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Summary

The aim o f this research was to develop synthetic strategies for the construction of 

multiporphyrin arrays with enhanced 7i-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 o f 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 o f 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 ft'om 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 P-j3, meso-meso, P’-P’ triply ftased 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 ftally substituted as 

well as dimers containing a free meso position. Attempts to triply fuse these 

bisporphyrins had mixed results, with the isolation of the fi'ee 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 o f the bisporphyrins synthesised, the reactivity o f such was 

investigated via bromination, nitration, cycloaddition and organolitium reactions. Further 

post-fusing chemical transfonnations, namely organolithium, cycloaddition and 

transition-metal catalysed reactions, at the meso- and y5-positions enables the fine-tuning 

o f such arrays with the aim o f enhancing the bathochromic shift and their potential 

optical applications. Via organolithium methods, a chlorin fused dimer was synthesised, 

few o f which are known in the literature.

Finally, a series o f  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 o f  which were synthesised via 

known procedures fi'om 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 o f these 

materials. Light emission from these carbazole substituted porphyrins showed better 

results compared to previously examined bromo substituted poiphyrins with better 

electroluminescence and lower tum -on voltages. Dimers exhibited tum-on voltages o f  3V 

compared to 6V for monomeric porphyrin-carbazoles. Such results display the potential 

o f porphyrin oligomers as OLEDs.
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1. Introduction

1.1 Porphyrins - Basic structure and roles in nature

Porphyrin is the name given to a family o f 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 t i m e s T h e  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 1912̂ ^̂  and proved by Fischer in 1929 upon his synthesis of heme, 

the iron porphyrin which occurs in hemoproteins.^^''*^ Of the 22 conjugated 7i-electrons in 

the parent porphyrin structure, shown in Figure 1, only 18 Ti-electrons take part in the 

aromatic system, thus obeying Hiickel’s law for aromaticity (4n+2)J^^ The other four n- 

electrons possess more double bond character and are not involved in the aromatic 

system.

3 5 7

2

20

18

17 15 13

Figure 1.1: Porphyrin structure 1 and the lUPAC numbering system.*^’’'

There are three different types o f carbon atom in the porphyrin structure: a, /3, and meso 

carbons, a-carbons refer to those at positions 1, 4, 6, 9, 11, 14, 16 and 19, y5-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 y5-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 

form metalloporphyrins.^*^ Porphyrins can undergo many characteristic aromatic 

electrophilic substitution reactions, for example halogenations and acylation. The 

reactive sites on the porphyrin macrocycle are the meso- and y5-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

meso
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attack, ahhough this also occurs with free base porphyrins. Electrophilic metals 

deactivate the meso-positions and activate the /^-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 p- 

positions form chlorins and bacteriochlorins whilst addition reactions at the meso 

positions generate phlorins or porphodimethenes.^'^

HOOC COOH

R = CH3 : Chlorophyll a 
R = CHO : Chlorophyll b

OCH

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(II) 

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 c and 

chlorophylls 3.^ '̂ Chlorophyll is a reduced magnesium(II) porphyrin or chlorin with 

different substituents at the periphery, as seen with chlorophylls a and h 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 o f  charge, thus initiating this oxidation- 

reduction chain.

F igure 1.2: X -ray crystal sructure  o f  the photosyn thetic  reaction  centre from  R hodobacter sphaero ides

show ing  the special pa ir in red.^'*’

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

complexes o f cyanobacterial p h o t o s y s t e m s , ' i t  is obvious to see the significant and 

vital role which chlorophyll molecules play in photosynthesis and these structures 

provide a deep insight into the understanding o f  the electron transfer events within the 

reaction centre (Figure 1.3).

A T O

Figure 1.3; C rystal structure o fL H 2  com plex  in R hodobacter ac idophila . B acterioch lo rophy ll (B C hl) 

B 800 is show n in green, B Chl B 850 in purple, and caro teno ids in yellow ^'^' adap ted  fi-om.''^*
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As m ultichrom ophoric arrays are involved in this process, m ultiporphyrin arrays have 

potential to be used in “artificial photosynthesis” and solar energy generation due to their 

electrochem ical and photoactive properties. Porphyrins absorb strongly in the visible 

region and thus can form  part o f  an artificial photosynthetic system. A rtificial m odels o f  

porphyrin arrays w ith distinct geom etries can provide a useful insight into the 

m echanism s o f  electron and energy transfers w ithin these photosynthetic system s and 

also could duplicate light harvesting and electron transfer c h a r a c t e r i s t i c s . A s  these 

m odels are o f  significance, it is crucial to develop synthetic strategies tow ards the 

developm ent o f  such arrays.

1.2 M ultiporphyrin Arrays -  Synthetic C onsiderations

There has been vast advancem ent in the synthetic strategies tow ards the functionalisation 

and synthesis o f  m onom eric porphyrins over the past few  decades. For the synthesis o f  

sim ple m eso-substituted porphyrins, a variety o f  condensation reactions can be carried 

out. nam ely the Rothemund*^^'^^' and Lindsey methods^^^'^^^ whereby num erous 

tetrasubstituted A4 porphyrins can be synthesised from the acid-catalysed condensation 

o f  pyrrole w ith various aldehydes. For the synthesis o f  K j  and A2B2 system s, dipyrryl 

and tripyrryl analogues, nam ely M acD onald [2+2] c o n d e n s a t i o n , w h i c h  utilises 

dipyrrom ethane derivatives^^^'^'^ and an aldehyde to give the 5, 15-A 2 and A2B2 

porphyrins and also [3+ 1] condensations, w hereby tripyrrane is utilised to give access to 

5-A and 5,10-A2/A2B2 substituted porphyrins. For unsym m etric tetra substituted 

porphyrins, i.e. A B CD  porphyrins, num erous strategies can be adopted, nam ely m ixed 

condensations and organolithium  m ethods. M ixed aldehyde condensations are not 

favoured, as the purification for such is quite tedious and low yielding via this route. 

U nsym m etric porphyrins can also be achieved via acyl dipyrryl analogues, a m ethod 

developed by Lindsey and co-workers,^^^'^^^ and m ore recently, the synthesis o f  ABCD 

porphyrins has been achived via bilane precursors^^^’̂ '̂ in respectable yields, although the 

synthesis by such m eans requires several interm ediary steps. For the synthesis o f  ABCD 

unsym m etric porphyrins from porphine 1, A, A2 and A2B2 precursors, m ethods whereby 

m eso-substituents can be incorporated in a stepw ise fashion can be adopted. This allow s 

for a variety o f substituents to be added to the porphyrin in good yields. This includes the 

novel m eso functionalisations via organolithium  reagents, developed by Senge and co­

w orkers to generate unsym m etrical A BCD porphyrins from the parent porphine
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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 4

A=B=C; D=H A 3  

A=B; C=D=H S .IS -A j  

A=B; C=D 5.15-A2B2 

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

A=C; B=D 5 ,10  A 2 B 2  

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 .^"*T hese 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-Mi>aiara, Heck, Stille 

and Sonosgahira couplings, which involve the coupling of haloporphyrins with the 

desired substituent to be incorporated into the p e r i p h e r y . T h e  main issue with such 

functionalisations is regioselectivity. As the meso position is more reactive towards 

electrophilic substitution reactions over the ^-pyrrolic position, due to a higher electron 

density at the meso position, control over the regioselectivity o f 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 P 
positions over meso, via iridium catalysed r e a c t i o n s . S u c h  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

NH

HN
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arrays can be generated by various routeŝ "**̂  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 o f 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 

b o n d s . H o w e v e r ,  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 poiphyrins, 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 7i-conjugation with 

the aim o f 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 powerfiil 

means o f identifying different types o f 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 d i s c o v e r e r , l i e s  in the 

390-425 nm region and this represents the allowed ti-ti* 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 o f 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 o f 

degenerated excited states. Metalloporphyrins have higher symmetry and as a result they 

generally only exhibit two Q bands. Goutem ian’s four-orbital model (Figure 1.6) is a 

theory commonly used to explain the origin o f the UV-vis spectra o f  porphyrins, 

allowing for the two highest occupied molecular orbitals (FIOMOs) and the two lowest 

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

The HOMOs (aiu and aju) are singly degenerate whilst the LUMOs (Cgy and Cgx) 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 Goutennan theory, are forbidden but 

exist due to molecular vibrations within the macrocycle.

LUMOLUMO

aiu HOMO 32u h o m o

Figure 1.5: Representation o f 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, 

developed by Kasha et  may be used to account for spectral changes by
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interporphyrin interactions where the strength o f  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 o f higher energy. Most multiporphyrinic 

arrays exhibit split Soret bands and this is due to J-type exciton coupling between 

adjacent p o r p h y r i n s . T h e  most pronounced interactions between porphyrins is 

observed when they are directly linked, either singly or triply. Also, the extension o f  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 p o r p h y r i n . T h e  absorption spectra 

o f the porphyrin oligomers depends on the type o f 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 o f  conjugation will result in a 

bathochromic shift in the absorption spectrum o f the lowest energy Q band, i.e. A -m a x -  As 

mentioned, the geometry o f the array controls the communication between sub-units and 

efficiency o f electron transfer. For directly meso-meso singly linked arrays, the porphyrin 

units are geometrically orthogonal to each other, resulting in a disruption to the k- 

electron conjugation and thus little or no bathochromic shift in absorption. Any spectral 

changes with respect to monomeric components are induced by Coulombic interactions 

o f the dipole moments i.e. excitonic i n t e r a c t i o n s . T r i p l y  flised /?-/?, meso-meso, P-P 

linked porphyrin are geometrically co-planar and these an'ays exhibit a substantial red 

shift in absorption due to the enhanced 7i-conjugation, which greatly reduces the HOMO- 

LUMO energy band gap.'-^’  ̂ Arrays linked via conjugated linkers such as alkynyl and 

phenylacetylene, exhibit a bathochromic shift due to enhanced 7i-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 m otif 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 

o f porphyrins, they have a diverse range o f  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 a r e a s A  selection 

o f 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 o f 

attenuating high intensity light whilst allowing the efficient transmittance o f  low intensity 

ambient light. Non-linear optics (NLO) describes the behaviour o f  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 

o p t o e l e c t r o n i c s . T h e s e  properties include: 1) the fact that the porphyrin structure 

can be modified to enhance their optoelectronic effect, 2) the delocalisation o f n -  

electrons in the conjugated macrocyclic ring which gives the large non-linear optical 

effects and 3) the thermal-, chemical- and photostability o f  porphyrins is greater than for 

those o f '‘typical” organic chromophores. Conjugated multiporphyrin arrays are of 

interest due to their extended Ti-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 L4.3).

1.4.2 Photoinduced electron-transfer (Light-harvesting)

Photosynthetic light-harvesting antennae consist o f circularly arranged chromophores^ 

where the exciton transfer processes o f 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 o f light. In order to be 

efficient, the antenna must absorb in a similar region to that o f the light source. Also, as 

the singlet excited states do not have a long lifetime, the transfer o f  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 o f electrons between the porphyrin units, potenfially allowing the 

necessary communication.
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The simplest model consists o f 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 o f  the excited singlet state o f 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 o f  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.^^^'^^'^^'

1.4.3 Photodynamic therapy (PDT)

Photodynamic therapy is a branch o f cancer treatment which utilises the combination o f 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 

t i s s u e . T h e  diseased tissue is then illuminated with light o f an appropriate wavelength 

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

PHO TO SEN SITISER

SINGLET EXCITED STATE

S i ------------n
SUPEROXIDES,

RADICALS

TRIPLET STATE

ABSORPTION FLUORESCENCE

PHOSPHORESCENCE

So
GROUND STATE

F i g u r e  1.6: G eneration  o f  s in g let o x y g en  through p h o to sen sitisa tio n .
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This can undergo intersystem-crossing to the triplet state (T\) 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 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. It was the most commonly 

used PDT agent until the 1980’s, when it was purified and partially identified. The active 

fraction o f 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 o f 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 5 (Foscan®).^™"’’'

OH

OH

HO
HN

OH
COOH

COOH HO

HO

COOH

Figure 1.7: Structure o f  a dimeric com ponent o f  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®.
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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 ^-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 occun'ence, 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, 

iiradiation 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 c a n c e r s . A l s o ,  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 (a) and molecules 

exhibiting high o 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 7i-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 n- 

conjugation results in a substantial increase in a values, as seen with Anderson’s 

butadiyne linked dimers^^'^ which have 0  values of 1 x 10  ̂ GM and are proving to be 

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.

Although the materials mentioned are o f 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 is via the incorporafion of water-solubilising groups into the porphyrin periphery, 

such a alkoxy chains, sugar moieties, or bile acids or by construcfing

amphiphilic arrays, i.e. constructs with lipophilic and hydrophilic entifies. An example of
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this has been given recently with conjugated glycosyl dimersJ^^^ In the cases of sugars 

and bile acids, these not only enhance the solubility o f the array, but also assist with 

tumour targeting. As there is lectin overexpression o f 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.^^^^ Another method to overcome the 

poor solubility o f porphyrins is the development of liposomal formulations, whereby the 

porphjrin is incorporated into the liposome as a drug delivery system. Liposomes consist 

o f 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 o f ‘porphyrin hybrid cerasome’ whereby lipid substituted porphyrins self­

assembled to form a liposomal type structure and possessing many advantages over 

traditional liposomal fomiulations.^^''^^^ Other than the dimers mentioned above, there 

has been little focus on the development o f 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 o f 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 d e v i c e s . O L E D s  are multi­

layered structures consisting o f two electrodes, an emissive and conductive layer, as 

shown in the schematic representation in Figure L8. The electroluminescent layer 

consists of organic semiconducting materials which emit light in response to electric 

current flowing through it and are o f use in everyday devices such as television screens, 

mobile phones and computer m o n i t o r s . T h e s e  OLEDs also have the potential to act as 

emitters into the near-IR region, depending on the organic material e m p l o y e d . S u c h  

near-IR OLEDs could have diverse optical applications such as in PDT and night vision.
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Electron t ranspor t  layer
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Glass substrate

Light ou tpu t

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 o f energy from the dye in 

the form o f light or electroluminescence, the colour o f which is dependent on the 

difference in energy between the ground and excited energy l e v e l s . T h e r e  are many 

different types o f OLED devices, the standard o f which adopts fluorescent dyes. By 

incorporating phosphorescent dyes, phosphorescent OLED devices can be created which 

have an added advantage o f longer emission l i f e t i m e . A s  the colour o f light depends 

on the differences in energy levels, the structure o f 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 o f interest for the development o f improved displays. As a result, research 

into developing porphyrins for use in OLEDs is expanding.^^'^ '̂ ’̂'*’'*

Porphyrins can be fine-tuned by the substitution pattern on the periphery and through the 

modification o f their central metal ion. depending on the type o f OLED required. 

Generally, the host matrices consist o f conjugated polymers such as polyfiuorene (PFO) 

and poly(A^-vinylcarbazole) (PVK) which themselves act as strong green and blue 

e m i t t e r s . T h e s e  conjugated polymers are attractive as OLED materials as they have 

good hole transporting abilities and they have high triplet energy.
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Recently, the incorporation o f  these arom atic m oieties into porphyrins has becom e 

attractive for OLED purposes so as to enhance the efficiency o f  the host, as seen in 

porphyrin Platinum  porphyrins 7 and 8 have also been shown to have high

external quantum  efficiencies w hen doped into OLED d ev icesJ’®̂ ''®*̂ '

7

W ith 8, the fused arom atic groups at the beta-pyrrolic positions enhance the 

bathochrom ic shift o f  the absorption and em ission profiles due to the extended n -  

conjugation o f  the structure. A lso, the non-planarity o f  the structure enhances this shift 

m aking the dye a N IR  e m i t t e r . P h o s p h o r e s c e n t  OLEDs are desired as they em it 

light for longer periods o f  tim e and porphyrin trim er 9 has been show n to be an efficient
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phosphorescent dopant in PhOLED 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 o f OLEDsJ^^^

R=

O

O

o

1.5 Porphyrin arrays with conjugated linkers

Multiporphyrin arrays can be connected through a variety o f 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 processesJ'”  ̂ Additionally, multiporphyrin arrays, 

if exhibiting enhanced delocalised 7i-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 o f 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 P 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 o f monomeric porphyrins are also used, culminating in an ultimate 

palladium catalysed coupling reaction to form the desired oligomer. The type o f 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 o f 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 71-  

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 o f butadiyne linked dimer 11, 

synthesised in 1978 by Arnold et al. This was formed via the Eglington reaction of 5- 

ethynyl-octaethylporphyrin 10, which is the oxidative homo-coupling o f terminal alkynes 

to form bis-acetylenes.^''"*^ This type of homo-coupling can also be achieved under 

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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Scheme 1.1: Synthesis o f first acetylene linked bis-porphyrin.^"^^

The development o f palladium catalysed coupling chemistry has opened the door to 

numerous syntheses o f  alkynyl linked multiporphyrins, with the most utitised method 

adopting Sonogashira coupling conditions, or modified versions thereof These palladium 

catalysed coupling reactions require the activation o f the porphyrin via halogenation, the 

most common precursors o f  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 o f  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 o f 

an amino-phosphine l i g a n d . T h i s  fonns 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 
i_2ni8]

PhPhPh

PhPh

12
Ph
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Therien and co-workers synthesised meso-meso dimeric and trimeric and meso-y? ethynyl 

linked dimeric linear porphyrins via palladium catalysed Sonogashira coupling 

conditions in yields o f 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- 

harvesting a n t e n n a e . ‘Porphyrin ladders’ were developed by Anderson and co­

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 l,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 confonnation 

which has been shown to improve their potential to be employed in optical applications
r 122 1231as enhanced Ti-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 

[76,82] ] 4  3 ) These dimers display high singlet oxygen quantum yields, strong

fluorescence in the 700-800 nm region and large two-photon absorption cross-sections in 

the near-IR region, all o f which are o f importance to PDT.^*'^

Zn

13

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 y0-positions, made 

possible through selective y5-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 yieldJ’ "̂̂ ’’^̂ ^

Ar

Ar

Ar

14

Ar

Ar
15

Ar

TMS

Zn

TMS

Ar

Ar

Scheme 1.2: Synthesis o fp-p 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 o f excited state energy transfer, which occurs in the 

photosynthetic antennae complexes. The incorporation o f the phenylacetylene moiety can 

be achieved via organolithium reactions,^ Sonogashira coupling and subsequent 

deprotection and also via condensation a p p r o a c h e s . L i n d s e y  and co-workers 

fine-tuned these phenylacetylene linked dimers for this purpose, for example by the 

incorporation o f  pentafluorophenyl substituents in dimer 16 . With these substituents, the 

energy levels o f the porphyrin can be tuned, thereby facilitating charge-separation.^'^^^ 

This energy-transfer can also be mediated by the incoiporation o f fi-ee-base and zinc 

metallated porphyrins into the array. Trimeric variations o f these arrays have also been 

developed for similar p u r p o s e s . S u c h  arrays were synthesised via Sonogashira 

coupling o f the free phenylacetylene monomer with halogenated porphyrin in yields o f 

up to 62 %.
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The diphenyl acetylene 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 o f  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 o f  the porphyrin ring, 

phenylene linked arrays will adopt a rigid conformation and thus are o f  interest for 

biological model s t u d i e s . I n  constructing such phenylene and diphenylacetylene 

linked arrays, many considerations must be taken into account.

M = 2H or Mg(ll)

'A r
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Lindsey and co-w orkers have led the field in the developm ent o f  such linked porphyrins 

for light-harvesting applications and provided insight into the effects various 

m odifications have on energy transfer w ithin the a rraysJ '^ ’  ̂ G enerally, the copper-free 

Sonogashira conditions are em ployed for the preparation o f  such oligom ers. W ith 

porphyrin nonam er 17, a coupling yield o f  20 % was obtained and these large arrays 

exhibit efficient singlet energy transfer, particularly  w hen m ixed m etal porphyrin 

com ponents w ere u se d J ’^̂  ̂ Investigations into the torsional m obility  o f  the linker and its 

effect on the electronic com m unication betw een the porphyrin units have been assessed. 

It was proven that as the torsional constraint increases, the rate and efficiency o f  energy 

transfer decreases, thus having a diphenylacetylene linker w ith m odest flexibility is 

advantageous. A lso investigated was the substituent pattern on the porphyrin periphery 

and the effects, i f  any, these have on energy transfer rates. It was discovered that nieso- 

aryl and other electron donating substituents result in an a ju  H O M O  and thus electron 

density  is localised on the m eso-carbon w here the linker is attached. In contrast to this, P -  

alkyl substituents and m eso electron w ithdraw ing substituents result in an aiu HO M O  

which localises electron density  on the pyrrolic carbons. Optical com m unication betw een 

porphyrin units o f  m ultiporphyrin arrays is seen with an aiu HO M O  for /?-linked arrays 

and an a2u HO M O  for m eso linked arrays. Thus, the im portance o f  the substitution pattern 

on the porphyrin periphery, in term s o f  energy transfer, is evident and can play  an 

im portant role in the design o f  such arrays.

Ar

HN:^ N H

HN

18

In attem pts to m im ic the cylindrical structure o f  the light harvesting com plex in natural 

system s, cyclic and square covalently linked arrays have also been developed.

These incorporate ethyne, butadiyne, phenyl ene, diphenyl acetyelene and phenyl 

acetylene linkers and, in som e cases, require the tem plate-directed synthesis for optim um
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yields o f the desired array. Depending on the linker adopted, these large arrays can have 

complete or incomplete 7i-conjugation. Those lacking complete conjugation have been 

extensively investigated and generally incorporate hybrid aromatic-ethynyl linkers, as 

show w ith square-shaped tetramer synthesised via copper-free Sonogashira

coupling o f 5,10 A 2B2 monomeric porphyrins. Arrays o f  1,3-phenyl linked porphyrins 

have been employed to generate porphyrin wheels by Osuka and c o -w o rk e rs ,^ fro m  a 

1,3-phenylene linked dimer w ith  free-meso positions and subsequent oxidative 

oligomerisation using AgPFe w ith  an ultimate oxidative coupling under dilute conditions 

to give the desired porphyrin wheel-like array containing up 12 or 24 porphyrin units, in 

yields o f 34 and 60 %, respectively.

19
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However, incorporating ethynyl and butadiyne linkers, as shown in square shaped 

tetrameric*'^^* and dodecameric arrays creates the porphyrin dodecamer array as

fu lly  conjugated system, functioning like a molecular wire and making it  applicable to 

the field o f  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, w ith 

overall yields being low to moderate, in the case o f 19, 9 %.

To enhance yields o f these “ cyclic porphyrin oligomers”  and direct the desired oligomer 

formation, templates can be employed in the synthetic strategy via a supramolecular 

approachJ'^^' Oligophenyleneacetylene linked cyclic hexamer 20 was synthesised in 59 

% yield using the template 21 by Gossauer and co-workersJ'^*' W ithout this template 

low yields o f 8-31 % were o b t a i n e d . R e c e n t l y ,  the template-assisted synthesis o f 

nano-ring 22 was obtained in a coupling yield o f 96 % by Anderson and co-workers. 

Vernier templating was adopted to generate this 12-porphyrin nano-ring w ith a diameter 

o f 4.7 nm, the template o f which can easily be removed. These nano-rings o f porphyrin 

macrocycles are o f interest due to their resemblance to the natural light-harvesting 

complexes and no doubt w ill serve as mimics for insight into light-harvesting 

p r o c e s s e s . ' A l s o ,  Anderson and co-workers developed the 6-membered porphyrin
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nano-ring derivative o f 22 and this has been shown to have promising OLED properties, 

whereby the cycUc array minimises aggregation in the electroluminescent layer.^'""^ 

These supramolecular type constructions exhibit the benefits o f using template-directed 

synthesis for the generation o f new and potentially more efficient light-harvesting arrays, 

molecular wires and arrays for other optical applications.

