43 169
Ar  Ph  2H Ph Ph Zn" 54 170
Ar | Ph | Za" Ph Ph Zn" 52 171
Ar  Ph Zn" Hexyl Hexyl Zn 68 172
Ph  Ph 2H Ph 3-MeO-C¢H, | 2H 38 173
Ph  Ph 2H Ph Hexyl 2H 39 174
Ph  Ph 2H Ph Ph 2H 48 175
Ph  Ph Zn" Ph Ph Zn" 47 176

where Ar = 3,5-Di-tert-butyl-C¢Hs

Scheme 3.2: Synthesis of alkyne linked dimers. Reagents and conditions: Sonogashira - PACl,(PPhs),, Cul,
TEA, THF, 40-60 °C, 16 h; copper-free Sonogashira - Pd,(dba);, AsPh;, THF, TEA, 60 °C, 16 h.

Although yields of some dimers were moderate, this can be attributed to difficulties in
separations, particularly with alkoxy substituted dimers 163 and 164. The introduction of
bulky aryl substituents (e.g., 3,5-di-tert-butylphenyl) greatly enhanced the solubilities of

the arrays, as aggregation was minimised due to the presence of the bulky zers-butyl
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groups, thus improving the yields. Phenyl substituted symmetric dimers 175 and 176
were synthesised for the determination of structural and optoelectronic properties of these
oligomers as thin films via spectroscopic ellipsometry, in collaboration with Dr. Simona
Pop (Leibniz-Institut fiir Analytische Wissenschaften ISAS, Berlin, Germany). These
porphyrin oligomer thin films have potential applications as organic field effect

transistors (OFETs) and in organic solar cells.

3.2.3 Phenylacetylene and butadiyne linked dimers

RZ‘LNKER + ‘
94, 105, 117,

e R 121, 154, 156
Sonogashira where R® = alkyne linker or Br
or Glaser coupling
R! R®
RZ‘LNKER‘R4
R! R
R' R’ R R® M Yield% Dimer Linker

2H 46 177

where Ar = (3,5-di-tert-butyl)CsH;

Scheme 3.3: Synthesis of phenylacetylene and butadiyne linked dimers. Reagents and conditions.: copper-
free Sonogashira coupling - Pd,(dba);, THF, TEA, 60 °C, 16 h. Pd-Glaser coupling - toluene, Pd(PPh,),Cl,
(0.01 eq.), Cul (0.05 eq.), I, (0.5 eq.).
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The phenylacetylene linked dimers were prepared in a similar manner to dimers 163-176.
In general, the copper-free method"*® worked quite well giving porphyrins 177-179 in
yields of 44-46 % (Scheme 3.3). In these cases the desired dimer was the main product
and they exhibited good solubility in organic solvents. For the diphenylbutadiyne and
butadiyne homocoupled arrays, a Pd-mediated Glaser homo-coupling, developed by Liu
et al., was used.”* However, this method proved less successful with yields of 25 and
35% for dimers 181,[202] and 183,[264] the latter of which was synthesised for a mass
spectrometry comparison. Reactions were carried out under dry air and reported results
for these conditions show good yields.!"** 2651 A more oxidative environment is most
likely needed to improve yields but as these dimers were only used for a mass
spectrometry study, further reaction optimisation was not carried out. The other
homocoupled dimers 180 and 182 resulted as side product from the synthesis of trimer

189 and dimer 169, respectively.
3.2.4 Porphyrin oligomers

In order to synthesise the targeted porphyrin trimers, a dibrominated porphyrin was
reacted with a mono-‘linker’-substituted porphyrin to form the desired trimer via the
previously described copper-free Sonogashira coupling. This method was initially

2] The free base phenyl substituted trimers 184

developed by Lindsey and coworkers.!
and 185 proved to be quite insoluble in most organic solvents, although this made their
purification easy via filtration using DCM as solvent. Any remaining monomer or other
side products were removed via column chromatography and pure trimers 184 and 185

were obtained in yields of 40 and 32%, respectively (Scheme 3.4).