A r'

[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 o f such arrays to electron transfer processes. In
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contrast, /3-p, meso-meso, P-P trip ly  linked arrays exhibit a substantial increase in 

electronic delocalisation and the 7i-conjugation is greatly enhanced through the array. 

Such oligomers are suitable for a wide range o f optical applications.

R

Cnh ^3
HN

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

23 24

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

Since the first synthesis o f meso-meso directly linked porphyrins by Susumu et al. in 

1996 via a condensation reaction o f  a formyl porphyrin and a dipyrromethane 

d e r i v a t i v e ^ t o  yield trimer 23, there have been numerous approaches towards the 

synthesis o f such directly linked porphyrin arrays. As this condensation approach only 

yielded the directly linked array in low yield (<1 %), the development o f  alternative 

synthetic methods for the synthesis o f such arrays was crucial. For singly linked arrays, 

these strategies include: total synthesis involving the condensation o f a dipyrromethane 

w ith tetrakis(5-fon'nyl-2-pyrrol)ethane,^''^^^ nickel-mediated Ulmann coupling,^ 

oxidative fusing o f free meso porphyrins using various oxidants such as hypervalent 

iodine reagents (e.g., silver salts (AgPFe),^''*^*'^'^ and other strong oxidants

such as DDQ/Sc(0Tf)3 . Also, these arrays can be synthesised via electrochemical 

oxidation and via the oxidative dimerisation o f porphyrin anions, a method

developed by Senge and c o - w o r k e r s . ^ T h e  former method is advantageous as free base 

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 o f the C-H bond via bromination and 

borylation, w ith the ultimate palladium catalysed Suzuki coupling step to give the desired 

directly linked porphyrin array.^'^^^ Although prior activation o f  the meso position is 

needed, this stepwise synthesis is beneficial for the generation o f unsymmetric and non­

linear porphyrin arrays, such as L-shaped trimer 25, which can act as precursors to more 

elaborate multiporphyrin a r r a y s . T h e s e  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 o f  triply fused porphyrinic arrays.

Ar

Ar

25

A large number o f  these oligoporphyrins have been synthesised and exhibit interesting 

photophysical properties. One convenient method is the Ag(I)-promoted oxidative 

coupling o f  5,15-diarylporphyrins, discovered by Osuka and c o - w o r k e r s , ^ o n e  o f the 

first methods developed towards directly linked porphyrin synthesis. This method 

involves the one-electron oxidation o f 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 o f 

other oxidants such as DDQ/Sc(OTf )3  and hypervalent iodine to be employed as these 

reagents result in fewer side products. Using this single electron oxidation method, an 

oligomer consisting o f  128 directly linked porphyrin units was synthesised, 

employing AgPFe as oxidant. The Ag(I) promoted oxidation can be improved by the 

addition o f  iodine and for 5,10,15-trisubstituted porphyrins, bisporphyrins can be 

synthesised in yields o f  up to 9 5 % . To further prove the mechanism for 

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(II) porphyrins, the a2 u HOMO predominates and as a result there 

is greater electron density at the meso carbon over the y9-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(II), palladium(II) and nickel(II), the aiu 

HOMO is favoured, resulting in larger electron density at the /?-pyrrolic carbon and thus



C h a p t e r  1 :  I n t r o d u c t i o n  | 29

the meso-/9 hnked arrays form with these metalated porphyrins. With hypervalent 

iodine(III) 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 

electrophilic iodine c e n t e r . T h e i r  use in the synthesis o f biaryl compounds via an 

efficient single-electron transfer mechanism^'^^''^^^ prompted the application o f such 

reagents for the synthesis o f directly linked porphyrin dimers in excellent yields with 

short reaction times.

R -

Expanding from singly linked arrays, triply fused meso-meso, fi-fi triply linked 

arrays can also be synthesised using similar strategies, just employing larger quantities of 

oxidants. The first example o f such fused arrays was that o f copper(Il) bisporphyrin 

This was synthesised from a meso trisubstituted precursor, using tris(4- 

bromophenyl)aminium hexachloroantimonate (BAHA) as oxidant.^'^'"’^̂ ' A drawback o f 

this oxidant is that y9-pyrrolic chlorinated side products formed, thereby limiting the 

applicability o f this reagent. To eliminate this, other strong oxidants such as 

DDQ/Sc(OTf)3  and PIFA can be used. Again, the central metal determines the 

regioselectivities o f these oxidations with y?-/?, meso-meso, fi-P triply linked arrays 

fonning with zinc(II) porphyrins and meso-meso doubly linked arrays forming with 

palladium(II) and nickel(II) porphyrins 26 and 27 . This can be attributed to electronic 

properties as discussed for the singly linked arrays.

Using 5,15-disubstituted porphyrins, porphyrin tapes 28 and 29 , o f up to 12 porphyrin 

units, were sy n th e s is e d ^ e m p lo y in g  DDQ/Sc(0Tf)3 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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N—Zn— N
28

N—Zn— N

f  .. DDQ/Sc(OTf)3
N—Zn — N

_N"Zn— N

N - Z n — N
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J. / /
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N—Zn — N

N - Z n — N

Schem e 1.3: Synthesis o f  porphyrin tape 29 via DDQ/Sc(0Tf)3 oxidation o f  28.

Other methods for the synthesis of such arrays adopt different oxidants, a recent one 

being that of gold(III) mediated oxidation using AuCls-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(II) meso-meso, P-P triply fused bisporphyrins of type 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(0Tf)3 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 n e e d e d . I n  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 w ith interesting photophysical properties 

enabling their use in areas such as NLO  and other optical applications (Figure 1,10)J'^^^

M -N=-

N=-

N=- M -

30 31

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

W ork by Davis et al. has produced trip ly  linked systems w ith anthracene fused at the 

porphyrin periphery using Osuka’ s oxidative m e t h o d . T h i s  further enhances the 

absorption profile and electronic properties o f  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-lR region, w ith a )tmax o f 1495 nm. 

Other trip ly  fused porphyrin arrays incorporating fused aromatic moieties, e.g., pyrene 

33['^9-180] perylene,^'^'^ have been developed, w ith sim ilar effects in comparison with 

anthracene derivative 32 on the overall electronic properties.

ORRO

Zn

ORRO

where R = 2,4,6-trimethylphenyl

Zn

33
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Limited research has focused on the reactivity o f such triply fused systems, with Osuka 

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

treated with azomethine ylide and o-xylene whereby cycloaddition occurred with 

the internal double bonds (“bay area”), to fonn chlorin intermediates which are 

subsequently oxidised to give the cycloadduct o f type 34.

Zn

Ar Ar

34

Other modifications to directly linked porphyrins were generally carried out on singly 

fused arrays, prior to triply fusing, for example ^-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.^'

1.6 O b jectives

The aim of this work was to develop novel strategies for the synthesis o f covalently 

linked unsymmetrical multiporphyrin arrays, both conjugatively and directly linked, for 

the purpose o f 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 

OLEDs.

For the synthesis of multiporphyrin arrays, the fiinctionalisation o f 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 o f the 

vital linker substituents for the synthesis o f conjugated arrays.
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W hilst many multipoq?hyrin arrays connected via conjugated linkers exist, the majority 

o f 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 o f  asymmetry at the 

monomeric stage, whilst the second was the synthesis o f  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 o f  these 

compounds and to investigate their photophysical properties.

Fully conjugated porphyrin arrays were also sought after for further expansion o f the 

absorption profile. The most efficient way o f doing so is thi'ough triply fusing porphyrin 

units via oxidative methods generating ftised porphyrin arrays, resulting in a significant 

bathochromic shift o f 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 o f 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 o f the fused arrays, limited research o f which exists in the literature.

Lastly, it was envisaged to develop a series o f novel porphyrin-carbazole conjugates for 

OLED studies. Polymeric carbazoles are commonly used as host matrices in OLED 

devices. Via the incorporation o f this moiety to the porphyrin macrocycle and the 

development o f novel carbazole-linked porphyrins, it was hoped that an improvement o f 

OLED properties would be observed, hnplementing 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 o f  monomeric porphyrins is vital for the subsequent construction o f  

multiporphyrin arrays. At the monomeric stage, synthetic strategy is o f  utmost 

importance, as it is at this point that the majority o f  functionalisations to the porphyrin 

periphery are executed. An example for this is the activation o f  the porphyrin via 

halogenation and the introduction o f  the conjugated linkers, such as ethyne and 

phenylacetylene, necessary for synthesis o f  linked porphyrin arrays. A range o f  different 

reactions can be adopted for these syntheses and this chapter will focus on the key steps 

in the construction o f  these monomeric precursor porphyrins.

2.2 Synthesis 

2.2.1 Synthesis of 5,15-A2 porphyrins

For the scope o f  this thesis, the porphyrin building block o f  main concern are the 5,15- 

disubstituted A 2  type porphjTin and the various meso functionalisations which were 

undertaken. To synthesise this type o f  A 2 -porphyrin, the [2+2] MacDonald synthetic 

strategy was adopted^^^’ (Scheme 2.1), whereby dipyrromethane 35 (DPM ) was 

condensed with the desired aldehyde (36-43) to yield 5,15-disubstituted porphyrins 

4 4  H86] 4 5  H87] H88] M42] ^ ^ ^ 1 8 9 ]  H85] U90] o f  4-43 %, Comparable

to those in the literature. The mechanism for this acid-catalysed condensation proceeds 

via a themiodynamically favoured porphyrinogen i n t e r m e d i a t e , ^ o v e r  the 

oligomeristion o f  DPM, which is subsequently oxidised to the desired porphyrin using  

DDQ as oxidant.f^^’ '̂ ’̂ *'̂ '̂

This mild synthetic approach is versatile for many functionalities, enabling the 

generation o f  5 ,15-porphyrins in gram scale quantities and is advantageous over the 

harsher Rothemund^^^  ̂ and Adler-Longo^^^^ condensation strategies. The equilibrium for 

porph3Tinogen formation is highly dependent on the reaction concentration and the 

irreversible fonnation o f  porphyrin is achieved via oxidation with DDQ. Any  

oligomerised 35 will also be oxidised, the removal o f  which is easily executed via 

filtration through a plug o f  silica gel.
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H H

NH HN

NH HN

R = P h  3 6  
R = Hexyl 3 7  
R = 1-Ethylpropyl 3 8  
R = 3,5-Di-fert-butyl-CeH3 3 9  
R = 4 -M e -C 6 H 4  4 0  
R = 4 -N O 2 -C 6 H4  41  
R = 3-M eO -C 6H 4 4 2  
R = 4 -M e O -C e H 4  4 3

H H

c r  T  CN
OH

DDQH2

R = Ph 4 4  46%
R = Hexyl 4 5  2 6  %
R = 1-Ethylpropyl 4 6  2 0  %
R = S.S-DI-fert-butyl-CeHg 4 7  2 6  % 
R = 4 -M e-C eH 4 4 8  4 0  %
R = 4 -N O 2 -C 6 H4  4 9  4  %
R = 3-M eO -C 6H 4 5 0  3 6  %
R = 4 -M eO -C eH 4 51 1 9 %

S ch em e 2.1: M acD onald [2+2] Condensation: Synthesis o f  5,15-A2 porphyrins 44-51 . R eagen ts and  

conditions: i) 35 , aldehyde, CH 2 CI2 , TFA , rt, ii) D D Q , TEA.

For the synthesis o f 35, pyrrole was condensed with parafonnaldehyde 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 o f paraformaldehyde at room temperature. Following 

Kugelrohr distillation 35 was obtained in a yield o f 46%, following a widely utilised 

method, developed by Lindsey and c o -w o rk e rs .T h is  method can also be adopted for 

the synthesis of substituted dipyrromethanes, allowing for the tetrasubstituted

5,15-A2B2 porphyrins to be sy n th es ised ,^ a lth o u g h  scrambling issues from this 

synthetic route can prove p r o b l e m a t i c . K e y  to obtaining acceptable yields o f these 

DPMs is the termination o f the condensation at the DPM stage, minimising the formation 

o f oligomerised products which is obtained by using a huge excess of pyrrole which 

suppresses oligomerisation. Also, acid-catalysation o f pyrrole gives predominantly 2- and 

trace 3- substituted products leading to a //-confused dipyrromethane which can can 

affect y i e l d s . A n  array o f other methods exist for the synthesis o f 35, generally 

only differing in quantities o f pyrrole and reaction solvent used and the work-up 

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

with modified quantities o f  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 o f the A 2  substituted porphyrins 44- 

51 vary quite significantly depending on substituent and are generally affected by poor 

solubilities o f the final compound, thus making isolation difficult. This was particularly 

noticeable for /?ara-nitrophenylporphyrin 49, where a condensation yield o f only 4 % 

was obtained. These 5,15- A 2 porphyrins have two free meso positions whereby 

functionalisations and the introduction o f  crucial linker substituents can be executed.

2.2.2 Organolithium reactions

A versatile method for the introduction o f meso substituents to the 5,15-A2 porphyrins is 

the organolithium approach, developed by Senge and c o - w o r k e r s . A s  

unsymmetrically substituted porphyrins are required by many applications, this method 

proves quite useful for their synthesis. Other strategies for the production o f  unsymmetric 

porphyrins involve challenging total syntheses^^^^ which, from a practical viewpoint, are 

not viable. The organolithium approach involves a direct nucleophilic substitution o f 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 ^-position and also 

meso-butylation o f  OEP giving stable phlorin products but in low yields. '̂^^"'^*^  ̂

However, Senge and co-workers demonstrated the capability o f  nucleophilic substitution 

via organolithium reactions with OEP yielding 5-substituted porphyrins in yields o f  up to 

95 When applied to y9-unsubstituted 5,15-A2 porphyrins, the synthesis o f  A 2 B

porphyrins in excellent yields was p o s s i b l e . T h i s  method is favorable as it is highly 

tolerant o f a wide range o f functionalities and involves either the direct reaction o f 

organolithium reagent with the porphyrin, i.e. whereby these are commercially available, 

namely phenyllithium, hexyllithium and «-butyllithium, or, where the organolithium 

reagent must be first generated in situ and subsequently reacted with the porphyrin. This 

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

for the generation o f  multiporphyrin arrays.

These organolithium reactions can be used to generated fully unsymmetrical ABCD 

porphyrins from porphine 1 or 5- A substituted porphyrins,^^^''^°^^ but here emphasis will
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be on the generation of trisubstituted A 3 and A2 B systems from A2  precursors 44-51 . On 

reaction o f a 5,15-A2 porphyrin with the organoHthium 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 

addition-oxidation mechanism is similar to that of Ziegler alkylation,^^^^^ whereby the 

initial reaction of the organoHthium reagent on the meso carbon generates an anionic 

species. This can be hydrolysed to the hydroporphyrin, with subsequent oxidation with 

DDQ yielding the desired A 3 or A2 B porphyrin^"^^ or, the anionic species can be trapped 

with electrophilic reagents to generate unsymmetric A 2 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 o f R“Li is 

hydrolysed to a phlorin, which is subsequently oxidised to the desired trisubstituted A 3 or 

A2 B porphyrin. From a strategic viewpoint, these organoHthium 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 

A2  porphyrins 44-51 generating A 3 and A2 B porphyrins. Substituents such as 

methoxyphenyl have been shown to be beneficial for the localisation o f photosensitisers 

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

introduction o f these substituents would be advantageous for this application.

The introduction o f phenyl, «-butyl and «-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 organoHthium 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 o f a library o f phenyl, n-butyl 

and hexyl substituted A 3 and A2 B porphyrins in good to excellent yields o f 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 organoHthium reaction, 

for the formation o f 71, were unsuccessful, most likely due to the poor solubility o f 49 in 

THF. No reaction was observed and the starting material was recovered. /?ara-Nitro
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porphyrins are notoriously insoluble materials^^®^  ̂ and thus flinctionalisation o f  49 was 

abandoned.

44-51

Br \\ //

(i) a, b or c  

R̂ Li ►
r 2 = P h 52  

R^ = n-B utyl 5 3  ^
R^ = H exyl 5 4

or

in s itu  RLi generation

r 2 n-BuLi @ ©
 "  Li \ \  //

(ii) H2O
//-R ^  ------

eth er,

-78°C

R"

R2 = 3-IVIeO 5 5  R^ = 4 -M eO  5 8
r 2 = 4 -E th y n e  5 6  R^ = 4 -N O j 5 9
R2 = 4 - M e 5 7  r 2 = 4-N H 2 6 0

(iii) DD Q

r ' # % r ' R^ # %

Ph 3-MeO-C6H4 6 i [40] 30 Ph Ph 72[207] 93

Ph 62["6] 85 Ph Hexyl ■ 7 3  [208] 67

Ph 4 -O 2N-C 6H 4
63[209] n/d Ar Ph 7 4 1 2 1 0 ] 92

Ph 4 -H 2N -C 0H 4
64["6]

1 1 Ar Hexyl 75 75

Hexyl Hexyl 65'^"= 93 4-Me-C6H4 4-Me-
C6H4

76[i29] 91

Hexyl 6 6 30 4-Me-C6H4 «-Butyl 77 69

1 -ethylpropyl Ph 67 92 3-MeO-C6H4 Ph 78(40] 92

1 -ethylpropyl 68 35 3-MeO-C6H4 «-Butyl 7 9 (2 0 8] 26

3-M cO-C6H4 3-MeO-C6H4 69[i%] 65 4-MeO-C6H4 n-Butyl 80 33

4-MeO-CoH4 4-MeO-C6H4 70[212] 71 where Ar = 3,5-di-rert-butyl-C(jH;

4 -O2N -C 6H 4 Ph 71 n/d

Schem e 2.2: Synthesis o f  A 3 and A 2B porphyrins 61-80. Reagents and  conditions: i) a) PhLi, THF, rt, 0.5 

h. b) «-BuLi or «-HexLi, THF, -78 °C -  rt, 0.5 -  1 h. c) n-BuLi, arylbromide, diethylether -78°C -  rt, 

porphyrin, TH F 0.5 -  1 h. ii) HjO, 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 o f  aryl bromides with «-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 

well with phenyl substituted porphyrins, fonning 62^"^^ in 74% yield. However, this was 

not the case for the alkyl substituted porphyrins, which fonned 66 and 68 in yields o f 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 «-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 

o f 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 

not be problematic with porphyrin 64 has a literature yield of 82 %, this was not the 

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 o f RLi was used, only after a 5 h generation 

time and subsequent reaction time o f 16 hrs was the desired porphryin 64 observed in a 

low yield o f 11 %. Such low yields may be attributed to the decomposition o f 64 on silica 

gel during purification or due to incomplete generation of RLi 60 .
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For 4-m ethylphenyl (tolyl) introduction, reactive species 57 was generated from 4- 

brom otoluene. Subsequent reaction w ith ditolyl porphyrin 48 gave the trisubstituted A 3 

porphyrin 76 in an excellent yield o f  92 %. The introduction o f  aryl-alkoxy substituents, 

how ever, was not as high yielding. Porphyrins 50 and 51 yielded the butylated side- 

products 79̂ ^̂ *̂  and 80 in yields o f  26 and 23% , respectively, along w ith the desired 

trisubstitu ted  com pounds 69 ^^°^^and 70 in yields o f  65 and 71%. A lso, for the synthesis 

o f  61, the tetrasubstituted product 81 was form ed as a side product in 4%o yield, and the 

desired trisubstituted porphyrin was only obtained in a 30 %  yield. In spite o f  occurring 

as side products, the butylated m aterials were em ployed in subsequent reactions for the 

synthesis o f  porphyrin arrays.

Ph

— O
NH N—

HN
o —

Ph

81

2.2.3 Bromination

Key precursors for the production o f  porphyrin oligom ers are brom o-porphyrins. These 

activated porphyrins allow  for m any palladium  catalysed cross-coupling reactions to be 

carried out, generating a new  C-C or C-heteroatom  bond, useful in both the synthesis o f  

arrays, and also for the introduction o f  key substituents or linkers. Brom inations o f  

porphyrins can be carried out by  num erous methods,^^'^’̂ '"̂ ' and involve an electrophilic 

arom atic substitution (SeAr). There are two sites where SeAr in porphyrins can occur, the 

m eso and y9-positions, w ith preferential substitution at the m ore reactive m eso positions. 

The m ost utilised brom ination m ethods involve the use o f  m olecular brom ine (B ri) or N -  

brom osuccinim ide (NBS) in chlorinated solvents, the latter o f  w hich is preferred for 

m eso-brom ination. 5,15-A2 44-48 and 50, and 5,10,15-A2B 61, 65, 67, 69, 70, 72-76 and 

78-80 porphyrins w ere brom inated using N BS follow ing a standard procedure^‘̂ ‘̂  ̂

form ing brom inated porphyrins 82-102 in yields ranging from  55-95%), the low er

yields being  those o f  alkoxy substituted porphyrins 90 and 91, along with 

m onobrom inated porphyrins 94,̂ '̂̂  ̂ 95, 9 6 , ^ ^ 97I219] jq2 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 o f 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 

s o u r c e . 220-221] debromination procedures are of benefit as they enable the

generation o f 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 

mctallated 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 

dibromo-dihexyl porphyrin proved quite insoluble in many organic solvents, such

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 o f porphyrin arrays.
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NH

HN

NBS

where R  ̂= H

Ri 61,65,67,69,70,

NH

H
HN

1

Br

72-76,78,80

where R  ̂^ HNBS NBS 
where R^ = H

NH NH

HN HN

where R^ ^ Br or H

Br

A 2B/ A3 bromo porphyrins A 2 mono and dibrom oporphyrins

r ' # Yield % r ' R̂ # Yield %

Ph 3-MeO-C6H4 82 69 Ph H 94l2'5] 58

Ph Ph 8 3 (210, 222) 93 1 -Ethylpropyl H 95 54

Ph Hexyi 8412231 89 3-MeO-C6H4 H 9612181 54

Hexyi Hexyl 85'^"' 88 4-Me-C6H4 H gy[218| 57

Ar Hexyi 86 93 Ph Br 981216] 93

Ar Ph 87[2io| 91 Hexyl Br 99(2171 88

l-Ethylpropyl Ph 88 94 Ar Br 1001224] 92

3-MeO-C6H4 Ph 89 94 1-Ethylpropyl Br 101 88

3-MeO-C6H4 3-MeO-C6H4 90 69 Ar H 102 88

4-MeO-C5H4 4-MeO-C5H4 91 61 where A r = 3 ,5 -Di-/er/-butyl-C6H3

4-MeO-C6H4 «-Butyl 92 55

4-Me-C6H4 4-Me-C6H4 9 3 I 1291 92

Scheme 2.3: Synthesis o f bromoporphyrins 82-102. Reagents and conditions: NBS, pyridine, CHCI3, 0 °C, 

0.5 -3  h.
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2.2.4 Metallation

M etalloporphyrins exist where a metal ion coordinates with the lone-pairs on the inner 

nitrogen atoms in the porphyrin core, with the loss o f the two inner hydrogen atoms. An 

extensive range o f metal ions can be inserted, the method o f which is dependent on the 

metal ion i n v o l v e d . M e t a l  insertions into the porphyrin core are very straightforward 

and high y i e l d i n g . T a c t i c a l l y ,  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 o f  electronic properties for 

optical applications, such as electron transfer to mimic biological systems.