In order to improve solubility to enable full characterisations to be carried out and to
minimise possible palladium insertion, zinc(I) was introduced into the monomer
porphyrin core, yielding trimer 186 (26%), with dimer 181 being isolated as a side
product in a yield of 23%. In addition, to improve solubility, 5,15-dibromo-10,20-bis(3,5-
di-z-butyl-C¢Hj)porphyrin 100 was coupled to 117, producing trimer 188 in a 28% yield.
Whilst these efforts improved the solubility of the desired product, the column
chromatographic purification remained problematic. Much streaking was observed as the
trimers were only partially soluble in DCM/n-hexane and hence there was an inevitable
loss of desired product. Increasing the number of equivalents of palladium(0) catalyst had

no positive effect on yields as palladium insertion into the porphyrin core was observed
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and these Pd(II) products appeared as very slow moving fractions, whose presence was

detected by mass spectrometry but these were not isolated. In some cases palladium

actually caused a displacement of zinc but only in trace quantities and at elevated catalyst

loading and reaction temperature. Nickel trimer 187 was synthesised from monomers 125

and 126 for a mass spectrometry comparative study and was not isolated.

Ph

R1

R1
62,117,121,
125, 152

LINKER + 2

2H
2H
7!
Ni'!
7l

1
Zn

anl

R2

R2

Yield %
40
38
45
n/d
28

46

21

Br

copper-free
Sonogashira coupling

R2

Br

R2 94, 98, 100,
107, 114, 126

184
185
186
187
188

189

190

where Ar = (3,5-Di-tert-butyl)CsHs

Scheme 3.4: Synthesis of linear trimers. Reagents and conditions: Copper-free Sonogashira coupling -

Pd,(dba)s, AsPhs, THF, TEA, 60 °C, 16 h.

Another approach to improve yields was to introduce different substituents on the

porphyrin periphery. Initially dihexylporphyrin monomers were used but as dibromo-

dihexylporphyrin 99 is highly insoluble in THF, it was therefore not appropriate for the
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copper-free Sonogashira coupling. Hence, 1-ethylpropyl disubstituted porphyrins 101
and 114 were chosen as starting materials. At first, reactions with these porphyrins gave
many side products and their absorption profiles indicated the formation of directly
linked oligomers (Section 3.4). However, on repeating the reaction using the zinc
monomers 121 and 114, followed by purification via preparative TLC, the desired trimer
189 was isolated in a 46% yield as the main fraction. For the synthesis of 190, the desired
trimer was obtained in a yield of 21 %, with similar problems on purification as seen with

trimer 189.

Ph

141 copper-free) 155
onogashira

191

Scheme 3.5: Attempted synthesis of linear trimer 191. Reagents and conditions: Copper-free Sonogashira

coupling - Pd,(dba);, AsPh;, THF, TEA, 65 °C, 16 h.

The reverse strategy, i.e. having a diethynyl central unit and reacting it with 4-
bromophenyl sides was also endeavoured (Scheme 3.5) for the synthesis of fully meso
substituted trimer 191. However, this method proved unsuccessful as 191 could not be
isolated. It may have formed as a dark residue that could not be removed from the
column and UV-vis analysis of the crude material indicated that an oligomeric product
had been synthesised. The main product isolated was debrominated 141 (TPP) and the
failure of this reaction can be attributed to the poor solubility of the desired target,
observed with trimers 184 and 185. Previous syntheses of such arrays utilised the more

reactive 4-iodophenyl derivatives of 141, along with phenyl acetylene, to yield
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diphenylacetylene linked arrays.“m Such a substituent here may be beneficial, but the
solubility issue with the target most likely would outweigh this benefit. Osuka and co-
workers reported the synthesis of such trimers using diiodo porphyrins and original
Sonogashira conditions, with yields of 57 %, along with the expected homocoupled
products.!*”! In this case, the substituents on the periphery are (3,5-di-fert-butyl)phenyl,
which would assist with the solubility and thus the isolation of the array, in comparison

to phenyl substituted trimer 191.

3.2.5 Side products
A number of side products were isolated during the trimer syntheses (Scheme 3.6). For
the synthesis of 186, the Glaser coupled dimer 181 was a side product of this reaction,

and also the dimer side product 178, due to incomplete reaction.

R1
)=
R! copper-free/ or  R?
Sonogashira
R coupling R2
)= ¢
R! R?
R’ R’ R’ #  Yield %

1-Ethylpropyl  1-Ethylpropyl Br 192 40
Ph 1-Ethylpropyl Br 193 42

Scheme 3.6: Side product formation during the synthesis of trimers. Reagents and conditions: Sonogashira
coupling - PdCl,(PPh;),, Cul, TEA, THF, 40-60 °C, 16 h. Copper-free Sonogashira coupling - Pd,(dba)s,
AsPh; THF, TEA, 60 °C, 16 h.
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