W here  =  Br

R'

Hexyl

Ph

4-M e-C .H 4

3-MeO-CftH4

Ar

I-Ethylpropyi

HN

Z n(O A C )2

R^ # %

Hexyl 103 89

Ph 104"2’1 95

H lOS'"'*' 90

Hexyl 106 84

Br 10712161 92

H 108 85

4-Me-C6H4 109l'29] 93

H 110 82

Ph 111 89

Ph 112'“*®' 90

Ph 113 92

Br 114 8 8

Zn

W h ere  R^ = H

r ' R^ # %

Ph Hexyl 115 89

Ph 116(40' 93

Ph 1 1 7 (202'
8 6

H 118 90

4 -M e O -C 6 H 4 4 -M e O -C 6 H 4
119 87

3 -M e O -C 6 H 4 « -Butyl 120 85

1-Ethylpropyl 121 81

Hexyl H \ 77

Ar Br 123'--*' 80

4 -M e -C 6 H 4 butyl 124 92

where Ar =  3,5-Di-/e/-r- butyl-C 5 H 3

S chem e 2.4: M etallation o f  m onom eric porphyrins with zinc(II). R eagents an d  conditions: Zn(0 A c ) 2  in 

M eOH, CHCI3 , 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 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 o f  the reaction. The method involves the 

addition o f zinc(II)acetate dihyrate, the metal carrier, dissolved in methanol to a refluxing 

solution o f the free-base porphyrin in chlorofonn 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 o f  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'

HN

62, 98

R-^

Ni(acac)2 
 ►

R"' = Ph, r 2 = 4-ethyne-C6H4, R  ̂ = H, M = Ni" 125  
r 1 = Ph, r 2 = r 3 = Br, M = Ni" 126

Scheme 2.5: Metallation with nickel(II). Reagents and conditions: Ni(acac)2, toluene, 120 °C, 3.5 h.

For nickel insertion the acetylacetonate method was a d o p t e d , w h e r e b y  the metal 

carrier used is acetylacetonate. Porphyrins 62 and 98 were metallated with nickel in 

excellent yields o f  90 and 92 % forming porphyrins 125 and 126̂ '*'*̂  respectively (Scheme 

2.5).

2.2.5 Palladium catalysed coupling reactions

Transition metal mediated reactions enable the introduction o f numerous functionalities 

onto organic substrates, via the generation o f  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 

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

transition metal for the catalysis o f 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 o f a versatile range of 

functionalities. Such palladium-catalysed reactions have been extensively applied to 

porphyrins, with generation of numerous novel moieties.

Depending on the fiinctionality desired, different Pd-catalysed couplings can be 

employed, the majority o f which involve the derivatisation of a halo-porphyrin precursor. 

Sonogashira coupling^^^^  ̂ allows for the introduction o f alkynyl functionalities via the 

coupling o f a halo porphyrin with a teraiinal alkyne. Suzuki-Miyaura couplings 

allow for C-C bond generation via the coupling of an organoborate with a halo- 

porphyrin. These organoborate precursors can also be in the fonn of porphyrinyl borates, 

generated via an analogous Suzuki-Miyaura type coupling o f 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

Organoboranes^^^^^ are key precursors for Suzuki coupling reactions and in many 

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 the first

reported synthesis o f porphyrinyl borates was by Therien and co-workers and these so- 

called ‘Suzuki synthons’ were employed for numerous Suzuki type c o u p l i n g s . T h i s  

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 o f substituents to the porphyrin 

periphery, but also for the generation o f directly-linked porphyrin dimers.
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R̂

Br HB
O-

/

i
\

O'

127

Pd catalysed O-

O'

8 3 ,  8 7 , 9 3 , 104 , 

105 , 108 , 111

R'

Ph

Ph

4 -M e -C 6 H 4

3-MeO-C6H4

4 -M e -C 6 H 4

Ph

Hexyl

R"

Ph

Ph

H

Ph

4-Me-C(iH4

H

Hexyl

M

2H

Zn"

Zn"

Zn"

2H

Zn"

2H

#
1 2 8 (240]

12912I9]

1 3 0 [241]

131

1 3 2 [242]

133(239]

134

Yield %

54

60

62

62

54

69

51

Schem e 2.6: Synthesis o f  borylated porphyrins 128-134. Reagents and conditions: pinacolborane 127, 

Pd(PPh3)4, 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 o f  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. W hen more than 0.05 equivalents o f palladium catalyst were used, the 

yields obtained were somewhat diminished due to the generation o f  a homo-coupled 

directly linked porphyrin dimer. These dimers, most likely, are generated from the 

borylated substrates which self-dimerise^^"*^^ and thereby affect the yields o f  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 o f 

boronyl porphyrins was in the iridium-catalysed direct C-H activation, a method 

developed by Osuka and co-workers, although control over the number o f  boryl groups 

can be difficult. This method is advantageous as it does not require the halogen activation 

o f 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 porphjoins by Therien and co-workers, was performed 

yielding porphyrins 63, 136-140 in yields o f 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 

j3^[209] optimisation of reaction conditions, it proceeds in excellent yield with

only 3.5 equivalents.

R'

Br + B-R-^
'O

r 3  zr 4 .O 2 N-C 6 H4  135  
r 3  zz 4-Br-C6H4 136

Suzuki

R̂

R3

r ' r ’ M # Y ie ld  %

Ph H 4-O 2N-C6H 4 Zn" 137 82

Ph H 4-O 2N-C6H 4 2 H 6 3 (209] 85

Ph Br 4-O 2N-C6H 4 2 H 1 3 8 (209] 3 6

Ph 4-O2N-C6H4 4-O 2N-C6H 4 2 H 1 3 9 (244] 22

Ar H 4-O 2N-C6H 4 Zn" 1 4 0 (245] 8 0

Ph Ph 4 -B r-C 6H 4 2 H 141  [246] 71

S c h e m e  2 .7 : S y n th esis  o f  Suzuici co u p led  poq^hyrins 6 3 , 1 3 7 - 1 4 1 . R e a g e n ts  a n d  c o n d itio n s :  a) 1 3 5  (3.5 

eq u iv .), Pd(PPh3)4, T H F , K3PO4, 67  °C , 16 h. b) 1 3 6 , A sP h j, PdCl2(PPh3)2, K3PO4, T H F , 67  °C. 16  h.

For the synthesis o f precursor 138, as only 1 equivalent was employed, yields were 

diminished due to incomplete conversion and thus the presence o f starting material 99 

and disubstituted porphyrin 139,'̂ '̂*'*̂  recovered in yields o f 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 o f substituents to the
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periphery and can also be used for the introduction o f  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 

dimers can be problematic.^^'^^^

Sonogashira coupling

R̂

Sonogashira

B r ----------   r 2 - /  ^ m '  /
H ^ T M S  K n ' n - A

Ri R'
82 , 83 , 86 , 87 , 93 ,

98 , 104 , 105 , 112

r ' M T M S  p r o d u c t  # Y ie ld D e p r o te c te d  # Y ie ld

Ph Ph 2H 142I2471 58 151 91

Ph Ph Zn" 143(247] 68 15212481 87

Ph H 2H 1441451 55 15312091 92

Ph H Zn" 145[ii9] 84 154[ii9i 90

Ph TM S-ethyne 2H 145P^’> 52 155[228] 88

Ar H Zn" 14612281 65 - -

Ar Ph 2H 147 36 156 92

Ar Ph Zn" 1481250] 46 157(251] 94

Ar H exyl 2H 149 83 158 61

Ph 3-M eO -Q H 4 2H 150 48 159 90

where Ar =  (3,5-Di-/er?-butyl)C6H3

Schem e 2.8: Sonogashira couphng to g ive T M S-acetylene products 142-150 and TBA P deprotection to 

give alkynyl porphyrins 151-159. R eagents an d  conditions: i) TM S-ethyne, PdCl2 (PPh3 ) 2 , Cul, TEA , THF, 

40 -60  °C, 16 h. ii) TBA F (IM  in THF), C H jC h, 0.5 h, r.t.

The ethynyl group was introduced via Sonogashira c o u p l i n g . I t  involves the coupling 

o f bromoporphryin derivatives with a protected acetylene under standard Sonogashira 

conditions o f Pd" catalyst, Cul as a co-catalyst and a base. The reaction mechanism

  TBAF

1
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proceeds through the generation o f  an alkynyl cuprate in situ, 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 o f  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. W ith free base 

porphyrins there was an inevitable insertion o f  copper into the core as a side product, 

thus leading to slightly lower yields o f  the desired materials. Metallated porphyrins are 

usually used under these conditions to avoid this fomiation, 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 o f 61- 

94%, the lowest yield being that for hexyl substituted porphyrin 158.

2.3 Spectroscopic studies

2.3.1 'H NM R analysis

General considerations

The proton chemical shifts in porphyrins are quite distinct and can be divided into two 

categories; i) 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 o f the 

diamagnetic ring current effect, respectively, as the chemical shifts depend on the 

orientation and distance o f  the proton with respect to the delocalisation pathway o f the %- 

electrons o f  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 y?-protons are strongly deshielded (~8-10 

ppm). The meso protons are attached to more electron deficient carbons and hence are 

deshielded further downfield than y?-protons.

 ̂H  NMR o f  monomeric porphyrins

The substitution arrangement on the porphyrin periphery can easily be deduced by *H 

NMR spectra via the pattern o f  y9-pyrrolic hydrogen signals, which depend on the overall 

symmetry o f the molecule. Taking 1-ethylpropyl A 2 , A 2 B and A 2 BC substituted
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porphyrins 46, 67 and 88 as examples (Figure 2.1), a clear pattern is observed on 

alteration o f  the symmetry o f the porphyrin. 5,15-A2 porphyrin 46, having a two 

symmetry (£>2 ) axis, results in two AB systems for the non-equivalent ^-protons at 9.4 

and 9.7 ppm, for H2/H8/H12/H18 and H3/H7/H13/H17 respectively, the latter o f which 

has a more low-fields shift due to the close proxim ity o f the alkyl groups. The two meso 

protons exhibit a singlet at 10.2 ppm.

PhBi
HN

H 2/H 18
H8/12 aryl

H 3/7 /13 /17

H2/18 H 8/12 arylmeso
I  H 3/7/13/1

H 2/8 /12 /18

meso
H 3/7 /13 /17

1— I— I— I— I— I— [— I— I— I— I— [— I— I— I— I— I— 1— I— I— I— 1— I— I— I— I— I— I— I— I— I— I— I— I— r

10.5 10.0 9.5 9.0 8.5 8.0 [ppm]

2

HN
18

2

HN

Figure 2.1: 'H N M R  spectra o f 1-ethylpropyl substituted porphyrins 46, 67 and 88 in CDCI3 with 

porphyrin numbering system inset.

W ith phenyl substituted A 2B porphyrin 67, there is reduced symmetry and a splitting o f 

the AB signals for H2/H18, H3/H17, H7/H13 and H8/H12 is seen, w ith the highest field 

shift at 8.8 ppm occurring for H8/H12, as these protons lie in closest proxim ity to the 

phenyl ring and are thus affected by the ring current effect o f this substituent. The meso 

proton resonates at 10.1 ppm as a singlet. The A 2BC substituted porphyrin 88, exerts a 

different pattern. Again, four /^-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. W ith 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 NM R 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 o f 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.

S oret  (B )b a n d

550 600 650
W avelength (nm)

Q bands

510  5

Wavelength (nm)

Figure 2.2: UV-vis absorption spectra o f  free base porphyrins 159 and 82 (pink and blue lines) and 

m etalloporphyrins 121 (purple) and 125 (green) in CH2CI2.
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The most pronounced bathochromic shifit for monomeric porphyrins was observed with 

trimethylsilylalkynyl and alkynyl substituted porphyrins 142-159 whereby a Aroax in the 

region o f 660-670 nm was observed for free base porphyrins, an enhancement o f  15-20 

nm with respect to their unsubstituted precursor. This can be attributed to the enhanced 

conjugation and the UV spectra o f  such precursors will be important in the analysis o f 

porphyrin arrays. Nickel porphyrin 125 exhibited a hypsochromic shift in its profile, 

typical o f d-block elements with unfilled d-orbitals. Electrons may be donated to the 

porphyrin’s LUMO, thereby raising its energy and thus the ji-ti* transition which causes 

the hypsochromic shift in the absorption spectrum, with respect to its free-base 

counterpart. These spectra show an example o f  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 o f the monomeric 

porphyrin precursors. A library o f compounds was synthesised, all o f which were used in 

further coupling reactions for the synthesis o f porphyrin arrays, as will be described in 

the subsequent chapters. The activation o f the periphery via halogenation, the 

introduction o f conjugated linkers and borylation o f  the macrocycle will all enable the 

constmction o f 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 o f 

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 o f borylations and Sonogahsira coupling reactions.



CHAPTER 3: 

Conjugated Porphyrin Arrays
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3.1 Introduction

M ultiporphyrin arrays have a wide range o f 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 w i d e l y D e s p i t e  the vast knowledge about and investigations 

o f such arrays, the majority o f work involved studies o f symmetric multiporphyrin 

systems. W hilst these are also o f interest to our area o f research, the main focus here was 

on unsymmetric arrays, through which amphiphilicity for PDT could be introduced or, 

w ith respect to NLO, push-pull systems could be arranged via arrays w ith 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 o f new photosensitisers for PDT.^^** ’̂ 

Currently commercially available photosensitisers show absorption in the 530 to 630 nm 

range, which lim its the penetration o f tissue by light.^’ ^'^''' Increasing the absorption 

wavelength o f the photosensitiser may enable a deeper penetration and therefore the 

targeting o f 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 o f  linkage in the porphyrin arrays w ill influence the 

structure and the properties o f the system. So by extending the conjugation o f the 

porphyrin 7i-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 vitro PDT.^^' Our aim was to synthesise 

novel alkyne and phenylacetylene linked arrays and further develop the synthetic 

chemistry for unsymmetrical array systems. As the delocalisation o f electrons extends 

into the alkyne spacer group, these arrays are linear and sterically non-demanding. 

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 o f 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 w ith the entry o f  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 s y n t h e s i s e d . O n c e  

appropriate lead structures are identified further modifications, e.g., the introduction o f 

water solubilising groups, are possible at the free meso positions to further optimise their 

biological utility. Here, the basic chemistry o f this approach using model compounds is 

outlined.

H N -

INKERB
NHHN

where linker = h

-O ^ O'*
Figure 3.1; Model for conjugated unsymmetric dimers

3.2 Synthesis

The synthetic strategy for the synthesis o f conjugated porphyrin oligomers was tw'o-fold, 

incorporating both the synthesis o f  symmetric dimers and trimers with free meso 

positions and also the synthesis o f  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 o f these 

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 

reactionsJ"^’ Some directly linked dimers were synthesised via Suzuki coupling

[ 155, 239] compare their properties to those oligomers which contain conjugated linkers. 

Depending on the type o f  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 

m e t h o d s , d i r e c t l y  linked amphiphilic dimers 160-162 were synthesised in yields o f 

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 o f  the para  methoxy group over the meta group on the porphyrin macrocycle.

Easier purification o f 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 o f a bathochromic shift in their absorption profile (Section 3.4), they 

were o f  interest for comparison with the conjugated linked arrays, i.e., to observe the 

linker effect on the photophysical properties o f  the array. These directly linked dimers 

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



C h a p t e r  3 :  C o n j u g a t e d  p o r p h y r i n  a r r a y s  | 5 8

B
O

+  Br

128, 134

R2

Suzuki

R ' #  Y ield  %

r 3 Ph 3-MeO-CoH4 160 29

H exyl 4 -M eO -C 6H4 161 37

H exyl 3 -M eO -C 6H4 162 51

S ch em e 3.1: Synthesis o f  directly linked porphyrins via Suzuki coupling. R eagents an d  conditions: 

Pd(PPh3)4, CS2CO 3, toluene, D M F, 80 °C.

3.2.2 Alkyne linked dimers

To synthesise unsymmetric dimers, without any free meso positions, the introduction o f 

all substituents prior to the coupling reaction to fonn the oligomer was implemented. 

These unsymmetric alkyne linked dimers were initially synthesised via original 

Sonogashira coupling c o n d i t i o n s , ^ u s i n g  Pd” and CuCl as a co-catalyst. 

However, formation o f  the homocoupled product 182 as an undesirable side product (see 

Scheme 3.3) was observed. This homocoupling takes place during the reduction o f  Pd” to 

Pd^, thus it was decided to use a copper-free/Pd^ Sonogashira a p p r o a c h . 261-262] 

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 

m ost 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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151 - 155 , 156-159 (copper-free)
Sonogashira

83 , 84 , 86 , 87 , 

90 , 91 , 104 , 112
R3

y

^ R 4

'N V n  N-/  ' /
----  /

'N
/  \

N"

R^ r 3

r ' m ' R^ R^ Yield % #

Ph Ph 2H 4-MeO-C6H4 /7-Butyl 2H 29 163

Ph Ph 2H 3-MeO-C6H4 3-MeO-C6H4 2H 29 164

Ar Ph 2H 4-MeO-C6H4 4-MeO-C6H4 2H 64 165

A t Ph 2H H exyl H exyl 2H 45 166

Ar Ph 2H Ph Ph 2H 45 167

Ar Ph 2H Ar hexyl 2H 34 168

A t Ph 2H Ar Ph 2H 43 169

Ar Ph 2H Ph Ph Zn" 54 170

Ar Ph Zn" Ph Ph Zn" 52 171

Ar Ph Zn" H exyl H exyl Zn" 68 172

Ph Ph 2H Ph 3-M eO -Q H 4 2H 38 173

Ph Ph 2H Ph H exyl 2H 39 174

Ph Ph 2H Ph Ph 2H 48 175

Ph Ph Zn" Ph Ph Zn" 47 176

where Ar =  3,5-Di-/er/-butyl-C6H3

Schem e 3.2: Synthesis o f  alkyne linked dimers. R eagents a n d  conditions: Sonogashira - PdCl2 (PPh3 )2 , Cul, 

TEA, THF, 40 -60  °C, 16 h; copper-free Sonogashira - Pd2 (dba)3 , A sPh 3 , THF, TEA, 60 °C, 16 h.

Although yields o f  some dimers were moderate, this can be attributed to difficulties in 

separations, particularly with alkoxy substituted dimers 163 and 164. The introduction o f  

bulky aryl substituents (e.g., 3,5-di-/e/Y-butylphenyl) greatly enhanced the solubilities o f  

the arrays, as aggregation was minimised due to the presence o f  the bulky tert-huiyX
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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 fur 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

LINKER

62, 117, 121 
154, 156 Sonogashira 

or Glaser coupling
R̂

LINKER

94 ,105 ,1 17 ,  
R-̂  121, 154, 156

where R® = alkyne linker or Br

r ' R^ R^ R^ M Y ield% D im er

Ph H Ph H 2H 46 177

Ph H Ph H Zn" 44 178

Ph H u H 2H 45 179

u H u H Zn^ 21 180

Ph H Ph H Zn" 25 181

Ar Ph Ar Ph 2H 22 182

Ph H Ph H Zn" 35 183

L in k er

- a

where Ar =  (3,5-di-^ert-butyl)C6H3

S ch em e 3.3: Synthesis o f  phenylacetylene and butadiyne linked dimers. R eagen ts an d  conditions: copper- 

free Sonogashira coupling - Pd2 (dba)3 , THF, TEA, 60 °C, 16 h. Pd-Glaser coupling - toluene, Pd(PPh 3 )2C l2 

(0.01 eq.), Cul (0 .05 eq.), I2 (0.5 eq.).
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The phenylacetylene Hnked 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 o f 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,̂ ^̂ ^̂  and 1 8 3 , the latter o f which was synthesised for a mass 

spectrometry comparison. Reactions were carried out under dry air and reported results 

for these conditions show good y i e l d s . 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 

developed by Lindsey and c o w o r k e r s . T h e  free base phenyl substituted trimers 184 

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(II) was introduced into the monomer 

porphyrin core, yielding trimer 186 (26%), with dimer 181 being isolated as a side 

product in a yield o f 23%. In addition, to improve solubility, 5,I5-dibromo-10,20-bis(3,5- 

di-?-butyl-C6 H3)porphyrin 100 was coupled to 117, producing trimer 188 in a 28% yield. 

Whilst these efforts improved the solubility o f the desired product, the column 

chromatographic purification remained problematic. Much streaking was observed as the 

trimers were only partially soluble in DCM/77-hexane and hence there was an inevitable 

loss of desired product. Increasing the number of equivalents o f palladium(O) 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 o f 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.

LINKER 2 Br

R̂
6 2 , 117 , 121 , 

125 , 152
copper-free 

Sonogashira coupling

9 4 , 9 8 , 100 , 

107 , 114 , 126

-N

R^ r 2

N
\  /
/  \
1 N

- L I N K E R -
V-N N = ^

i  ,■'"1 rf - n  N'A
- L I N ^

R^ r 2

R* m ’ Yield % #

Ph Ph 2H 2H 40 184

Ph Ph 2H 2H 38 185

Ph Ph Zn" Zn" 45 186

Ph Ph Ni" Ni" n/d 187

Ph Ar Zn" 2H 28 188

u y Zn" Zn" 46 189

Ph u Zn" Zn" 21 190

Linker

where Ar = (3,5-Di-?e/t-butyl)C6H3

Schem e 3.4: Synthesis o f  linear trimers. Reagents and conditions: Copper-free Sonogashira coupling - 

Pd 2 (dba)3 , AsPhj, 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 o f 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 o f 190 , the desired 

trimer was obtained in a yield o f 21 %, with similar problems on purification as seen with 

trimer 189 .

Ph Ph

NH N ^

+Ph
HNHN

Ph

155
Ph

141 ;copper-free)
Bonogashira

PhPhPh

Ph
HNHNHN

191

S chem e 3.5: Attempted synthesis o f  linear trimer 191. R eagents an d  conditions: Copper-free Sonogashira  

coupling - Pd2 (dba)3 , AsPhj, 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 o f 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 o f the crude material indicated that an oligomeric product 

had been synthesised. The main product isolated was debrominated 141 (TPP) and the 

failure o f this reaction can be attributed to the poor solubility o f the desired target, 

observed with trimers 184 and 185 . Previous syntheses o f  such arrays utilised the more 

reactive 4-iodophenyl derivatives o f 141 , along with phenyl acetylene, to yield
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diphenylacetylene linked a r r a y s . S u c h  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 o f such trimers using diiodo porphyrins and original 

Sonogashira conditions, with yields o f 57 %, along with the expected homocoupled 

p r o d u c t s . I n  this case, the substituents on the periphery are (3,5-di-/er/-butyl)phenyl, 

which would assist with the solubility and thus the isolation o f  the array, in comparison 

to phenyl substituted trimer 191.

3.2.5 Side products

A number o f side products were isolated during the trimer syntheses (Scheme 3.6). For 

the synthesis o f 186, the Glaser coupled dimer 181 was a side product o f this reaction, 

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

Schem e 3.6: Side product formation during the synthesis o f  trimers. R eagents an d  conditions: Sonogashira 

coupHng - PdCl2 (PPh3 )2 , Cul, TEA, THF, 40-60  °C, 16 h. Copper-free Sonogashira coupling - Pd2 (dba)3 , 

AsPhj THF, TEA, 60 °C, 16 h.

r 1 co p p e r -fr e e / or
S o n o g a sh ir a  

d 1 cou p lin g  p2

Br

R ' R" R^ #  Y ield  %

1-Ethylpropyl 1-Ethylpropyl Br 192 40

Ph 1-Ethylpropyl Br 193  42

For the synthesis o f trimers 189 and 190 using Sonogashira conditions, the bromo dimer 

"side products" 192 and 193 proved to be the main products isolated in yields o f  40 and
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42 % respectively, showing an incomplete reaction with no trimer formation. This 

suggests that the reaction conditions are not ‘forceful’ enough for the trimer to form. The 

Glaser coupled product 180 was also a side product here due to the presence o f Cul. 

Addition of more copper/Pd, increasing the temperature and reaction time gave no 

improvement on the outcome as the trimers were not formed, only more side products.

3.3 NM R studies

3.3.1 'H and '^C NMR spectroscopy

Noteworthy NM R spectra resulted from the analysis o f the oligomers synthesised. 

Depending on the linker between the porphyrin units, quite distinct chemical shift 

patterns were observed (Figure 3.2).
PhPh

1 8 8
NH

Zn
HN

m e s o
PhPh

Ph

1 6 0 •NH

Ph
HNHN

aryl

Ph

HexylAr

Hexyl1 6 6 HNHN
aryl

Hexyl

10.0 9.5 9.0 8.5 8.0 [ppm]

Figure 3.2: ‘H -N M R  spectra  (400 M H z) o f  o ligom ers 160, 166 and 188 in C D C I3 show ing  p and aryl 

regions.
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With the directly linked dimer 160, a large shift of approximately 0.9 ppm of the P 

protons to higher fields was observed, in comparison with the monomeric porphyrins, 

where the last set of P signals was observed at approximately 9.8 ppm. This is due to the 

strong shielding effect of the neighbouring porphyrin ring current, as observed with aryl 

substituted monomers (Section 2.3.1). In contrast, the alkyne linked oligomers exhibited 

a different pattern with the P protons deshielded to lower field resonances. Some of these 

shifts occur at around 10.4 ppm, a shift of approximately 0.7 ppm with respect to 

monomeric components, as shown for dimers 166-168 in Figure 3.2.

Zn

189

aryl

<j>

lO

o>

10.0 9.5 9.0 F2 [ppm]

Figure 3.3; 'H - 'H  COSY NM R (600 M Hz) spectra o f  trim er 189 in dg-THF showing aryl and porphyrin 

regions.
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The highest field signals are observed for the ‘inner’ fi protons due to the close proximity 

of the alkynyl group. Also, these ji protons exhibit signals over a wider range than those 

of the directly linked dimers. With the phenylacetylene linked trimers, a deshielding 

effect was also observed for the meso and P protons, being more pronounced for the 

inner protons of the central porphyrin unit than the P protons of the outer porphyrins. 

This is evident from the 'H NMR spectrum of 188 (Figure 3.2).

Using ’H-'H c o s y  NMR analysis (Figure 3.3), //-region and aryl-region correlations on 

trimer 189. It is interesting to note that with 189, the meso proton signal overlaps with 

that of the P signals. Furthermore, the signals are quite broad for this alkyl substituted 

trimer, most likely due to aggregation. The overlap was also seen for the alkyl substituted 

monomers 114 and 112, indicating that it is a result of the substitution pattern on the 

array and independent of the linker.

3.4 UV/vis spectroscopy

The extension of the porphyrin 7i-conjugation results in the decrease in the FIOMO- 

LUMO gap and this is due to the change in the electron density distribution on the 

p o r p h y r i n . T h e  absorption spectra of the porphyrin oligomers depend on the type 

of linker used and the substituents on the porphyrin macrocycle. With the porphyrin 

oligomers, most showed a significant split in the Soret band,''^*' indicating strong

conjugation between the porphyrin units, except for the diphenylbutadiyne linked dimers 

where a slight split was seen, indicating here that the communication between porphyrin 

subunits is not very efficient.

Likewise, in the case of directly linked dimers 160-162, a split in the Soret band was 

observed due to excitonic coupling,**’*' but no bathochromic shift was observed as there is 

no conjugation between the units. The dimer behaves like its monomeric component and 

thus these systems are not of interest with respect to PDT and NLO but useful as a 

comparative against the conjugated systems.
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Figure 3.4: UV/vis  absorbance  spectrum o f t r im e r s  187 and 189 versus m onom ers  116 and 121 in C H 2 CI2 . 

Inset: Em ission  spectrum  o f  tr im er 187 versus m o n o m er  116 excited at 443 nm and tr im er 189 versus 

m o n o m er  121,  excited at 445 nm in THF. Concentra tion: 1.7 x lO'^MinTHF.

On the other hand, the phenylacetylene linked dimers and trimers showed a significant 

split, in particular with trimer 189 (Figure 3.4). This shows that there is efficient 

interaction between all porphyrin units in the array. Additionally, in comparison to 

monomer Q-band values, there is a large bathochromic shift due to increase in 

conjugation, into the 700-800 nm region for some trimers. A strong broad Q-band 

absorbance intensity was also observed with these arrays, especially for alkyl trimer 189. 

Emission studies also showed a bathochromic shift for these oligomers when compared 

against their monomeric components. This is expected due to the increase in 71- 

conjugation, thus these oligomers are possible leads for applications in NLO and PDT.

With the unsymmetric alkyne linked dimers, again there was a Soret band split and also a 

significant bathochromic shift to approximately 730 nm (Figure 3.5). The split differs 

from that o f  the phenylacetylene linked arrays due to the less rigid geometry o f the 

alkyne linker, thus allowing the dimer to adopt many different conformations. As seen 

with the trimeric arrays, the Q-band absorbance o f these dimers was more intense in 

comparison to their monomeric porphyrins. Emission spectra exhibited a significant 

bathochromic shift, again due to the increase in Ti-conjugation.
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Figure 3.5; a) A bsorbance  spectrum  o f  unsym m etric  d im ers  165 and 166 versus m o n o m er  156 in C H 2 CI2 . 

inset: Emission spectrum o f  165 and 166 excited at Soret bands 410  nm and 470  nm versus m on om er  156 

in THF. Concentration: 1.7 x 10'^ M in THF.

3.5 Mass spectrometry

Mass spectrometry provides a useful tool for the structural elucidation of porphyrins.

The mass spectrometric analysis of compounds 178, 181, 186, 190, 192 and 193 gave 

unusual results. The spectra for dimer 181 and trimer 186 contained signals due to the 

parent ions of the compounds at m/z 1250 and 1773 respectively, confirming the 

elemental composition (Figure 3.6). However, the spectra also showed peaks due to the 

demetallated species which is not usually observed. Signals at 1187 and 1124 for dimer 

181 and at 1711, 1647 and 1584 for trimer 186 correspond to sequential loss of zinc from 

the oligomers. Fragmentation of metalloporphyrins typically proceeds without loss of the 

metal ion. except in rare c a s e s . S t u d i e s  utilising MALDl-tof mass spectrometry only 

showed loss of metal for magnesium porphyrins which are considered the most labile 

metalloporphyrins. Studies on zinc porphyrin arrays, in particular, also show that there is 

no significant demetallation of the compounds.
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Figure 3.6: Mass spectra o f  181 and 186 showing the loss o f  zinc from the porphyrin core.

A similar fragmentation was observed with dimers 178, 192 and 193 and trimer 190. 

Note, that this demetallation was not observed in the mass spectra o f the butadiyne linked 

dimer 183,̂ ^̂ '*̂  in metallated alkynyl dimers 171, 172 and 176, nor in the case o f trimer 

189. This indicates that demetallation is affected both by the linker and the substituents 

on the porphyrin rings. Likewise, the nickel(II) trimer 187 did not exhibit any loss o f 

nickel from its core, thereby illustrating that this fragmentation process is also metal 

dependent. The purity o f all arrays was confirmed by 'H-NM R analysis which shows that 

there is no demetallation in the analytes as no inner N-H signals were observed. This 

elimintates any possiblilty that losses in zinc were due to the presence o f partially 

demetallated products.

3.6 Conclusions

Porphyrin dimers and trimers were synthesised in moderate to good yields using Pd- 

mediated Glaser coupling reactions and copper-free Sonogashira coupling reactions. 

These provide a useful route towards the synthesis o f such oligomers. Introduction of 

alkyl substituents into the periphery greatly enhanced the solubility and hence the yields. 

The uncapped oligomers with free meso positions allow for subsequent chemical 

modifications o f the free meso positions. All dimers and trimers exhibited a 

bathochromic shift in their UV-vis absorption spectra compared to the monomers. In
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particular, the alkyne Hnked dimers showed strong absorption around 720 nm, making 

them good candidates for use as, e.g., possible photosensitisers in PDT and in other 

optical applications. With unsymmetrical dimers and trimers, amphiphilicity can be 

enhanced through the alteration o f  substitution patterns, and they also allow for the fine- 

tuning o f optical properties which would enhance either their PDT or NLO effect. 

Unsymmetrical arrays are advantageous in that they may be constructed with both 

hydrophilic and lipophilic components for applications in PDT, or electron withdrawing 

and electron donating groups may be introduced to enhance NLO effects. In addition, the 

mass spectrometry o f the phenylacetylene linked and diphenylbutadiyne linked oligomers 

exhibited an unusual demetallation pattern for the zinc(II) compounds. This novel 

fragmentation process is metal and substituent dependent and may be o f importance to 

bioinorganic studies. Further tandem mass spectrometry studies o f the behaviour o f  zinc 

in linked porphyrin arrays could be executed to provide additional insight in the exact 

nature o f the demetallation process. Also, future work will involve the screening o f 

amphiphilic dimers as photosensitisers for PDT via liposomal formulations and the 

construction o f more water soluble arrays via the introduction o f  long-chain alkoxy, 

glycol and bile-acid groups to the peripheries.



CHAPTER 4: 

Fused Porphyrin Arrays
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4.1 Introduction

Long wavelength absorption o f  porphyrins is desired for a wide range o f  applications 

and one way to extend the absorption profile o f  porphyrins is via the construction o f 

alkynyl linked arrays, whereby a o f  greater than 700 nm can be reached (Chapter 

3). To further extend the absorption into the near-IR region, methods developed by 

Osuka and co-workers^'^^^ can be adopted for the generation o f  so-called triply fused 

porphyrin dimers and higher arrays. By doing so, a X,max o f 1050 nm and beyond may be 

achieved and these covalently linked multiporphyrin arrays can act as 

multichromophoric model systems for the study o f  electron transfer in light-harvesting 

systems. Although the Osuka group,^'^^^ amongst o t h e r s , ^ h a v e  extensively 

researched this area, their work primarily deals with symmetric arrays and 

photophysical studies o f such p o r p h y r i n s . O n l y  limited research has been carried out 

on so-called unsymmetrical fused dimers^^^^^ and post-modifications o f fused arrays.
183 2731‘ W e envisaged developing both novel symmetric fused dimers and unsymmetric 

arrays, for the purpose o f  applying them to the area o f  PDT, which has not previously 

been undertaken. By the introduction o f  various substituents to the porphyrin periphery 

and subsequent post-fusing modifications, the arrays can be fine-tuned for PDT, via the 

introduction o f water solubilising groups, and other optical applications such as NLO 

via the introduction o f donor/acceptor groups to generate push-pull systems. Thus, 

synthetic strategies for the development o f  such arrays will be described in this chapter.

4.2 Synthesis of meso-meso directly linked dimers

Following the synthesis o f meso-meso directly linked porphyrins by Susumu et al. in 

1996 via a condensation r e a c t i o n , ^ t h e r e  has been extensive development o f  the 

synthesis o f such arrays. These include total s y n t h e s i s , ^ U l m a n n  coupling,^ 

oxidative fusing o f free meso porphyrins with oxidants such as hypervalent iodine 

(PIFA), '̂"*^  ̂ silver salts (AgPFa)^'''^’ and DDQ/Sc(0Tf)3, along with electrochemical 

o x i d a t i o n . ^ A  method developed by Senge et involving the oxidative

dimerisation o f porphyrin anions can also be employed and, additionally, a stepwise 

synthetic strategy involving the activation o f the porphyrin and subsequent Suzuki 

c o u p l i n g . ^ T h e s e  meso-meso directly linked porphyrin dimers are important 

precursors for the synthesis o f triply fused bis-porphyrins and thus we adopted various
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known strategies to synthesise such arrays, depending on the substitution pattern on the 

periphery required, i.e. it being symmetric or unsymmetric.

4.2.1 Dimerisation via organolithium method

NH N==̂

HN

V1) R -̂Li -NH N̂ -NH n V
-------------►
2) DDQ

'N HN- 'N
\\

H N ^

44,47

r ' R^ D im er Y ield  %

Ph Ph 194 68

Ph /7-Butyl 195 59

Ar Ph 196 63

Ph 4 -H 2N -C 6H4 197 n/d

Ph 4 -O 2N -C 6H4 198 n/d

where Ar = 3,5-Di-rerf-butyl-C(,H

Schem e 4.1: Synthesis o f  directly linked bisporphyrins 194-198 via organolithium approach. R eagents  

and conditions: i) RLi, -78 to 0 °C, THF, 1 h ii) DDQ , 1 h.

Using a method developed by Senge and co-workers, directly linked symmetric dimers 

can be generated in excellent yields using organolithium reagents. The introduction of 

meso substituents via organolithium reactions has been investigated by the Senge group 

and is a versatile method of introducing aryl and alkyl substituents to the porphyrin 

periphery. Utilising this method, the 5,10,15-trisubstituted porphyrin anion can be 

trapped by skipping the hydrolysis step and oxidised to a Ti-stabilised radical. 

Subsequent radical dimerisation yields the substituted dimer in good y i e l d s . T h i s  

method is particularly useful for obtaining free base porphjrin dimers in one step, and 

advantageous over most other oxidative methods which require metallated porphyrins, 

namely zinc and nickel. Taking 5,15 disustituted porphyrins 44 and 47, and reacting 

these with phenyllithium 52 or «-butyllithium 53, free base dimers 194̂ ^̂ ’  ̂ 195̂ *̂̂ ^̂  and 

196 were obtained in good yields of 59-68 %. Minor products which can arise from the 

reaction are the tri- and tetrasubstituted monomers which may have an effect on yield. 

Syntheses o f zinc derivatives of 194̂ '"*̂ ’ and 196 '̂ '̂ ’̂ have been performed
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previously by DDQ and PIFA oxidation methods in similar yields but from tri­

substituted precursors. This technique thus has an added advantage as 5,15 

disubstituted-porphyrins are employed as starting materials.

Attempts to introduce the 4-aminophenyl and 4-nitrophenyl substituent via this 

organolithium approach and subsequent dimerisation to form dimer 197 and 198 were 

unsuccessful. For their synthesis, the organolithium reagent must be generated in situ 

prior to the reaction with the porphyrin (Section 2.2). The generation o f the aryllithium 

reagents proved difficult, with only 44 and butylated starting material being recovered 

from the attempted synthesis o f 197 and 198. As the attachment o f para-mixo and - 

amino substituted phenyl groups proved challenging, the organolithium approach for the 

synthesis o f 197 and 198 is not very practical and thus alternative strategies were 

investigated.

4.2.2 PIFA oxidation

oxidation
R2

(i)-(ii).  (iii)

105 ,  1 10 ,  118 ,  1 2 2

R'

Hexyl

Ph

Ph

3-MeO-C6H4

Dimer Yield %

H 199 n/d

H 200 n/d

Br 201 58

Br 202 81

Schem e 4.2: Synthesis o f  directly linked porphyrin dimers via PIFA oxidation. Reagents and  conditions: 

i) PIFA, CH2CI2 , -78 °C ii) rt, 0.75 h. iii) NaBH 4 , MeOH.

Hypervalent iodine reagents can be applied for the synthesis o f directly linked porphyrin 

arrays. These reagents possess many advantages over powerful oxidants such as AgPFg 

and DDQ/Sc(0Tf)3 in that they are safer but have a similar reactivity to those o f metal 

oxidisers.^ ’ ’  ̂ Bis(trifluoroacetoxy)iodobenzene (PIFA) is one such reagent and
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contains a highly electrophilic iodine centre which can promote diverse coupling 

reactions, including the synthesis of meso-meso directly-linked bisporphyrins in 

excellent yieldsJ'"^^^ Interestingly, high yields were obtained for electronegative 

substituents such as trifluoroalkyl groups and thus bromo-substituted monomers were 

chosen as starting materials. Dimers o f such compounds would enable further chemistry 

to be carried out at these positions as the the bromo-substituent activates the meso 

carbon to which it is attached. Also, 5,15-disubstituted porphyrins were employed for 

the synthesis of bisporphyrins incorporating two free meso positions, with the same 

objective in mind, as post-modifications at these positions could be implemented. 5,15- 

Disubstituted porphyrins 118 and 122 and 5,10,15-trisubstituted porphyrins 105 and 110 

were used as the starting materials for such oxidative couplings to form singly linked 

dimers. Using 0.8 equivalents of PIFA, bromo-substituted symmetric dimers 201^'^^’^̂ ^̂  

and 202 were synthesised in good to excellent yields of 58 and 81 %, respectively. The 

reaction mechanism involves the oxidative generation o f a porphyrin radical cation, 

which dimerises to form the bisporphyrin product. For the reaction to proceed well, a 

non-coordinating solvent is required. If a coordinating solvent is used, PIFA no longer 

will be able to co-ordinate to the central metal ion and little oxidative product will 

form.t'^^^

Attempts to synthesise dimers 199 and 200 , bearing free meso positions, in acceptable 

yields proved unsuccessful. Taking 5,15-disubstituted porphyrins 118 and 122, the 

desired dimers were only synthesised in very low yields, identified by mass 

spectrometry and UV-vis analysis. Due to the inevitable formation of oligomerised 

products, dimers 199 and 200 were not isolated and this method of synthesising 

bisporphyrins with unsubstituted meso positions was not feasible. Also, it must be noted 

that this PIFA oxidation method can also be used for the synthesis of triply fused P-P, 

meso-meso, P-P linked bis-porphyrins, using an excess of PIFA oxidant (Section 4.3). 

Other oxidants, such as DDQ/Sc(OTf)3, can be employed for the synthesis o f symmetric 

dimers via this mechanism, although for singly linked dimers these oxidants were not 

attempted. Moreover, for most cases in the literature, bromo-substituted directly linked 

dimers were synthesised via stepwise strategies^^^^^ or by using stronger oxidants such 

as AgPF6 and This hypervalent iodine synthesis is therefore advantageous for the 

synthesis o f such activated directly linked dimers.
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4.2.3 Stepwise synthesis involving palladium catalysed coupling reactions

To overcome the challenge o f synthesising directly-linked porphyrin dimers bearing 

free meso positions, a new synthetic strategy was implemented involving a stepwise 

approach. This approach culminates in a final C-C bond forming palladium catalysed 

coupling reaction, namely Suzuki-Miyuara coupling, between a bromo-porphyrin and 

borylated porphyrin to give singly linked bisporphyrins (Section 3 . 2 . Thi s 

strategy was adopted to synthesise unsymmetric hexasubstituted dimers and dimers with 

one or two free meso positions which would enable post ‘fusing’ modifications. For the 

incorporation o f an alkyne linker and the construction o f a tetramer encompassing both 

directly linked and ethynyl linked porphyrins, another palladium catalysed coupling was 

utilised, specifically copper-free Sonogashira coupling. This stepwise strategy 

concludes with the coupling o f  a brom o-porphjrin with and alkynyl porphyrin (see 

Section 3.2.2).

The synthesis o f hexasubstituted unsymmetric dimers and pentasubstituted dimers with 

one free meso position involved a stepwise strategy. This strategy involved the final 

step o f Suzuki coupling o f  a borylated porphyrin 129, 130, 131 or 133 with a 

bromoporphyrin 103, 110, 111 or 113, to give the desired dimers 203-209 in yields 

ranging from 43-66 % (Scheme 4.3). Although the yields for these Suzuki couplings 

were good, they were hindered by the competing homocouplings o f  the borylated 

porphyrins 129 and 130, giving the homocoupled dimers 210 and 211 in yields o f 18 

and 22 %, r e s p e c t i v e l y . S u c h  directly-linked dimers were used in subsequent fusing 

reactions to form triply-linked dimers and also, in the cases o f  free meso dimers 206- 

208, in functionalisation reactions. Pentasubstituted dimers were chosen as targets as it 

was hoped that dimers possessing only one meso position free would limit the 

possibility o f higher oligomer formation when these were subjected to oxidative fusing 

(Secfion 4.3).
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R-^

Zn

1

Br
O\

ZnB
d

Suzuki

ZnZn R'̂  +

R'’

R3

ZnZn

Side product

r ' r ’ R̂ Dimer Yield %

Hexyl Hexyl Ph H 203 43

Ph Ph 4-Me-C6H4 H 204 58

Ph Ph 3-MeO-C6H4 H 205 53

3-MeO-C6H4 Ph 3-MeO-C6H4 H 206 60

1 -ethylpropyl Ph 4-Me-C6H4 H 207 63

3-MeO-CeH4 Ph 4-Me-C6H4 H 208 60

Ph Ph 3-MeO-C6H4 Ph 209 66

r ^ R̂ Side product Yield %

Ph Ph 210 18

4-Me-C6H4 H 211 22

Scheme 4.3: Synthesis o f directly linked porphyrin dimers via Suzuki coupling. Reagents and conditions: 

Pd(PPh3)4, CS2CO3, toluene, DMF, 80 °C, 18 h.

For the synthesis o f tetrameric arrays incorporating an alkyne Unker two strategies were 

undertaken. The first involved the copper-free Sonogashira coupHng^’^̂  ̂ of directly 

linked bromo bisporphyrin 202 with alkynyl porphyrin 152, which gave the desired 

tetramer 212 in 27% yield. Yields for 212 were low due to difficulties in separation and 

the formation o f other oligomeric, namely trimeric and dimeric, derivatives o f  212 as 

side-products. These undesirable oligomers were not characterised but their formation 

was evident from mass spectrometry and UV-vis analysis. Tetramer 212 incorporates
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mixed connectivity’s, i.e. alkynyl and directly linked porphyrins, the effects o f which 

will be analysed on triply fusing the central porphyrin units at the free yff-positions.

Br

202
Sonogashira

Ph

Ph

PhPh

PhZnZnPh

Ph
r 3 = 3-MeO-C6H4

Ph
212 27%

S chem e 4.4: Synthesis o f  tetramer 212 via Sonogashira coupling. R eagen ts an d  conditions: Pd2 (dba)3 , 

A sPhj, THF, TEA, 60 °C, 24 h.

The second strategy involved the synthesis o f  alkynyl linked dimer 213 via copper-free 

Sonogashira coupling o f  monobromo porphyrin 110 with alkynyl porphyrin 152 to 

produce dimer 213 in a yield o f 44%. This yield was moderate due to separation 

difficulties as the desired dimer was shown to streak during column chromatography 

and some product was lost through contamination and co-elution with other fractions. 

Also, a side product o f this reaction was a Glaser homocoupled d i m e r , a l t h o u g h  

copper-free Sonogahira conditions were used. This Glaser coupling took place most 

likely due to a palladium catalysed h o m o c o u p l i n g . T h i s  alkynyl dimer contains one 

free meso position whereby oxidative fusing can be carried out to generate the fused 

tetramer as an alternative to using oligomer 212.
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152 110

Ph

Sonogashira

Ph

Ph
213 43%

R̂  R̂  = 3-IVIeO-C6H4

Scheme 4.5: Synthesis o f alkynyl dimer 213 via copper-free Sonogashira coupling. Reagents and 

conditions: PdjCdbajj, AsPhj, THF, TEA, 60 °C, 16 h.

4.3 Synthesis of p-p, meso-meso, P'-P' triply fused arrays

Triply fused porphyrin dimers have a large extended 7i-conjugated system, with 

absorption profiles extending into the near infrared region, making them attractive for a 

wide range of optical applications. As with singly linked bisporphyrins, there are 

various synthetic strategies^'^^"'^'*’ which have been developed for their generation 

since their first synthesis via electrochemical oxidation by Osuka and co-workers. 

Chemical oxidations of zinc free meso monomeric porphyrins is the most attractive 

route for the synthesis o f symmetric triply-fused porph>rin dimers and a variety of 

oxidants can be utilised. The most efficient are the powerful metal oxidants of 

Sc(0Tf)3/DDQ and hj^ervalent iodine (PIFA), although other oxidants such as gold 

d e r i v a t iv e s ' - c a n  be used and give similar yields. We primarily focussed on the 

synthesis of novel symmetric triply-fused bisporphyrins and higher arrays via the above 

strategies and also the synthesis o f unsymmetric fused dimers by similar principles.

4.3.1 Symmetric P-P, meso-meso, P'-P' triply fused arrays

We aimed to synthesise a variety o f A3 and A2B symmetric bisporphyrins with a range 

of substituents, some enabling follow-up chemistry or so-called post-fusing
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modifications to be carried out. The central metal ion is o f great importance to the 

oxidative process and thus zinc porphyrins were employed for the synthesis, as it has a 

lower first oxidation potential and therefore is more easily oxidised than Ni or Pd 

c o u n t e r p a r t s . ^ S i m i l a r l y  to singly-ftised arrays, the reaction mechanism involves
r 173 2801oxidative double ring closure via generation o f a porphyrin radical cation,^ ’ ' which

couples with another radical cation to form the dimeric product. It has been shown that 

electron withdrawing substituents on the porphyrin periphery can affect yields for 

oxidative f u s i n g . I n  spite o f this, a series o f  symmetric dimers were synthesised 

and yields compared in relation to substituents, shown in Scheme 4.6. Similar yields 

were obtained with both DDQ/Sc(0Tf)3 and PIFA oxidants, exhibiting the versatility o f 

the oxidative fusing process and the reagents which can be employed.

r ’ Oxidant # Yield %

Ph Ph 214 67

Ph 4 -O2N-C 6H4 215 54

At 4 -O2N-C 6H4 216 56

3-MeO-C6H4 «-Butyl
DDQ/Sc(0Tf)3

217 60

4-MeO-C6H4 4-MeO-CeH4 218 73

Ph 4-Ethynyl-QH4 219 67

Ph Hexyl 220 42

4-Me-C6H4 n-Butyl 221 58

Ph H 222 n/d

Hexyl H DDQ/Sc(0Tf)3 223 n/d

Ph Hr or PIFA 224 12

3-MeO-Cf,H4 Br 225 15

where Ar = 3,5-Di-/ert-butyl-C6H3

Schem e 4.6: Synthesis o f  fused symmetric dimers Reagents and conditions: a) DDQ, Sc(OTf)3, toluene, 

50 °C, 3 h. b) i) PIFA, CH2CI2 , -78 °C -  rt, 3 h. ii) NaBH4 , MeOH, 0.5 h.
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The novel triply fused bis-porphyrins 214-221 could thus be prepared from 5,10,15 

trisubstuted zinc(Il)porphyrin precursors in moderate to excellent yields o f 42-73 %, 

following the Osuka oxidation method and this strategy can be applied for the synthesis 

o f other fiased arrays. For some oxidations with DDQ/Sc(0Tf)3, two products were 

observed: the desired triply fused dimer and also the directly linked bisporphyrins 226- 

228 as a side product, which can be separated via column chromatography on 

aluminium oxide, thereby affecting yields for dimers 217, 220 and 221 . Through 

optimisation of conditions via raising reaction temperature and increasing reaction 

duration, these side products were minimised and full conversion to the triply fused 

dimer was achieved.

r ’ R^ Dim er Yield

3-MeO-C6H4 n-Butyl 226 23

Ph Hexyl 227 30

4-Me-CcH4 «-Butyl 228 29

For the meso free dimers, 222 and 223, and the bromo dimers 224 and 225 both the 

DDQ and PIFA method were employed. Unfortunately, due to the inherent extensive 

polymerisations o f monomers 118 and 122, dimers 222 and 223 were not isolated. 

Similar to the singly linked bisporphyrin counterparts, this strategy for obtaining free 

meso dimers is not attractive. For 224 and 225 best results were acquired using PIFA as 

oxidant, although yields were much lower than for alkyl and aryl substituted dimers 

214-221. Previous syntheses of fused bromodimers using these oxidants also gave poor 

results, with Anderson and co-workers reporting only 9 % yield for the (3,5-di-?ert- 

butyl)phenyl derivative of 222 using This is due to the electron-withdrawing

nature of the bromo substituent which lowers the oxidation potential o f the porphyrin 

and thereby reducing the yields of such a r r a y s . U s i n g  DDQ, directly linked dimer 

201 was isolated in approximately 10 % yield, but the desired fused dimer was not
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detected, presumably due to the poor solubility o f the dimer. It has been shown that the 

use o f gold(lll) salts for the oxidative coupling o f meso-meso directly linked 

bisporphyrins is more powerful than DDQ and can be applied for the synthesis o f fused 

dibromo dimers in excellent yields. This technique is not compatible with zinc 

porphyrins as extensive demetallation is observed, thus nickel(II) porphyrins are 

preferred using this oxidant.

4.3.2 Unsymmetric arrays

Adopting a synthetic strategy similar to that for the symmetric arrays, directly-linked 

unsymmetric bisporphyrins were fused oxidatively using DDQ/Sc(0Tf)3 or PIFA 

(Scheme 4 .7). With dimers 203, 204, 206, 207 and 209, attempts at triply fusing had 

both positive and negative results. For the meso free arrays, as seen with bisporphyrins 

119, 200, 222 and 223 (Section 4 .2.2 and 4 .3 . 1), free meso dimers 229-232 were not 

isolated. Although all exhibited typical triply-fused near-infrared absorption profiles, 

the desired dimers were not detected via mass spectrometry and purification was not 

possible. It had been anticipated that employing only one free meso position for 

oxidation might minimise polymerisation but this was not the case. Again, there is 

preferential fusing at this ‘free-m eso’ side o f the directly linked bisporphyirn resulting 

in a mixture o f  dimeric and tetrameric products. Due to the poor solubility o f these 

arrays, isolation o f such was not achieved via chromatographic methods.

Trace quantities o f hexyl substituted dimer 229 were detected but NMR analysis was 

not achieved due to the low yields obtained. The fact that this dim er was detected with 

respect to the aryl substituted targets 230-232, was most likely due to the influence o f 

the hexyl substituents on the solubility. It was hoped that by using the milder PIFA 

oxidant that oligomerisation could be minimised, but this was not the case, with similar 

results for dimers 231 and 232. Control over the oxidation for the generation o f triply 

fused systems cannot be achieved in acceptable yields for free-meso dimers and 

therefore this strategy is not appropriate. For the hexasubstituted dimer 233, this 

problem was not encountered as there was no unsubstituted meso position for 

oligomerisation to occur. The triply-fused dimer 233 was obtained in a good yield o f 56 

% following oxidation o f 209, indicating that the method can be applied to unsymmetric 

directly linked dimers bearing six meso substituents.
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ZnZn

203 , 204 , 206 , 207 , 209

oxidant
I _____ ►

(a )o r(b )
ZnZn

r ’ R̂ R^ R̂ Dimer Yield

H exyl H exyl Ph H 229 <5

Ph Ph 4-Me-C6H4 H 230 n/d

3-MeO-C6H4 Ph 3-MeO-CoH4 H 231 n/d

3-MeO-C6H4 Ph 4-Me-C6H4 H 232 n/d

Ph Ph 3-MeO-C6H4 Ph 233 56

S chem e 4.7: Synthesis o f  triply fused unsym m etric dimers. R eagents an d  conditions: a) D D Q , Sc(0T f)3 , 

toluene, 50 °C, 3 h. b) 1) PIFA, C H jC l,, -78 "C -  rt, 3 h. ii) N aB H 4, M eOH , 0.5 h.

4.3.3 Tetrameric Arrays

To develop a novel tetrameric porphyrin incorporating both a fused moiety and a 

conjugated alkynyl linker, a twofold synthetic strategy was attempted. The first 

involved the synthesis o f directly-linked tetramer 212, via Sonogashira coupling, and 

subsequent oxidation to give the triply-fused tetramer 234. The second was the 

synthesis of alkynyl dimer 213 and successive fusing to yield 234.

234

The oxidation reactions proved quite cumbersome, with both the DDQ/Sc(0Tf)3 and the 

PIFA methods being utilised. After many attempts, the desired tetramer 234 was 

obtained from both strategies via either oxidation methods in moderate to good yields.
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the highest o f 58 % obtained with PIFA oxidation o f dimer 213. With 213 there was less 

steric hindrance than 212 for oxidative fusing to occur at the free meso side. 

Furthermore, the dimer exhibited better solubility in CH 2 CI2 than tetramer 212 and this 

affected the yield. The formation o f 234 was confirmed by mass spectrometry, UV and 

NM R analysis. This is the first example o f an alkynyl-linked array incorporating a triply 

fused bisporphyrin moiety and 234 exhibited unusual photophysical characteristics 

(Section 4.5).

4.4 NMR Analysis

The proton NMR spectra o f fused arrays are very distinctive, having remarkably 

different resonances with respect to their monomeric and dimeric precursors. As the 

arrays have extensive delocalised 71-electron systems through the entire molecule, a 

profound effect on the ring current o f the array is observed. The aromaticity o f these 

arrays is decreased, thereby causing a substantial shift o f the porphyrin signals to higher 

fields.'

Taking trisubstituted monomer 119 and fused dimer 218 as examples, the change in the 

spectrum upon fusing is substantial, with a drastic shift in signals to higher fields 

observed for dimer 218 (Figure 4.1). The inner y9-protons, H3/H17, resonate around 7.0 

ppm, occurring as a singlet. This singlet is characteristic for symmetric fused dimers 

and is a good indicator that fusing took place. There is a loss o f meso-H20 and y9- 

H2/H18 low-field signals on fusing. The other eight y9-protons exhibit a signal as two 

doublets at 7.5 ppm, the most deshielded o f which reflects H8/H12, furthest from the 

effect o f the fusing although all significantly different from those o f 119. All remaining 

resonances correspond to the para-m ethoxy-phenyl protons, with a similar substitution 

pattern as seen for the monomer 119, but observed at a higher field. Two singlets at 3.9 

ppm reflect the methoxy-C / / 3  signals, at slightly higher field strength with regard to the 

monomer.
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H7 R̂  H3 H3 R̂  H7

H88H

Zn

H12H12

H17 H17 R̂  H13H8/1

H7/13

Aryl-H H3/17Aryl-H
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Figure 4.1: ‘H NMR spectrum (600 MHz) o f  monomer 119 (blact;) and fused dim er 218 (purple) 

showing the aryl and porphyrin regions in CDCI3. (R ' = 4-MeO-CaH4)

These resonances are further confirmed via 2-dimensional 'H -'H  NMR total correlation 

analysis (TOCSY) of 218, showing the [i and aryl regions (Figure 4.2). The singlet at 

7.0 ppm is evidently not correlating to any other protons and thus can be assigned to the 

inner y5-protons, with the doublets at 7.5 ppm signifying the resonances for the other 

eight yS-protons. Although specific to dimer 218, the general pattern of signals can be 

applied for the deduction of structures of symmetrically fused arrays.
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Figure 4.2: ' H- H TOCSY NMR o f  the aryl region o f  218 in CDCl,.

A similar pattern was observed for all symmetric dimers 214-221 and unsymmetric 

dimer 233 , the resolution o f peaks depending on the solubility o f the array in CDCI3 . In 

some cases, using pyridine-Ds in CDCI3 minimised aggregation enabling the generation 

o f sharper and more distinguished peaks in proton NMR spectra. However, in spite o f 

this, broad signals were still observed for the majority o f fused arrays. The attainment of 

carbon spectra was not as straightforward and for dimers 215 , 217 , 220 and bromo- 

dimers 224 and 225 , the addition o f pyridine-Dj had a negative effect on the '^C-NMR 

spectra as this solvent can overshadow the spectrum, (Section 3.3.1). Therefore for these 

dimers, carbon assignments were impossible to achieve and this may be a common trait 

for fused porphyrin arrays.
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F igu re 4 .3: 'H NM R spectrum (400  M H z) o f  aryl regions o f  tetramer 212 (green), dimer 213  (red) and 

fused tetramer 234 (blue) in C D C I3 .  (R = 3-OMe-C6H4)

For fused tetram er 234 , a sim ilar effect was observed, with a significant shift o f  signals 

to higher fields on oxidative fusing o f  the central porphyrin units (Figure 4.3). Here, in 

com parison with tetram er 212  and dim er 213 , low field signals reflect the y5-protons o f  

the outer porphyrin units, at higher resonances than those seen w ith dim er 218  due to 

the distance w hich these protons are form  the fused central bisporphyrin. The 

characteristic singlet at 6.9 ppm  signifies the inner /9-protons o f  the central porphyrin 

units. These are substantial shifts from  starting m aterials 212  and 213 , w hereby the fi- 

protons are observed betw een 9 and 10.5 ppm.
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01A

F igure  4.4: X-ray crystal structure o f  211.

Prehminary X-ray data o f 211 indicate a structure as shown in Figure 4.4. The 

molecular structure is characterised by slightly distorted macrocycles with 

pentacoordinated zinc centers each carrying an axial methanol molecule. The two 

macrocycles are almost orthogonal to each other, typical o f directly linked dimers. The 

compound crystallised as a CHiCb-M eOH solvate. As the present crystal quality was 

insufficient to give a high resolution a recollection o f  diffraction data with better 

crystals is necessary for these compounds.

4.5 UV/vis/NIR Spectroscopic Analysis

Probably the most interesting characteristic o f triply fused arrays is their absorption 

profiles and these can be a key and convenient indication as to their formation. The 

extension o f conjugation results in a substantial bathochromic shift in the absorption 

profile due to lowering o f HOMO-LUMO energy gaps, causing a considerable shift into 

the near-infrared region.

Comparing fused dimer 221 it with its directly-linked dimeric counterpart 228 and 

monomer 124, there was a significant difference in their profiles (Figure 4.5). Monomer 

124 exhibited a characteristic metallated porphyrin absorption profile with a >̂ niax of 578
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nm. Directly-linked dimer 228 exhibited a splitting o f the Soret band due to excitonic 

coupling between the porphyrin units and had a A,max o f 598 nm. However, with triply- 

fused dimer 221 , a substantial shift was observed. There was a broad splitting o f the 

Soret band, at 414 and 576 nm, again due to excitonic coupling between porphyrin units 

and a >̂ max well into the near-IR region o f 1080 nm. Additionally, strong visible region 

absorbances were observed at 803 and 945 nm.

1.3

0.9

0.7

t/1 „  ^
0 .5

0.3

0.1

550 10503!I0 450 650 750 850 950
- 0.1

Wavelength (nm)

Figure 4.5: UV/vis/NIR absorption spectra of monomer 124 (blue), direct dimer 228 (green) and fused 

dimer 221 (pink) in ethylacetate.

A similar absorption profile was observed for dimers 214-221 and such characteristic 

spectra provide a useful analytical tool as to the formation o f the fused array. These 

absorption patterns were also observed for the crude mixtures o f free meso dimers 222 

and 223 , and their higher oligomers, demonstatring that fusing took place.

For tetramer 234 , there was a substantial change in absorption, the profile o f which was 

identical from both synthetic strategies i.e. the oxidative fusing o f tetramer 212 and 

dimer 213 . Compared to the starting materials tetramer 212 and dimer 213 , a significant 

difference in absorption can be seen for 234 (Figure 4.6). With tetramer 212 and dimer 

213 , there is a split in the Soret band, similar to the alkynyl-linked dimers and both 

oligomers have a maximum absorption wavelength o f 688 and 692 nm, respectively.
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Upon fusing, a completely different profile was observed, exhibiting a broad spectrum 

with few distinguishable peaks. This could be attributed to aggregation effects o f  the 

fused tetramer, but it is clear there is absorbance in the near-IR region. Despite the 

inability to distinguish peaks, the presence o f a triply-fused porphyrin moiety was 

confirmed via the shift in absorption.
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-Z n .

Ph
Ph

0.9 P hZn

Ph ZnPh
0.7

Ph
(Uu
m 0.5

PhPh

2n PhZnPh

0.3
PhPh

0.1

450 550 650 750

Wavelength (nm)

850 950 1050
- 0.1

Figure 4.6: UV/vis/NlR spectra o f dimer 213 (blue), tetramer 212 (green) and fused tetramer 234 (red) in 

ethyl acetate, (where R = 3-OMe-C6H4)

An interesting effect was seen when employing a co-ordinating solvent for the 

UV/vis/NIR analysis o f  fused dimers. As noted by Osuka and c o - w o r k e r s , ^ t h e r e  is a 

red-shift in absorption on addition o f a co-ordinating solvent. With dimers 214 and 218 , 

on comparing their profiles in CH2 CI2 against those in CH 2CI2 with 2 % triethylamine, a 

significant bathochromic shift was observed (Figure 4.7). With dimer 214 , there was a 

red shift o f  38 nm, from 1067 nm to 1105 nm, whilst with dimer 218 , this effect is less 

pronounced with a shift o f 13 nm observed. Many studies have been carried out on 

solvent effects on the absorption profiles in monomeric porphyrins. The spectral shifts 

are generally attributed to displacement o f the metal ion resulting in a distortion o f the 

macrocycle, or, from a charge transfer to the macrocycle from the co-ordinating solvent
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resulting in an increase in the HOMO energy level, thereby reducing the energy gapJ^*^^ 

However, studies on solvent dependent spectral shifts in fused arrays are limited and 

ftirther investigations are thus required to determine the precise nature o f this 

bathochromic shift.
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PhPh
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R = P h214  
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Figure 4.7: UV/vis/NIR spectrum  o f dimers 214 (blue) and 218 (green) in a) CH 2 CI2  (solid line) and b) 

CH 2 CI2  with 1% TEA (dashed line).

4.6 Conclusions

A library o f symmetric directly singly- and triply-linked dimers were synthesised in 

moderate to good yields via oxidative fusing, tolerating a wide range o f functionalities 

on the porphyrin periphery. Attempts to triply fuse monomers and dimers bearing one or 

two free meso positions proved, in most cases, unsuccessful due to the inevitable 

formation o f oligomerised products. Although having limited success with alkyl 

substituted dimers, this route is not viable as yields were low. A series o f unsymmetric 

directly-linked dimers were synthesised in good yields via a stepwise strategy. 

However, the oxidative double ring closing o f meso free dimers proved again 

unsuccessful. As a result, a change in strategy was needed for post-functionalisations o f 

triply-fused arrays. All triply linked dimers isolated exhibited a substantial
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bathochromic shift in their absorption profile into the near-infrared region, thus making 

these arrays potential candidates for optical applications such as PDT and NLO. 

Through the introduction o f  water solubilising moieties the dimers could be applied to 

PDT or by the introduction o f electron donating and withdrawing substituents to the 

field o f NLO. There are considerable possibilities to develop a library o f 

unsymmetrically fused dimers and fine-tune these for opfical applications. The fused 

tetramer synthesised is the first example o f a ftised array incorporating alkynyl-linked 

porphyrins and other linkages could also be explored.



CHAPTER 5: 

Reactivity of Porphyrin Arrays
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5.1 Introduction

In order to fine tune oligomeric porphyrins, post-fiising fiinctionalisations can be 

executed. These derivatisations enable fijsed dimers to be more attractive candidates for 

application purposes. W ithin our group, focus is on PDT, NLO and OLEDs and with 

these in mind, synthetic modifications o f  the peripheries o f fused porphyrin dimers were 

undertaken. These included activation reactions such as brominations and nitrations, 

which would enable further chemistry to be carried out, for example, the attachment o f 

sugars for PDT or push-pull substituents for NLO. Also, functionalisations such as 

cycloaddition and organolithium reactions could be beneficial for the enhancement o f  the 

bathochromic shift o f the array. Most previous post-modifications o f fused arrays have 

dealt with the pre-installation o f  activating substituents and thus, there is much scope to 

investigate such fused arrays and their reactivity.

5.2 Bromination

Bromoporphyrins are vital precursors for modification reactions as they enable a range o f 

palladium catalysed reactions to be carried out. As the fusing o f  poiphyrins with free 

meso positions, both singly and triply, did not deliver adequate results, an activating 

substituent such as bromine needs to be introduced prior to the oxidative fusing step to 

enable direct meso post-fusing modifications,. Brominations at the meso positions o f 

porphyrins have been extensively investigated (Section 2.2.3), and using standard 

bromination conditions o f NBS and chlorofonn, directly-linked dimers 206 and 207 

could be brominated at their free meso position, yielding dimers 235 and 236 in excellent 

yields o f 85 and 90 %, respectively (Scheme 5.1). These bromo porphyrins were 

subsequently oxidatively fused using DDQ/Sc(0Tf)3 to fonn the triply fused dimers 237 

and 238, approximate yields o f  25-35 %. The fused bromo dimers were difficult to purify 

due to their poor solubility and required large volumes o f co-ordinating solvent for their 

removal from silica. As a result o f their poor solubilities and also due to overshadowing 

pyridine-D^ peaks, NMR spectroscopic analysis was difficult, similar to those discussed 

in Section 4.4. Both dimers exhibited UV/vis/NIR spectra characteristic for fused 

systems and this was confirmed via HRMS. In spite o f this poor solublity, 237 and 238 

were used for post-fiising modification reactions.
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NBS

r 1 =  r 2 =  r 3 =  r 4 =  ph M =2H 194
r 1 = r 3 = 3-OMe-C6H4, R  ̂= Ph, R" = H M =Zn 206

where R^ = R^ = R^ = R'* = Ph, M =2H 239 n/d

R^ = 1-ethylpropyl, R^= Ph, R^ = 4-Me-CeH4
R^ = H, M =Zn 207

NBS

oxidant

where M = Zn'

r ' R̂ R^ # Yield % Fused # Yield %

3-MeO-C6H4 Ph 3-McO-C6H4 235 85 237 25

1 -Ethylpropyl Ph 4-Me-C6H4 236 90 238 30

Scheme 5.1: Bromination o f directly linked dimers. Reagents and conditions: a) NBS, CHCI3 0 °C, 3 h. b) 

NBS, CHCI3, 70 °C, 3 h. c) DDQ, Sc(0 Tf)3, toluene, 50 °C, 3.5 h.

To investigate the possibility of brominating dimers at the y9-position, meso phenyl 

substituted directly linked dimer 194 was used and it was envisaged that /9-bromination 

would enable P post-fusing modifications to be possible, yielding ^-substituted fused 

arrays, few of which are in e x i s t e n c e . T e s t  reactions on 194, however, were not very 

successftil in that multiple brominations occured. It was hoped that the dimer would act 

in a similar fashion to that of tetraphenylporphyrin,'-^*'*^ whereby the mono-bromination 

can be controlled and is very high y i e l d i n g , t o  produce monobrominated dimer 239. 

Conversely, this was not the case and numerous brominated products were formed, none 

of which were isolated due to multiplicity of brominated products involved. Control over 

this bromination seems unmanageable and therefore this route for P functionalisations of
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dimers was abandoned. Hence, other strategies for y? functionalisations o f dimers were 

necessary.

5.3 Nitration

Nitrophenyl porphyrins are intermediates for the attachment of sugars via ‘Click’ 

chemistry. From these, reduction and azido formation yields azido-phenyl porphyrins 

which can undergo Click reactions with alkynyl sugars/bile acid to fonn porphyrin-sugar 

c o n j u g a t e s . T h e s e  conjugates are beneficial to the area of PDT as the sugar moiety 

enhances both the solubility of the porphyrin and also its selectivity. There has been 

considerable research into such monomeric conjugates but thus far, little investigation 

has gone into dimeric porphyrin-sugar or bile acid conjugates.

R3 R2

NaNO

R2 R3

r ' R^ R^ # Yield %

H NO 2 H 240 38

H NO 2 NO 2 241 trace

tert-huiy\ H H 242 n/d

Schem e 5.2: Synthesis o f  nitro dimers 240-242. Reagents and conditions: NaN02, TFA, 24 h.

It was hoped that via nitration of dimers 194 and 196, the desired nitrophenyl porphyrins 

241 and 242 could be synthesised. Using standard nitration conditions, developed by 

Smith and co-workers,'^ '̂^^  ̂ dimer 194 was nitrated via electrophilic aromatic substitution, 

using sodium nitrite in TFA. This generates the N02^ electrophile which nitrates 

specifically at the para  position of the phenyl ring, the number o f nitrations depending on 

quantity of sodium nitrite and TFA used. It had been shown that nitration o f TPP gives
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predominantly the di- and trisubstituted products, only when a substantial nitrating 

excess is used was the tetrasubstituted product f o r m e d . H o w e v e r ,  a recent study has 

contradicted this and tetra-nitro phenyl porphyrin can be obtained in yields o f up to 90 % 

using a more efficient work-up and chromatographic p r o c e d u r e . X u e  et al. noted that 

during the nitration process, the trinitrated product is least favoured due to the ortho- 

effect o f mononitration. This is useful to our studies as difficulties arose on nitrating 

dimer 194, with the main product formed was the tetra-nitrated product 240 in a yield o f  

38 % (Scheme 5.2). Increasing both reaction time and equivalents o f  NaNOi did not 

enhance the reaction, only when more than 200 equivalents o f NaN 0 2  was used was the 

desired hexanitrated product 241 detected. Only trace quantities o f 241 were formed, 

with the main product again being tetranitro dimer 240. The formation o f 241 was 

confirmed by mass spectrometry analysis. Other attempts to nitrate all six positions 

involved the use o f  fuming nitric acid,^ '̂ '̂*’ the original method which is harsher than 

that developed by Smith and co-workers, but this had similar results. Using TP? as the 

‘base’ structure, full nitration o f dimer 194 would be the equivalent o f  tri-nitrated TPP, 

which is not favoured, and this may be a reason for dimer 240 being the predominant 

product.

Attempts to generate nitro-dimer 242 via nitration o f 196 were also unsuccessful. Here, it 

was hoped that the bulky tert-hniyX groups would block the aryl ring from nitration, thus 

generating a bis-nitrophenyl product 242, i.e. allowing regioselective control over 

nitration. This was not the case and only starting material was recovered. Thus, the 

approach o f  nitrating porphyrin dimers is not very efficient and nitro-incorporation is 

more successful when introduced at the monomeric stage, i.e. via condensation and 

Suzuki coupling reactions (Chapter 2). It was also shown in Chapter 4 that para- 

nitrophenyl substituted dimers can be generated from oxidative fusing methods in good 

yields, thus this method is preferred.

5.4 Cycloaddition reactions - [3+2] Annulation

Cycloaddition reactions on monomeric porphyrins are widely known, generating 

perturbed macrocycles with enhanced photophysical p r o p e r t i e s . T o  investigate the 

reactivity o f  the brominated dimers 237 and 238, we decided to adopt a [3+2] annulation 

strategy developed by Osuka and co-workers.'^^^^‘̂ ^^^This involves a palladium catalysed 

C-C bond forming reaction via carbopalladation o f  a bromo-porphyrin with internal
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The resulting product is a 7,8-dehydropurpurin incorporating a fused 

cyclopentadiene ring which causes a significant distortion o f the porphyrin macrocycle. 

Tetrapyrroles with exocyclic 5-membered rings have biological significance but in spite 

o f this synthetic derivatives o f such are not that common. Resulting from the 

perturbation o f the macrocycle, these species have interesting photophysical properties 

and exhibit a bathochromic shift in their absorption p r o f i l e . W e  sought to apply this 

chemistry to dimeric porphyrins and develop a novel ‘fused on fused’ system which we 

hoped would further enhance the properties o f the triply-fused array. This type o f 

macrocycle was first discovered following the attempted oxidation o f a free meso 

porphyrin with an internal alkynyl substituent. Instead o f fusing directly at the free meso 

position as anticipated, a dehydorpurpurin-porphyrin dyad f o r m e d . O t h e r  than this 

initial investigation, further attempts to incorporate the cyclopentadiene moiety into 

dimeric porphyrins have not been explored.

[3+2]

oxidation 
DDQ /

= 3,5-di-f-butyl-C6H3,R2= H 
244 82 % 

R̂  = 3-MeO-C6H4 R  ̂= H
245 (not isolated) 

R̂  = 3-MeO-C6H4, R  ̂= Ph
246 (not isolated)

243110, 111, 123

oxidation
air

Ph Ph
Zn

Ph
PhPh

R̂  = 3,5-di-f-butyl-C6H3,R2= H 248 92 %
R̂  = S.S-di-f-butyl-CgHa 247 = 3-MeO-C6H4 R  ̂= H 249 90 %

R̂  = 3-MeO-C6H4, R  ̂= Ph 250 89 %

Schem e 5.3: Synthesis o f  dehydropurpurin poprhyrins 244-246 and ring-opening products 248-250. 

Reagents and conditions: a) Pd2 (dba)3 , (o-ToOjP, toluene, /V.A'-dicyclohexylamine, 120 °C, 24 h. b) DDQ, 

Sc(0Tf)3, toluene, rt, 3 h. c) CHCI3,  air, light, 24 h.
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The initial strategy involved the synthesis o f a dehydropurpurin macrocyle with a free 

meso position and subsequent fusing with standard oxidative conditions which we 

anticipated would yield the desired triply-fused dimeric deyhydropurpurin. To test 

reaction conditions, the [3+2] annulation was carried out on bromoporphyrins 110, 111 

and 123 with diphenylacetylene 243 (Scheme 5.3). All reactions were carried out using 

zinc porphyrins, as this metal is a prerequisite for the next step o f oxidative fusing. For 

the generation o f dehydropurpurins 244-246 , the reaction proceeded well in excellent 

yields o f up to 82 % debrominated starting material detected as the only side product 

from the reaction. Unfortunately, as discovered by Osuka and co-workers, the zinc- 

dehydropurpurins are unstable in dilute solution and on exposure to air and light. The 

cyclopentadiene ring-opens, most likely following a singlet oxygen oxidation 

mechanism, to give the 1,5-diketones 248-250 in almost quantitative yields. This is not 

seen with nickel(II) or palladium(II) porphyrins and it is thus presumed to occur from 

singlet oxygen generation. For 245 and 246 , the ring-opened products 249 and 250 were 

forced to form via dilution with CHCI3 and stirring open to the air overnight. Initial 

attempts using smaller volumes o f CHCI3 exhibited minimal decomposition o f the 

dehydropurpurin, reflecting a somewhat more stable adduct than that described in the 

l i t e r a t u r e . A t t e m p t s  to triply-fuse 244 employing standard oxidative conditions using 

DDQ/Sc(0 Tf)3  for the generation o f dimer 247 were ineffective, with the main product 

isolated being the ring-opened adduct 248 (Scheme 4.3). As the outer C-C double bond 

in the cyclopentadiene ring is prone to oxidation in zinc porphyrins, it does not survive 

these strong oxidative conditions and thus a different strategy for the development o f a 

‘fused on fused’ dimer was required.

The proposed mechanism for this palladium catalysed coupling reactions involves the 

oxidative addition o f Pd^ to the C-Br bond (A) and subsequent carbopalladation with the 

internal alkynyl bond to give an alkenyl-palladium species (B). There is an 

intramolecular activation o f the C-H bond and loss o f HBr, forming a palladcycle (C) and 

following this, reductive elimination to give the cyclised porphyrin (dehydropurpurin) 

251 and regenerated Pd° (Scheme 5.4).^^^^’^̂ '̂ '
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Schem e 5.4. Mechanism for the formation o f  dehydropurpurin 251.

In order to provide a utility for the ring-opened products, further chemistry was 

investigated. 1,5-diketones are widely known to undergo various cyclisation reactions to 

give 5, 6 and 7-membered ring products, depending on reagent and conditions used.^^^*' 

The reaction o f 1,5-diketones with various amino derivatives can result in the generation 

o f  nitrogen containing h e t e r o c y c l e s . O s u k a  and co-workers utilised this methodology 

with ammonia to generate a novel pyridine-fused porphyrinoid, namely an 

oxopyridochlorin,^^^^' which like the dehyropurpurins, exhibits a substantial red shift into 

the near-IR region due to enhanced conjugation and distortion o f the macrocycle.

Hydrazine
-N

where R’ = (3-MeO)C6H4

R̂

N
\  /  

Zn
\

Ph

J
1 N

R̂

252

Ph

Schem e 5.5: Synthesis o f a dizazepine fused porphyrinoid 252. Reagents and condtions: hydrazine 

hydrate, toluene, acetic acid, MW, 7 min.
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We decided to use hydrazine as a substrate to develop a novel diazepine-fused porphyrin, 

to explore the reactivity of the porphyrin 1,5-diketones generated and the effect that the 

fused diazepine moiety would have on the macrocycle. Taking 1,5-diketone 250 and 

employing microwave conditions,^^®'^ the desired product 252  can be obtained in a good 

yield of 80 % (Scheme 5.5). Hence, if only the 1,5-diketone can be isolated, further 

chemistry is possible to generate novel fused systems, although the macrocycle here is 

not perturbed as the ring generated is not conjugated. Scheme 5.6 shows the most likely 

mechanism for the synthesis of the diazepine-porphyrinoid 252 . The condensation 

mechanism initiates with the protonation of the carbonyl oxygen under acidic conditions 

and subsequent nucleophilic attack of hydrazine at the electrophilic carbon. A series of 

proton transfer and elimination of water yields the indicated hydrazone intermediate. 

Another attack by the hydrazine moiety, this time intramolecularly, closes the ring. 

Subsequent proton transfer and loss of water yields the 1,2-diazepine porphyrin 252 . 

Attack by the other nitrogen would generate a 6-membered ring derivative but this, 

however, was not detected.

Ph

Ph

O

Q H y d ra z o n e

proton 
t r a n s fe r  / /

O '

' t

H

V ©
Ph

o

^ P h

proton
tr a n s fe r

H H

D iazep ine

Schem e 5.6: iVlechanism for diazepine ring formation.
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In parallel to cycloaddition reactions o f  monomers and subsequent oxidative fusing, the 

[3+2] annulation was also attempted with the bromodimers 201 and 202 , resulting in 

cycloaddition products 253 and 254 , respectively (Scheme 5.7). For the synthesis o f 253 , 

three products formed, the desired disubstituted cycloaddition product, the mono 

derivative and debrominated starting material, separation o f which was not possible due 

to co-elution on both silica gel and aluminium oxide. For dimer 254 , a yield o f 72 % was 

obtained for the bisdehydropurpurin, with only trace detection o f  debrominated starting 

material. Such dimers have interesting UV spectra, although due to inevitable ring 

opening on oxidation to generate triply-fused systems, these compounds were not used in 

ftirther synthesis.

Ph

PhZnZn

Ph
243

= Ph 253
R  ̂ = (3-MeO)C6H4 2 5 4

Schem e 5.7. Synthesis o f  directly linked bis-dehydropurpurins 253 and 254, Reagents and conditions: 

Pd2 (dba)3 , (o-Tol)iP, toluene, A'^TV-dicyclohexylamine, 120 °C, 24 h.

As the initial strategy o f  fusing monomeric dehydropurpurin 244 was unsuccessful, it 

was decided to attempt the cycloaddition on fused bromo-dimers so that no further 

oxidation would be necessary. This would, in theory, avoid any decomposition o f the 

cyclopentadiene ring to the 1,5-diketone. Employing bromo-dimer 237 , the palladium 

catalysed [3+2] annulation reaction was attempted, but with no success. The main 

fraction isolated was unreacted starting material, with no detection o f  annulated dimer 

255 . This may be attributed to the insolubility o f  the starting material but further 

investigations are needed. Trying to overcome the solubility issues, dimer 238 was used, 

with alkyl and tolyl substituents. The reactivity was enhanced but the desired product 256 

was only obtained in a yield o f  less than 5% and it co-eluted with debrominated starting 

material. Also observed was the ring-opened product 257 , which may have decomposed 

during purification when open to the air or due to trace presence o f oxidants in the 

starting material. Due to time constraints, optimisations o f  these reactions were not
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possible and the products formed were only characterised by HRMS with 256 showing a 

parent ion peak at m/z 1342.3580, calculated for [C84H62Ng02Zn2] 1342.3579.

237, 238
[3+2] Annulation

Ph
Zn

Ph

r ' R^ R^ # Yield %

(3-M eO)QH4 Ph (3-OMe)C6H4 255 n/d

1-ethylpropyl Ph Tolyl 256 < 5 %

Schem e 5.8. [3+2] Annulation o f  fused dimers with diphenylacetylene showing side products. Reagents 

and conditions'. Pd2 (dba)3 , (o-Tol)3 P, toluene, A^,iV-dicyclohexylamine, 120 °C, 24 h.

Although having limited success with fused dimers, the [3+2] annulation strategy is an 

efficient method o f enhancing the bathochromic shift. Recently, nickel(II) triply-fused 

dimers have been synthesised via gold-mediated o x i d a t i o n ^ a n d  these could be applied 

for this cycloaddition, thus minimising the possibility of ring-opening. Further 

investigations into such arrays are needed.

NMR analysis

[3+2] cycloaddition with the porphyrin macrocycle to generate dehydropurpurins, which 

disrupts the aromaticity, causes significant shifts in 'H NMR resonances to a higher field
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with respect to typical porphyrins. This aromaticity is restored upon ring-opening to the 

l,5-dil<.etone and thus resonances return to lower fields.

Figure 5.3: 'H NM R (400 M Hz) spectra the porphyrin/aryl regions o f  bromoporphyrin 111 (blue), 

dehydropurpurin 245 (orange), 1,5-diketone porphyrin 250 (green) and d iazepine-fused porphyrin 252  

(purple) in CDCI3. (where R = 3-OMe-C6H4)

Figure 5.3 shows a comparison of bromo-porphyrin 111, dehydropurpurin 245 , 1,5-

bromo porphyrin 111, there was a substantial shielding ofy5-signals from between 8.8 and 

9.8 ppm to 7.2 to 8.2 ppm. Also, with 111 there are foury0-proton signals, with six signals 

for the ^-protons in 245, due to the distortion of the macrocycle. This most evident for 

the yS-protons closest to the cyclopentadiene ring which occur as two singlets. The 

methoxy CH3 for 111 occurs as a 6H singlet but with 245, two 3H singlets are observed 

due to the asymmetry of the macrocycle. Some impurities are present in the spectrum of 

245 as here the ring opening was promoted to generate diketone 250 . The spectrum for 

250 returns to that for a porphyrin with the y9-signals resonating in the region of 8.6-9.1 

ppm. The ketone functional groups were also confirmed via '^C NMR analysis with low 

field resonances of 194.5 and 199.3 ppm for the carbonyl carbons attached to the P and

R

‘Ph

Ph

A r y l - H R

Ph

R

P - H A ry l - H R

P -H

I IJI
R

T— I— I— I— I— I— I— I— I— I— t— [— I— I— I— I— [— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— I— r

10.0 9.5 9.0 8.5 8.0 7.5 [ppm9.0 8.5 8.0 7.5 [ppm]

diketone porphyrin 250 and diazepine fused porphyrin 252 . On generation o f 245 from
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meso carbons respectively. Diazepine-fused porphyrin 252 exhibits a slight difference in 

chemical shifts for the ^-protons, typical o f fused moieties, with the two closest to the 

fused ring occurring as singlets of highest field strength in the y5-region. The structure 

was confirmed by HRMS, with a parent ion of m/z 864.2222, calculated for 

[C54H36N602Zn] 864.2191, and also the loss of signals at 194 and 198 ppm in '^C NMR 

analysis for the carbonyl carbons.

p / a r y l - H

P-F

aryl-

T— I— I------- 1--1— I— I— I— I--1— I— I— I— I-------1---1— I— I— I---1----- 1----1— I— I— I--1---- 1----- 1----1— I---1---- 1----1----1----T

9.5 9.0 8.5 8.0 7 .5  7 .0 [ppm ]

Figure 5.4: Low frequency region o f 'H NMR (400 MHz) spectrum of fused directly linked dimer 254 

(green) versus bromo dimer 202 (blue) in CDCI3. ** = impurities

With respect to dimer 254 , shown in comparison to bromodimer 202 in Figure 5.4, there 

is a substantial shift of resonances on [3+2] annulation. The two singlets at the highest 

frequency of 6.9 ppm reflect the protons closet the cyclopentadiene ring. All the other 

protons lie within the 7-8.2 ppm region and, unfortunately due to multiplicities, are not 

very distinguishable. From 2-D NMR analysis, the doublet at 8.1 ppm signifies the /?- 

protons furthest from the fusing, with the other ^-protons resonating in the aromatic 

region. The small peaks above this value are impurities, due to trace debrominated 

starting material as no detection of carbonyl signals from the possible ring opened 

product in '^C NMR was seen. The high field methoxy signals split on fusing from one 

12H singlet to two 6H singlets, expected due to the different environments for the 

methoxy group nearest and furthest away from the cyclopentadiene ring. HRMS analysis
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confirmed the structure, with parent ion peak at m/z 1518.3505, calculated for 

[C96H62Ng04Zn2] 1517.3477.

UV-vis and NIR analysis

The [3+2] adducts synthesised provide interesting absorption profiles due to the 

perturbation o f the porphyrin macrocycle. Taking monomer 244 and the ring-opened 

form 248 , as shown in Figure 5.5, there is a significant split of the Soret band into a blue 

shifted band at 408 run and a bathochromically shifted band at 481 nm, with a broad 

absorbance, similar to those in the l i t e r a t u r e . C o m p a r i n g  this dehydropurpurin to 

the ring-opened form 248 , the spectrum returns to that of a typical monomeric porphyrin, 

thus the progress of both reactions can be monitored via UV-vis analysis. Also, it 

demonstrates the effect of the cyclcoaddition on the photophysical properties of 

porphyrin and how this could be used to enhance or fine-tune compounds for optical 

applications.

1.6

1.4

1.2

1
,Ph

ro 0.8 P h

Ar

0.6

0.4
■ph

Ph
0.2

0
750350 450 550 650

Wavelength (nm)

Figure 5.5: UV-vis absorption of 244 (green) and 248 (red) in CH2 CI2 . (where Ar = (3,5-di-/-butyl)C6H3)

With dimers 202 and 254, a similar trend was observed (Figure 5.6). The bromo-dimer 

202 shows a typical absorption profile for a directly linked dimer, a sharp split in the 

Soret band due to excitonic coupling between the porphyrin units. With annulated dimer 

254, there was a significant broadening and shift of the Soret band, similar to monomer 

244, with the red-shifted band absorbing at 508 nm. Also, there is a red shift of Q bands, 

with a ?imax of 687 nm, compared to 608 nm for 202 . This is indicative of the extent of 

distortion of the porphyrin macrocycles within the dimer as a result of [3+2] annulation.
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Figure 5.6: U V -v is absorption spectrum o f  202  (purple) and 254 (blue) in CH 2 CI2 . (where R =  3-O M e- 

C6H4)

For fused dimer 256, identifying whether the cycloaddition took place was more difficult 

due the characteristic broad and red-shifted absorption profiles o f fused arrays. There was 

an increase in intensity o f the second Soret band, i.e. a more pronounced split with 

respect to bromo-dimer 238 and also in intensity o f the last Q band (Figure 5.7). Such 

differences in absorbances imply that the annulation took place, generating a novel ‘fused 

on fused’ dimer, but unfortunately in too low a yield to obtain good NMR data.

0.7

0 .6 Tolyl
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Figure 5.7: U V -vis an d N IR  spectra o f  238  (b lue) and 256 (red) in CH 2 CI2 . (R = 1-ethylpropyl)
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5.5 O rganolith ium  reactions

In further attem pts to functionalise the P  positions o f  dim ers, a chlorin form ation, using 

organolithium  reagents was investigated. A lthough high yielding for the introduction o f  

meso substituents, the introduction o f  P  substituents via organolithium  m ethods can be 

quite challenging and low yielding and can result in the form ation o f  chlorins, 

bacteriochlorins and porphodim ethenes, depending on reaction conditions and 

substrates.

^  N

W  / /
N N-
\\

Ph

N,
Zn
' \ J

n ' N'
A

n-BuLi 
- P h  Ph

PhPh

PhZnZn

PhPh Ph
214 258

S chem e 5.9. Syntiiesis o f  /?-butyiated dimer 258 via RLi. Reagents and conditions’, i) n-BuLi, -78 °C, THF, 

1 h ii) H 2O. 0.5 h iii) DDQ, 1 h.

Again using I'P P  as the com parison, it was anticipated that introducing a «-butyl group at 

the /?-position o f  fused sym m etric dim er 214 w ould generate a fused porphyrin-chlorin  

dim er 257. These triply-fused chlorin dim ers, again from  an optical application 

view point, should be advantageous as a further enhancem ent o f  absorption w ould be 

anticipated on generation for the chlorin. Only a few  exam ples o f  chlorin fused dim ers
f 1 OT  1 Q ^ l

exist but these involved cycloaddition reactions for generation.* ' ‘ A dopting a m ethod

developed by Senge et a l ,  w hereby TPP was m onobutylated at the y9-postion in 17 % 

yield, the fused dim er 214 was butylated under standard organolithium  conditons.^^'^^' 

The reaction proceeded well, although, as with all fused dim ers, difficulties arose on 

purification. D im er 258 was isolated in a yield o f  15 %, w ith the m ain other com ponent 

being unreacted starting m aterial 214. Only trace quantities o f  the dibutylated dim er were 

detected.

NM R analysis

The 'H  N M R  spectrum  o f  258 shows the typical chlorin C H 2 peaks around 4.5 ppm , 

along with the butyl peaks at 4.0, 2.3 and 0.9 ppm. The arom atic region changes 

dram atically from that o f  dim er 214, as there is a disruption to the sym m etry, shown in
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Figure 5.4, increasing the number o f signals observed. Such differences point towards the 

generation o f 258, the structure o f which was confirmed via HRMS. More detailed 

studies on the functionalisations o f fused dimers via organolithium methods, however, 

are required.

/aryl-H

8 7 6 5 [ppm]

F igure 5.8: Aryl and chlorin regions o f  'H NM R spectra o f  fused dimer 214  (blue) and chlorin dimer 258  

(green) in CDCI3.

5.6 Diimide reduction

The classic reduction o f the porphyrin periphery to generate a chlorin species was also 

attempted. The diimide reduction o f monomeric porphyrins, developed by Whitlock et 

a i ,  to their respective chlorins and bacteriochlorins, is widely k n o w n . U n d e r  these 

reductive conditions, the porphyrin pyrrolic double bond is reduced via diimide, which is 

generated in situ. The diimide species hydrogenates the double bond to generate the 

chlorin or bacterichlorin, depending on the quantity o f diimide generated. It was 

envisaged that similar principles could be applied to dimeric porphyrins to generate a 

novel fused porphyrin-chlorin dimer.

Using conditions, optimised by Senge and co-workers, dimer 214 was subjected to 

diimide reduction. Using UV/vis/NIR analysis, initial studies show that the reaction was 

successful as a bathochromic shift o f 50 nm, with respect to 214 was observed. This red 

shift in the absorption profile is to be expected with chlorins, although the absorption 

profile as a whole almost mimicked that o f dimer 214. Preliminary 'H  NMR analysis
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proved inconclusive and thus further investigations into the reduction o f fused dimers are 

necessary.

Ph Ph

Ph

PhPh

Ph-

diimide
reduction

PhPh

PhPh

PhPh

214 259

S ch em e 5.10; D iim ide reduction o f  fused dimer 214. R eagents an d  conditions: Tosyl hydrazine, p-  

picoline, K 2 CO 3 , 120 °C, 20 h.

5.7. Conclusions

Numerous strategies towards the functionalisation o f porphyrin arrays were investigated. 

For directly linked dimers, the reactivity reflects that o f monomeric porphyrins with 

brominations and cycloadditions achievable in high yields. For fused arrays, the 

reactivity is somewhat diminished due to the poor solubility o f the arrays. However, 

these investigations showed that fused dimers can be functionalised directly, via 

organolithium reactions, and indirectly via palladium catalysed coupling reactions with 

pre-installed activators such as bromine. Such post-fusing modifications demonstrate the 

ability to fine-tune the arrays for optical applications, as there is an enhancement of 

bathochromic shift, and although further investigations are necessary, preliminary studies 

are promising. Further research into the diimide reduction reaction is necessary, and this 

would provide a straightforward route to chlorin fused dimers. By the introduction o f 

more solubilising substituents, an improved reactivity o f  the bromo-dimers should be 

observed and this needs to be investigated. Also, via debromination methods, there is a 

possibility to generate fused dimers bearing free meso positions. Employing 

organolithium methods, the meso reactivity o f fused dimers could be probed.



CHAPTER 6:

Carbazole-linked Porphyrin Dimers as 
Organic Light Emitting Diodes

(OLEDs)
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6.1 Introduction

Polymers o f known chromophoric molecules such as fluorenes, carbazoles and 

oxadiazoles have proven to be extremely efficient as host matrices in OLED devices due 

to their high stability and as they are green and blue emitters For example, the

polymeric carbazole, poly(TV-vinylcarbazole) (PVK)^'^^^ and polyfluorene have

been shown to be highly efficient as a host material in OLEDs and are used in 

commercial devices. To fine-tune the colour o f the OLED, photoluminescent dyes can be 

doped into the host matrices producing d e v i c e s . A s  porphyrins are highly 

chromophoric and strongly emissive materials, there is much research into the 

development o f such for use in O L E D s . M o s t  previous studies on porphyrin-based 

OLED materials focused on substituted monomeric porphyrin dopants and whilst

these studies are promising, showing significant enhancement o f devices, we wanted to 

open a different approach by constructing porphyrin dimers linked via a carbazole entity 

followed by the analysis o f the properties o f such arrays.

NH

HN
HN

carbazo le  linker 

Figure 6.1: Model system for carbazole linked porphyrin dimers.

Published studies have incorporated chromophores such as fluorenes and carbazoles into 

the porphyrin p e r i p h e r y . R e c e n t l y ,  it was shown that polymeric porphyrin-fluorene 

arrays exhibit a lower turn on voltage in comparison to TPP doped into a PFO matrix.

As there is a limit to the scope o f dopants into polymeric layers as the porphyrins 

self-aggregate, an approach o f synthesising polymeric-fluorene porphyrins units is 

a t t r a c t i v e . F o l l o w i n g  on from the theme o f conjugated porphyrin oligomers, our aim 

was to develop synthetic methods for the introduction o f bulky substituents, namely 

carbazole units, to the porphyrin macrocycle (Figure 6.1). This should reduce self­

aggregation and potentially give new materials suitable as substrates in OLEDs. In
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addition, w e envisaged that the additional porphyrin unit, along with the conduction 

properties o f  the carbazole, w ould act to im prove the light em itting properties o f  OLED 

devices. Furtherm ore, i f  these m aterials prove prom ising, there is scope to develop these 

arrays in a sim ilar fashion to Fei et for enhanced optical properties. Here, synthesis 

o f  such porphyrins m aterials using Suzuki type coupling reactions is discussed. Single 

layer organic light em itting diodes (O LED s) w ere created to dem onstrate the optical 

properties o f  these m aterials.

Figure 6.1: Carbazole structure 260 with lUPAC numbering system.

6.2 Synthesis

Carbazole substituted porphyrin m onom ers and dim ers were synthesised w ith the aim  o f  

enhancing the optical properties o f  the porphyrin. Based on the general applicability  o f  

Suzuki-M iyaura reactions in porphyrin chem istry and our current developm ents

thereof '̂"'■̂ '-‘’1 we focused on the coupling o f  respective brom o and borylated building 

blocks. C arbazoles are tricyclic arom atic com pounds (Figure 6.1) and for our work 

substitution at the 2- and 7- positions are desirable as the overall target generated will 

have a better conjugation, unlike the 3-, 6- substituted d e r i v a t i v e s . F o r  their 

incorporation into the porphyrin periphery they need to be activated at such positions.

6.2.1 Synthesis of carbazole precursors

The synthesis o f  carbazoles has been extensively explored w ith num erous m ethods 

available to generate such m oieties. Substitution at the 3 and 6 positions is easily 

achieved after generation o f  the carbazole tricyclic system  as these are m ost reactive 

enabling alm ost exclusive brom ination at these sites allow ing for further 

m o d i f i c a t i o n s . T h e  synthesis o f  the desired 2- and 7- substituted carbazoles is not as 

clear-cut as functional groups cannot be directly inserted to these positions. Thus, prior 

cyclisation m odifications are necessary to activate these positions, with num erous routes 

available to do The strategies em ployed all involved the generation o f  biaryl

com pounds via know n coupling m ethods such as Suzuki-M iyaura and U llm ann from  

com m ercially  available starting m aterials. Subsequent cyclisations to produce the 

carbazole m oiety can be achieved via nitro, am ino and azido interm ediates.
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For the synthesis o f monomeric porphyrin-carbazole conjugates, we chose the 

monoborylated carbazole 266 as the building block. This was synthesised via a procedure 

developed by Tavasli et from phenyl boronic acid 261 and 2,5-

dibromonitrobenzene 262, under Suzuki coupling conditions, to give a 2-bromo- 

nitrobiphenyl 263 (Scheme 6.1). Subsequent Cadogan carbazole synthesis^^^^  ̂ via an 

intramolecular cyclisation using triethyl phosphite, gave carbazole 264 . This method, 

developed in 1965, is a widely adopted procedure for the generation o f carbazoles in 

moderate yields.

266

59%

(iv)
a)

O' 265

82%

Scheme 6.1. Synthesis o f  monoborylated carbazole precursors. Reagents and conditions: i) Pd(PPh)3 , 

Na2 C 0 3 , toluene, 90 °C, 6 h. ii) (EtO)^?, 160 °C, overnight, ii) a) /-BuOK, DMF, rt, 2 h. b) bromohexane, 

130 °C, 24 h. iii) a) «-BuLi, -78 °C, THF, 3 h. b) 2-Isopropoxy-4,4’,5 ,5’-tetramethyl-l,3,2-dioxaborolane, 

rt, 24 h.

The mechanism for the ring-closing carbazole generation step involves the overall 

deoxygenation o f the nitro biphenyl via nucleopilic attack by the tervalent phosphorous 

atom, with the elimination of the phosphine oxide. There is some speculation as to 

whether or not the cyclisation goes through a nitrene intermediate and generally two 

plausible mechanistic routes are a c c e p t e d . T h e  A^-ethylated side product o f 264 

which can form from the presence of triethyl phosphite lowers these yields and methods 

have been developed whereby this phosphite is substituted with triphenyl phosphine and



C h a p t e r  6 :  C a r b a z o l e - l i n k e d  p o r p h y r i n s  a s  O L f D s  | 116

yields are improved by up to 20 Other modifications o f this Calogan-type

synthesis have appeared, one o f noteworthy mention involving a microwa/e assisted 

carbazole synthesis from the 2-nitro derivative o f 260 and an aryl bromide generating 

biaryls via Suzuki coupling and subsequent cyclisation. This method reduces the extent 

of protodeboronation, as it has been optimised using a weaker base, observed in aryl 

residues containing an ortho electron withdrawing substituent. Thus, the s/nthesis of 

biaryl, 2-substituted carbazoles and other fused heterocycles can be obtained ti excellent 

y i e l d s . T h e  next step in the synthesis is the base-mediated 7V-protection o ' 264 using 

bromohexane to give 265 in a yield o f 82 %, necessary to eliminate any side 'eactions at 

this position later steps of the synthesis. Subsequent borylation under or|;anolithium 

conditions yielded the borylated carbazole 266 in good yield of 59 %.

Access to carbazole-linked porphyrin dimers requires a disubstituted carbazDle and for 

the generation of such, an initial strategy was adopted from a procedure developed by 

Sonntag et subjecting 2,5-dibromonitrobenzene 262 to Ullmann couoling using

activated copper (Scheme 6.2). This is a useful strategy for the synthesis o f symmetrical 

biaryl compounds and the mechanism involves oxidative addition of copper tc aryl halide 

and this activated species undergoes another oxidative addition with the aryl halide to 

give the symmetrical biaryl 267 in a yield of 55 %. The nitro groups on 26 '^  were then 

reduced to bis-amino biaryl 268 in a yield o f 66 % under standard reducing conditions.

NO2

(i) ^Br Br

NO , OoN 55%
267

262

(ii)

trace
268

Schem e 6.2: Synthesis o f  dibromo carbazole 269 via alternative strategy. Reagents and conditions: i) 

Cu/Zn, DMF, 120 °C, 20 h. ii) Sn, HCl, EtOH, 100 °C, 3 h. iii) H3PO4 , 190 °C, 24 h.

The subsequent acid catalysed ring closing reaction to form carbazole 269 proved 

difficult and only trace quantities of the desired carbazole was synthesised. An alternative
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strategy was thus needed and it was decided to adopt the Cadogan method, as employed 

for the generation o f mono-substituted carbazole 264 (Scheme 6.1). The strategy 

followed was that o f a procedure by Tang et from the commercially available

dibromo-biphenyl 270 as starting material (Scheme 6.3). Nitration was achieved using 

standard fuming nitric acid condtions, generating 271 in 62 % yield. Intramolecular 

cyclisation via the Cadogan method gave dibromo-carbazole 269 in a yield o f  41 %. 

Base-mediated 7V-protection using a hexyl group produced 272 in a yield o f  68 %, and 

subsequent diborylation under organolithium conditions to give the desired diborylated 

carbazole 273 in a yield o f  46 % following recrystallisation.

273

4 6 %

Schem e 6.3: Synthesis o f  diborylated carbazole precursor 273. Reagents and conditions', i) HNO 3 , AcOH, 

120 °C, 20 h. ii) (EtO)3 P, 160 °C, overnight, ii) a) /-BuOK, DMF, rt, 2 h. b) bromohexane, 130 °C, 16 h. 

iii) a) «-BuLi, -78 °C, THF, 3 h. b) 2-isopropoxy-4,4’,5 ,5’-tetramethyI-l,3,2-dioxaborolane, rt, 20 h.

6.2.2 Synthesis of porphyrin-carbazole units

These borylated and brominated carbazole building blocks, 265, 266, 272 and 273 were 

subjected to Suzuki-Miyaura coupling with the desired porphyrins. The general strategy
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adopted for the synthesis o f monomeric conjugates is shown in Scheme 6.4, whereby 

borylated carbazole 266 underwent Suzuki coupling with either the monobrominated 

porphyrins 83, 93 and 94 or the dibrominated porphyrin 98 yielded the desired 

monomeric carbazole porphjrin compounds 274, 275, 277 and 281 in good coupling 

yields of 75-85%.

B+
/

O

265

i) Suzuki

ii) Metallation
a,  b or  0

R̂

V-N

/ ^ N  N - A  N
'x W J  )> I

R^

r ’ M # Y ield  %

Ph 2H 274 75

Ph H 2H 275 61

Ph Zn" 276 74

2H 277 86

Zn" 278 81
■Me-C5H4 4-Me-C6H4

Pd" 279 89

InCl 280 59

2H 281 76
Ph Carbazole

Zn" 282 81

S chem e 6.4. Synthesis o f  carbazole porphyrins via Suzuki coupling and m etallations. R eagents and  

conditions', i) Borylated carbazole, Pd(PPh 3 )4 , THF, K3PO4, 67  °C, 16 h. ii) a) Z n (0A c)2 , M eOH, 70 °C, 

0.5 h. b) P d(0A c)2 , toluene, 120 °C, 20  h., c) InClj, A cO H , 24  h.
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Attempts to execute the reverse strategy, i.e. Suzuki coupling o f  borylated porphyrin 128 

and bromo-carbazole 265, proved ineffective as the main product isolated was 

deborylated starting material 128. In this reaction there is also the possibility o f  a dimeric 

directly linked bisporphyrin side product to form (see Section 4.3.2).

Different metals were introduced to the porphyrin core, namely zinc,̂ *̂  palladium^*’ 

and indium chloridê ^̂ *̂  to improve the optical properties via known procedures. This 

gave the metallated porphyrins 276, 278-280 and 282 in moderate to excellent yields 

ranging from 59 to 89%.

\  / 
h -O

HN

273
Suzu ki83, 93

HN

Ri=R2=ph 283 (62%) 
Ri=R2=(4-Me)C6H4 284 (55%)

Su zu k i

N — NH

HN
HN

Ri=R2=ph 285 (75%) 
Ri=R2=(4.Me)C6H4 286(40%)

S ch em e 6.5. Synthesis o f  carbazole linked porphyrin dimers 285 and 286. R eagen ts an d  conditions: 

Pd(PPh 3 )4 , THF, K 3 PO 4 , 67 °C, 16-20 h.

For the synthesis o f carbazole-linked porphyrin dimers a two-step approach was adopted. 

The first Suzuki coupling was carried out to attach the borylated carbazole 273 with the 

desired bromoporphyrin to form the porphyrin carbazoles 283 and 284 in yields o f 62%
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and 55%, respectively. A second Suzuki coupling of 283 and 284 with the 

bromoporphyrins 83 or 93 yielded the desired dimers 285 and 286 in yields o f 75% and 

40%, respectively. We found this two-step Suzuki coupling approach to be more 

successful than a one-step approach where only trace amounts of dimer was formed, 

although Therien and coworkers^^^^^ reported good yields for this one-step method for 

other species. The main products from this approach were the deborylated porphyrin- 

carbazoles 274 and 277, along with starting materials. Also, the reverse strategy was 

attempted usig dibromocarbazole 272 and borylated porphyrin 132, but this again was 

unsuccessful, with only trace quantities o f desired dimer formed, the main product being 

deborylated starting material.

6.3 Spectroscopic Studies 

6.3.1 NMR analysis

Figure 6.2 shows a 'H NMR spectral comparative o f the aromatic regions of borylated 

carbazole 266 and porphyrin-carbazole conjugate 274. The typical signals o f a 2- 

subsituted carbazole are reflected in the NMR spectrum of 266. The most downfield 

resonances are for H4 and H5, occurring at 8.1 ppm as a multiplet as the signals overlap. 

A singlet at 7.9 ppm is for H3 and H7, H8 and H6 occur as a triplet, doublet and triplet 

respectively at 7.55, 7.50 and 7.4 ppm. These signals are typical for 2-mono-substituted 

carbazoles. On attachment to the porphyrin as shown in 274, there is a deshielding effect 

by the porphyrin on all carbazole signals o f approximately 0.3 ppm, but the pattern 

remains the same.

The /9-porphyrin signals occur as two doublets and a broad singlet all in the 8.8-8.9 ppm 

region, differing considerably to the bromo starting material 83, whereby a downfield 

doublet is seen at 9.7 ppm, reflecting the protons adjacent the bromo substituent. The 

aromatic carbazole substituent has a shielding effect on the adjacent y^-protons, with 

respect to 83, resulting in an upfield shift for these signals. The porphyrin aryl signals 

resonate at 7.7 and 8.2 ppm, similar to those of 83 (where 83 = 5-bromo-l0,15,20- 

triphenylporphyrin). A similar effect is seen with porphyrin-carbazole dimers 285 and 

286, although being more symmetric only exhibit three carbazole signals.
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H1

H4/H5 H8H3
H6H7

Hex
266

Ph
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N HN

HexPh
274 ' H7/H8
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“ 1— I— I— [— I— r

H4 H5
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Figure 6.2; 'H N M R comparison o f  274 (blue) and boryiated carbazole 266  (green)in CDCI3

The structure o f 282 was proposed by a preliminary X-ray data analysis (Figure 6.3). The 

molecular structure is characterised by a planar macrocycle with a hexacoordinated zinc 

center carrying two axial THE molecules and was crystallised from dichloromethane- 

THF as solvate. As the present crystal quality was insufficient to give a high resolution a 

recollection o f diffraction data with better crystals is necessary for this compound.

Figure 6.3: X-ray crystal structure o f  282
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6.3.2 Photophysical studies

Photophysical studies were carried out on all porphyrin-carbazole monomers and dimers 

and for comparative purposes on the bromoporphyrin precursors. The dimeric porphyrins 

285 and 286 exhibit almost identical U V  absorption and emission spectra w ith regard to 

their monomeric counterparts. Dimer 286 shows a slight red shift in the Soret and Q band 

absorptions o f 6 and 9 nm, respectively, compared to that o f the monomer 277. Dimer 

285 did not display any bathochromic shift, although there was significant broadening o f 

the Soret band w ith respect to monomer 274 as shown in Figure 6 .4 . Both dimers 

exhibited deep-red emission at 659 and 719 nm for 285 and 682 and 722 nm for 286, also 

similar to the monomers but showing a higher intensity. This deep red emission is similar 

to that o f other porphyrins developed as OLEDs e.g. porphyrin-fluorene derivatives.

2

1

500 550 750600 650 700

Wavelength (nm)

800

Ph

1 Ph Ph

Ph
NHNHHN

Ph
HN-Ph

0
Ph Ph

3:;o 400 450 500

Wavelength (nm)

550 600 700650
0

Figure 6.4: U V -v is  absoption spectrum o f 274 (pink) and 285 (cyan) in C H 2 C I2 . Inset: Emission spectrum 

o f dimer 285 versus monomer 274

6.4 OLED studies

OLEDs have a multilayered structure which at its very basic is an organic 

electroluminescent material in between a cathode and anode (Figure 1.9). When a voltage
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is applied to the device, the dye material is put into an excited state, with the emission o f 

light on return to its ground state, a phenomenon known as electroluminescence. Here, 

the porphyrin-carbazole materials (15 mg/mL toluene solutions) were spin-coated onto 

photolithography etched indium tin oxide substrates. Aluminium electrodes are then 

evaporated onto the single layer devices after solvent evaporation. The dicarbazole 

porphyrins 281 and 282 show improved stability and performance when compared to 

porphyrins with only one carbazole attached (e.g., 274 and 276). The OLED results for 

porphyrin 282 are shown in Figure 6.5. The electroluminescence spectrum shows a red 

emission centered at 656 nm at a current density o f 1.3 mA.mm'^. All OLED 

measurements were carried out by Brian Tuffy, under the supervision o f Prof. Werner 

Blau, School o f  Physics, Trinity College Dublin.

EL of Carb-Zn-Carb Porphyrin. Current Density of 1.3 mA/mm''2

IV o f  C a ib - Z rv C a r b  p o rp h )rn n

D213AN1_1

D213B

 ' 1 ' 1 ' 1
200  400  600  800

Wavelength (nm)
Figure 6.5: Electrolum inescence spectrum o f  282 with current-voltage plot and w orking device photo 

(inset). Current density was 1.3 mA.mm '.

The current-voltage plot shows poor rectification but emission was achieved with a low 

turn-on voltage o f 4 V. The chemical structure and a photo o f  a working device are also 

inset. Stable emission o f red light across the full active area is shown and an estimate o f 

the quantum efficiency was calculated to be 0.02% for this single layer device.
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The dimers 285 and 286 were also investigated for their optical properties. Figure 6.6 

shows the electroluminescence for dimer 286, similar to that o f 282, with a red-emission 

centered at 659 nm, blue-shifted from that o f its monomer 277, which emitted at 677 nm. 

Unfortunately, the dimers did not exhibit an increase in emission intensity in comparison 

to the monomers. This is most likely due to the aggregation quenching effect o f  the 

neighboring porphyrin unit.

EL of Porphyrin Dimer, 2H-Carb-2H(Tol) at 1.6 mA/mm^2

EL Dimer 2H-Carb-2H(Tol) |

4 0 0 - 659 nm

Z)<

g  200-
C

DimerG

200 400 600 800

Wavelength (nm)

Figure 6.6; Electrolum inescence spectrum o f  286 with current-voltage plot (inset). Current density was 1.6 

m A .m m ’̂ .

The current-voltage plot inset shows an ohmic dominated response with poor 

rectification but electroluminescence is observed at as low as 3 V with 1.6 mA.mm'^. 

Tum-on voltages for the metallated porphyrins 278, 279 and 280 were 6V, 3V and 4V, 

respectively, showing the effect o f metal substitution. The free-base porphyrin 277 had a 

turn-on voltage o f 6V.
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Material Absorption (nm) Emission (nm) Turn-on (V) EL

PFO 385 422, 442 13 ++

274 422 658, 720 4 +

276 423 615,656 6 ++

277 424 656, 722 6 +

278 422 616, 655 3 +

279 421 611,652 3 +

280 431 617, 658 4 +

282 424 613,655 4 ++

285 423 659,719 4 +

286 429 657, 722 3 +

Table 6.1: Summary o f the optical properties o f carbazole-porphyrin materials.

6.5 Conclusions

A range o f porphyrin-carbazole derivatives, both monomeric and dimeric, and their 

metallated counterparts were synthesised in good coupHng yields via a novel synthetic 

strategy. These compounds all exhibit enhanced photoluminescence, with respect to the 

unsubstituted porphyrins. These carbazole porphyrins produced OLED devices emitting 

in the red, with greater emission intensity and stable emission than the bromo substituted 

porphyrin precursors. The dicarbazole porphyrin shows better results when compared to 

the single carbazole group demonstrating its enhancement o f the emission. The dimer did 

not show significant enhancement o f the emission when compared to the monomer as 

was thought. This may be due to an aggregation quenching effect from the close 

proximity o f the second porphyrin unit, extra defect sites in the thin film or energy 

transfer away from the radiative paths. Despite this problem, the dimers exhibit low-tum 

on voltage and thus good potential for use in OLEDs. Further work on the development 

o f polymeric porphyrin-carbazoles via a similar synthetic strategy should eliminate this 

aggregation defect and enhance the emissive properties. Also, via the application o f  the 

oxidative fusing methods discussed in Chapters 4 and 5, a similar principle could be 

applied with porphyrin-carbazole conjugates. These novel carbazole-triply fused arrays 

could act as potential NIR emitters, having OLED applications in areas such as night- 

vision.



CHAPTER 7: 

Experimental
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7.1 General considerations and instrumentation:

All commercial chemicals used were o f analytical grade, were supplied by Sigma 

Aldrich, Frontier Scientific, Inc. and Tokyo Chemical Industry (TCI) and used without 

fiirther purification unless otherwise stated. Anhydrous THF and diethylether distilled
I 1 ^

over sodium/benzophenone and dichloromethane dried over P 2 O 5 were used. H and C 

NMR spectra were recorded on a Bruker DPX 400 (400 MHz for 'H  NMR; 100.6 MHz 

for '^C NMR) and/or Bruker AV 600 (600 MHz for 'H  NMR; 150.9 MHz for ‘^C 

NMR). Chemical shifts are reported in ppm referred to TMS set at 0.00 ppm. The 

assignment o f  signals was confirmed by 2D spectra (COSY, HSQC) except for those 

porphyrins with low solubility. CHN analyses were not a t t a i n e d . H R M S  spectra 

were measured on M aldiQ-Tof Premier Micromass and Micromass/W aters Corp. USA 

liquid chromatography time-of-flight spectrometer equipped with an elecrtrospray 

ionisation source (ESI). Melting points were acquired on a Stuart SMP-10 melting point 

apparatus and are uncorrected. Thin layer chromatography (TLC) was performed on 

silica gel 60 (fluorescence indicator p 2 5 4 ;Merck) pre-coated aluminium sheets. Flash 

chromatography was carried out using Fluka Silica Gel 60 (230-400 mesh) and 

aluminium oxide (neutral, activated with 6.5 % H 2 O, Brockmann Grade III). 

Photophysical measurements were performed in ethylacetate, THF, CH 2 CI2  and toluene. 

Fluorescence spectra were recorded on Perkin-Elmer Precisely LS-55 spectrometer. 

UV-vis absorption measurements were perfonned with a Shimadzu MultiSpec-1501. 

Electrical characterisation (current/voltage) was carried out using a Keithley 2400 

source meter. Electroluminescence spectra were obtained using an Andor Solis 

intensified CCD camera coupled with an Oreil Spectrometer.
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7.2 Synthesis of porphyrin monomer precursors

Dipyrromethane 35 was synthesised via standard procedures and spectroscopic data 

corresponded to that reported in the hteratureJ^^®^

7.2.1 Synthesis of 5,15-disubstituted porphyrins

General Procedure A:

5.15-Disubstituted porphyrins 44-51^''^^’ were synthesised in accordance with the 

hterature using condensation reactions. The procedure was adapted from Lindsey and 

co-workers. Dry CH 2 CI2 (1800 mL) was placed in a two-litre three-necked round- 

bottomed flask, equipped with magnetic stirrer, and argon inlet. The flask was shielded 

from ambient light. Dipyrromethane 35 (3.3 g, 22.3 mmol) and the corresponding 

aldehyde (24 mmol) were added. The solvent was degassed with a stream o f argon for 

30 minutes. Trifluoroacetic acid (0.17 mL, 2.3 mmol) was added dropwise to the 

reaction vessel via a syringe. The reaction was allowed to stir for 3.5 hours under argon 

at room temperature. DDQ (11.1 g, 49 mmol) was added and the reaction was allowed 

to stir for 30 minutes open to the air. Triethylamine (12 mL) was added to quench the 

excess acid catalyst and the mixture was allowed to stir for 1 hour. The mixture was 

passed through a large silica plug, using CH 2 CI2 as eluent. The porphyrin containing 

fractions were collected and solvent was removed in vacuo. The dark purple residue 

was recrystallised from CH 2 Cl2 /MeOH to produce purple crystals.

5.15-Bis(4-nitrophenyl)porphyrin (49):

NO

NH

HN

NO2
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Synthesised according to general procedure A using 4-nitrobenzaldehyde 41 and DPM 

35. Recrystallised from DCM/MeOH to yield 49 (220 mg, 0.399 mmol, 4 %) as a 

purple solid. M.p. >300 °C; R{ = 0.2 (DCM : ethyl acetate = 10 : 1, v/v); 'H  NMR (600 

MHz, CDClj/d-TFA, 10:1): ^ = 8.73 (d, Vh-h = 8.4 Hz, 4H, C 6 H4 -H), 8.92 (d, Vh-h = 

8.4 Hz, 4H, CeR4 -H), 9.05 (d, Vh-h = 4.8 Hz, 4H, Hp), 9.63 (d, Vh-h = 4.8 Hz, 4H, //p), 

11.05 (s, 2H,//.„eso) ppm; '^C NMR (150 MHz, CDCI3 ): <5 = 107.5, 111.2, 113.1, 114.9, 

119.7, 123.5, 129.7, 130.4, 148.1, 143.5, 143.8, 145.0, 149.1, 158.0, 158.3 ppm; UV/vis 

(CH aCyM eO H ): ;.max (log s) = 428 (4.87), 555 (3.11), 594 (3.24), 656 (3.06) mu; 

HRMS (MS ES+) m/z calcd. for [C32H2 iN6 0 4 ](M+H)^: 553.1624, found 553.1641.

7.2.2. Synthesis of 5,10,15 trisubstituted porphyrins via organolithium methods

5,10,15-Trisubstituted porphyrins 61-81^'^”’ 2 0 7 -2 1 2 ] synthesised via methods

developed by Senge et al. using organolithium reagents and spectroscopic data were in 

accordance to those reported in the literature.

5-(3-M ethoxyphenyl)-10,20-diphenylporphyrin (61):

HN

«-BuLi (12.97 mmol, 5.2 mL) was added slowly to a cooled (0 °C) solution o f  3- 

bromoanisole (12.97 mmol, 1.64 mL) in freshly distilled diethyl ether ( 8  mL). After the 

addition was complete the reaction mixture was allowed to warm to room temperature. 

This mixture was then transferred to a cooled (-20 °C) solution o f 5,15- 

diphenylporphyrin 44 (1.08 mmol, 500 mg), in freshly distilled THF (20 mL). The 

suspension was allowed to warm to room temperature and stirred for 19 hours. W ater ( 6  

mL) was added carefully and after 30 min DDQ (5.40 mmol, 1.23 g) was added and the 

mixture allowed to stir for 1.5 h after which time the suspension was passed through a 

short column o f silica gel and the product mixture was eluted with DCM. The solvents 

were removed under reduced pressure and the residue was purified using silica gel 

column chromatography (^-hexane : CH 2 CI2 , 1 : 1 ,  v/v) to give purple solid 61 as the
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first fraction, with the second fraction containing 81 as a side product (4 %). Solvents 

removed to yield 61 as a purple solid. Yield: (187 mg, 0.329 mmol, 30%). M.p. >300 

°C; = 0.53 (CH2CI2 : «-hexane = 1 : 1 ,  v/v); ‘H NMR (400 MHz, CDCI3, TMS): <5= -

2.97 (s, 2 H, N //), 4.01 (s, 3H, OC//3), 7.35-7.38 (m, IH, 7.65-7.69 (t, Vh-h =

15.6 Hz, IH, C6H4-//), 7.83 (m, 8 H, Ph-//), 8.28 (m, 4H, Ph-//), 8.93-8.96 (m, 4H, //p), 

9.04-9.05 (d, Vh-h = 4.6 Hz, 2H, i/p), 9.36-9.38 (d, Vh-h = 4.6 Hz, 2H, H^) 10.26 (s, 

IH, //meso) ppm; '^C NM R (150 MHz, CDCI3): = 13.7, 21.3, 22.2. 28.9, 29.3, 31.1,

31.5, 55.0, 104.4, 113.1, 119.2, 119.7, 120.0, 126.4, 126.9, 127.3, 130.3, 131.0, 134.3, 

141.3, 143.4, 146.7, 157.4 ppm; UV/vis (THF): ;.max (log e) = 411 (5.65), 508 (4.20), 

541 (3.44), 581 (3.77), 640 (3.50) nm; HRMS (ESI) m/z calcd. for [C39H29N4 0 ](M^): 

568.2263, found 568.2254.

5-(4-Ethynylphenyl)-10,20-dihexylporphyrin (66):

HN

Following the procedure given for 61, using /?-bromophenylethyne (0.91 g, 5.0 mmol), 

«-BuLi (4 mL o f a 2.5M solution in «-hexane, 10 mmol) and 5,15-dihexylporphyrin 45 

(200 mg, 0.418 mmol) as the starting material. The desired product was isolated 

following column chromatography (CH2CI2 : n-hexane, 1 : 6 , v/v) to yield two fractions, 

the first o f which was starting material 45 and the second yielding the desired product 

6 6 , which upon recrystallisation from CH2Cl2/MeOH gave purple crystals (72 mg, 

0.125 mmol, 30%). M.p. >300 °C; = 0.57 (CH2CI2 : «-hexane = 1 : 1 ,  v/v); 'H  NM R

(600 MHz, CDCI3, TMS): 6 = -2.84 (s, 2H, N //), 0.96-0.98 (t, Vh-h = 14.9 Hz, 6 H, 

C//3), 1.43 (m, 4H, CH2), 1.54 (m, 4H, CHi), 1.85 (m, 4H, C //2), 2.55 (m, 4H, CHi), 

3.36 (s, IH, C=CH), 5.01 (t, Vh-h = 15.8 Hz 4H, CH2), 7.91-7.93 (d, Vh-h = 6.3 Hz, 2H, 

C6H4-//), 8.18-8.19 (d, Vh-h = 6.3 Hz, 2H, C6H4-//), 8.88-8.89 (d, Vh-h = 4.5 Hz, 2H, 

//p), 9.36-9.37 (d, Vh-h = 4.5 Hz, 2H, //p), 9.46-9.47 (d, Vh-h = 4.5 Hz, 2H, /fp), 9.55- 

9.56 (d, Vh-h = 4.5 Hz, 2H, //p), 10.07 (s, IH, //^eso) Ppm; ‘̂ C NM R (150 MHz,
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CDCI3): S = 14.0, 25.6, 29.6, 30.1, 34.8, 38.5, 78.0, 83.7, 118.0, 119.4, 121.3, 127.4, 

128.0, 130.1, 131.4, 131.6, 134.2, 143.7, 144.7, 147.2 ppm; UV/vis (THF): ;.max (log e) 

= 411 (5.43), 511 (4.12), 542 (3.54), 592 (3.38), 644 (3.19) nm; HRMS (ESI) m/z calcd. 

for [C4oH43N4](M+H)^: 579.3488, found 579.3463.

5,15-Bis(l-ethylpropyl)-10-phenylporphyrin (67):

HN

5,15-Bis(l-ethylpropyl)porphyrin 46 (450 mg, 0.998 mmol) was dissolved in THF (40 

mL) and cooled to 0 °C. Phenyllithium (1.8 M in hexane, 4.4 mL, 7.9 mmol) was added 

dropwise over 5 min. After addition, the solution was stirred at room temperature for 30 

mins, over which a time the solution turned brown. Saturated NH4CI (2 mL) was added 

and stirring continued for 10 min. DDQ (907 mg, 3.99 mmol) was added and the 

solution stirred for 45 min. The reaction mixture was then filtered through a plug of 

siHca using CH2 CI2 as eluent. Solvents were removed in vacuo and the dark residue was 

recrystallised from CHiCb/MeOH to give purple crystals. Yield: 422 mg (0.801 mmol, 

80%). M.p. >300 °C; = 0.67 (CH2CI2 : /7-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz,

CDCI3): 8 = -2.45 (s, 2H, N //), 0.95-0.99 (t, Vh-h = 14.8 Hz, 12H, C//3), 2.82 (m, 4H, 

C //2 ), 2.98 (m, 4H, CHi), 5.05 (m, 2H, CH), 7.77 (m, 3H, Ph-//), 8.22-8.24 (d, Vh-h = 

6 . 8  Hz, 4H, Ph-//), 8 . 8 8  (m, 2H, //p), 9.40-9.41 (d, Vh-h = 4.4 Hz, 2H, //p), 9.58 (m, 

2H, //p), 9.70-9.73 (m, 2H, //p), 10.16 (s, IH, //meso) Ppm; '^C NMR (100 MHz, 

CDCI3): d = 14.1, 34.6, 49.9, 103.9, 122.5, 126.6, 127.6, 128.8, 131.7, 131.9, 134.2, 

143.8, 146.7, 149.4 ppm; UVA^is (EtOAc): /.max (log e) = 409 (5.34), 509 (4.07), 541 

(3.50), 585 (3.43), 641 (3.21) nm; HRMS (ESI) m/z calcd. for [C36H39N4 ](M+H)^: 

527.3175, found 527.3175.
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5,15-Bis(l-ethylpropyl)-10-(4-ethynylphenyl)porphyrin (68):

HN

A 100 ml Schlenk flask containing/»-bromophenylethyne (0.91 g, 5.0 mmol) was dried 

under high vacuum and purged with argon. Dry diethyl ether (10 mL) was added to this 

solution and it was cooled to -70 °C. «-BuLi (4 mL o f a 2.5M solution in 77-hexane, 10 

mmol) was added dropwise to the flask over a period o f one hour. The reaction mixture 

was then warmed to -40 °C and dry THF was added dropwise until a white-pink 

suspension formed. A solution o f 5,15-bis(l-ethylpropyl)porphyrin 46 (200 mg, 0.43 

mmol) in dry THF (80 mL) was added rapidly to the vigorously stirred reaction mixture 

under argon. The reaction was left to stir for approximately 16 hours, forming a brown 

solution. Saturated NH4CI (2 mL) was then added and the solution turned bright green. 

DDQ was added and the solution turned red and was left to stir for a further one hour. 

The crude mixture was then filtered through a silica plug using CH 2CI2 as eluent. 

Solvents removed in vacuo and crude residue subjected to column chromatography 

using CH 2 CI2 : «-hexane ( 1 : 7 ,  v/v) as eluent. Three fractions were obtained, the first 

being starting material 46, the second was the desired product 68, whilst the third was 

an inseparable mixture o f mono and disubstituted butylated starting material. 

Recrystallisation o f product 68 from CH2Cl2/MeOH yielded purple crystals (86 mg, 

0.156 mmol, 35%). M.p. >300 °C; R { = 0 A 7  (CH2CI2 : «-hexane = 3 : 2 ,  v/v); 'H  NMR 

(400 MHz, CDCI3, TMS): -2.49 (s, 2H, NH),  0.94-0.97 (t, Vh-h = 15.2 Hz, 12H,

CH3 ), 2.82 (m, 4H, CH2 ), 2.97 (m, 4H, C//2), 3.37 (s, IH, C^CH),  5.04 (m, 2H, CH), 

7.90-7.92 (d, Vh-h = 7.7 Hz, 2H, C 6H4 -//), 8.19-8.20 (d, Vh-h = 7.7 Hz, 2H, C6H 4 -//), 

8.84 (m, 2H, / / p ) ,  9.39-9.40 (m, 2H, / / p ) ,  9.59-9.60 (m, 2H, / / p ) ,  9.69-9.71 (m, 2H, / / p ) ,  

10.16 (s, IH , //meso) ppm; '^C NM R (150 MHz, CDCI3): S = 13.9, 29.6, 34.4, 49.8, 77.9, 

83.7, 121.3, 122.5, 129.9, 131.4, 131.7, 134.0, 144.4 ppm; UV/vis (CH2 CI2 ): Imax (log e) 

= 410 (5.51), 510 (4.26), 542 (3.70), 588 (3.66), 644 (3.38) nm; HRMS (ESI) m/z calcd. 

for [C3sH39N 4 ](M+H)^: 551.3175, found 551.3170.
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5,10,15-T ris(4-m ethoxyphenyl)porphyrin  (70):.[212]

HN

/
O

rt-BuLi (12.97 m m ol, 5.2 m L) was added slow ly to a cooled (0 °C) solution o f  4- 

brom oanisole (12.97 m m ol, 1.64 mL) in freshly distilled diethyl ether ( 8  mL). A fter the 

addition was com plete the reaction m ixture was allow ed to warm  to room  tem perature. 

This m ixture was then transferred to a cooled (-20 °C) solution o f  5,15-bis(4- 

m ethoxyphenyl)porphyrin 51 (1.08 m m ol, 500 m g), in freshly distilled THF (20 mL). 

The suspension was allow ed to w arm  to room  tem perature and stirred for 19 hours. 

W ater ( 6  m L) was added carefully and after 30 m in DDQ (5.40 m m ol, 1.23 g) was 

added. The m ixture continued to stir for 1.5 h after w hich tim e the suspension was 

passed through a short colum n o f  silica gel and the product m ixture was eluted with 

CH 2CI2 . The solvents were rem oved under reduced pressure and the residue was 

purified using silica gel colum n chrom atography (C H 2CI2 : /7-hexane, 1 : 1 ,  v/v) to give 

two m ain fractions, the first o f  w hich contained desired product 70 and the second o f 

which yielded butylated side product 80. Solvents were rem oved in vacuo  to give 

purple solid 70 (187 mg, 0.297 m m ol, 31% ). M .p. =  220-222 °C; R f =  0.44 (CH 2CI2 : n- 

hexane = 2 : 1 ,  v/v); 'H  N M R  (400 M Hz, CDCI3 , TM S) 6 = -2.99 (s, 2H, 'NH), 4.04 (m, 

6 H, OCH3)  4.13 (s, 3H, O C //3), 7.37-7.39 (d, V h -h  = 8.5 Hz, 2H, C 6H4 - //) , 7.70 (m, 

2H, C 6H 4- //) , 7.83 (m, 4H , CeH4 -H), 8.14 (m, 4H , C 6H 4 -H), 8.92-8.93 (d, Vh-h = 4.7 

Hz, 2H, Hp), 8.96-8.97 (d, Vh_h = 4.7 Hz, 2H, //p), 9.08-9.09 (d, Vh-h = 4.7 Hz, 2H, 

//p), 9.36-9.37 (d, Vh-h = 4.7 Hz, 2H, //p), 10.24 ppm  (s, IH , //meso); U V /vis (THF): 

An,ax (log £) = 413 (5.58), 509 (4.14), 544 (3.50), 585 (3.69), 639 nm (3.54); HRM S 

(M A LD l) m/z  calcd. for [C4iH3203N4](M^): 628.2474, found 628.2482. This com pound 

was m entioned by W ojaczyhski ef al. but no experim ental data were given.
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5,15-Bis(3,5-dW erf-butylphenyl)-10-hexylporphyrin (75):

NH N=-

HN

5,15-Bis(3,5-di-/er/-butylphenyl)porphyrin 47 (100 mg, 0.145 mmol) was dissolved in 

THF (40 mL) and cooled to -78 °C. «-Hexyllithium (2.5 M in hexane, 1.0 mL, 2.5 

mmol) was added dropwise over 30 min. After addition, the solution was stirred for 15 

min at -78 °C before warming to room temperature. H 2 O : THF ( 1 : 1 ,  v/v, 5 mL) was 

added and stirring continued for 10 min. DDQ (329 mg, 1.45 mmol) was added and the 

solution stirred for 20 min. All solvents were removed, the brown residue dissolved in 

CH 2 CI2 (20 mL) and filtered through a plug o f  silica. The purple solution was purified 

by column chromatography (silica, CH 2 CI2  : «-hexane, 1 : 2, v/v) to yield a purple solid. 

Yield; 84.1 mg (0.109 mmol, 75%). M.p. >300 °C; = 0.35 (CH2 CI2 : «-hexane = 1 :

1, v/v); 'H-NM R (400 MHz, CDCI3, TMS); S = -2.91 (s, 2H, NH),  0.94-1.00 (t, Vh-h = 

14.9 Hz, 3H, CH3), 1.49 (m, 4H, CHj),  1.60 (s, 36H, /-butyl-//), 1.88 (m, 2H, CH2), 

2.63 (m, 2H, CH2), 5.13 (t, Vh-h = 15.9 Hz, 2H, CH2), 7.82 (m, 2H, Ar-H), 8.14 (m, 4H, 

Ar-H),  9.04-9.08 (dd, Vh-h = 7.2 Hz, 4.6 Hz, 4H, //p), 9.30-9.31 (d, ^Jh-h = 4.7 Hz, 2H, 

Hp), 9.59-9.60 (d, Vh-h = 4.7 Hz, 2H, //p), 10.13 (s, IH, //,„eso) ppm; '^C-NMR (150 

MHz, CDCI3): (5 = 13.9, 14.0, 30.2, 30.3, 34.9, 35.2, 121.1, 121.3, 128.6, 128.7, 128.9, 

129.6, 134.2, 138.9, 140.8, 140.9, 144.0, 145.3, 146.5, 148.6, 148.7, 150.5 ppm; UV/vis 

(THF): Amax (log e) = 413 (5.48), 510 (4.04), 544 (3.62), 588 (3.63), 644 (3.70) nm; 

HRMS (ESI) m/z  calcd. for [C5 4 H6 yN4 ](M+H)^: 771.5366, found 771.5360.
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5-(«-Butyl)-10,20-bis(4-methylphenyl)porphyrin (77):

NH N=^

HN

Following the general procedure I, 5,15-bis(4-methylphenyl)porphyrin 48 (245 mg, 

0.49 mmol), n-BuLi (1.19 mL, 2.99 mmol), H 2O 0.5 mL and DDQ (445 mg, 1.96 

mmol) were used. The crude reaction mixture was purified by column chromatography 

(silica, 77-hexane : ethyl acetate, 20 : 1, v/v), and gave the desired product (267 mg, 

0.44 mmol, 61 %) as purple crystals. M.p. >300 °C; Rf =  0.5 («-hexane : ethyl acetate = 

20 : 1, v/v); 'H  NM R (400 MHz, CDCI3): S = 1.18 (t, Vh-h = 14.9 Hz, 3H, CH3),  1.90 

(m, 2H, CH2),  2.60 (m, 2H, C //,), 2.80 (s, 6H, tolyl-CT/s), 5.13 (t, V„.h = 15.3 Hz, 2H, 

CH2),  7.65 (d, Vh-h = 7.9 Hz, 4H, C6H4 -//), 8.14 (d, Vh-h =  7.9 Hz, 4H, C6H4 -//), 9.08 

(d, Vh-h = 4.7 Hz, 2H, //p), 9.10 (d, W h  = 4.7 Hz, 2H, //p), 9.39 (d, Vh-h = 4.7 Hz, 2H, 

//p), 9.69 (d, Vh-h = 4.7 Hz, 2H, //p), 10.18 (s, IH, //„,eso) Ppm; '^C NM R (100 MHz, 

CDCI3 ): (5= 14.0 ,21 .3 ,23 .6 , 35.4,41.0, 104.8, 119.8, 121.7, 127.9, 128.6, 131.1, 131.9, 

132.4, 136.8, 139.2, 149.5, 149.6, 149.7, 149.8 ppm; UV/Vis (CH2 CI2 ): i,mx (log s) = 

415 (5.07), 452 (3.89), 544 (3.53), 580 (3.50), 639 (3.51) nm; HRMS (MALDI) m/z 

calcd. for [C3 8H34N 4 ](M^): 546.2783, found 546.2774.

5-(/i-Butyl)-10,20-bis(4-methoxyphenyl)porphyrin (80):

O
\

This compound was isolated from the synthesis o f 70. It is a side-product derived from 

the direct reaction o f butyllithium on 51, to give a purple powder o f 80. Yield (183 mg, 

0.316 mmol, 33%). M.p. = 240-242 °C; R{=  0.43 (77-hexane : CH2CI2 = 1 : 1 ,  v/v); 'H 

NMR (400 MHz, CDCI3, TMS): d = -2.99 (s, br., IH , N //), 1.14 (d, V h-h = 14.9 Hz,
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3H, C //3), 1.87-1.79 (m , 2 H, CH2), 2.59-2.51 (m , 2 H, CHj), 4.13 (s, 6 H, O C i/3), 5.14- 

5.05 (m, 2H, CH2), 7.32 (d, Vh-h = 8.5 Hz, 4H, CeW^-H), 8.15 (d, Vh-h = 8.5 Hz, 4H, 

C6H4-//), 8.99 (t, Vh-h = 5.1 Hz, 4H, //p), 9.29-9.23 (m, 2H, //p), 9.57-9.52 (m, 2H, 

//p), 10.09 (s, IH, //meso) ppm; ‘̂ C-NMR (150 MHz, CDCI3): d' = 14.1, 22.5, 23.8, 29.9, 

31.8, 35.6 ,41.1,55.6, 112.4, 118.8, 134.2, 135.6, 135.7, 159.6 ppm; UV/vis (CH2CI2): 

(log s) = 414 (5.48), 511 (4.10), 544 (3.49), 583 (3.66), 640 (3.50) nm; HRMS 

(ESI) m/z calcd. for [C38H35N4 0 2 ](M+H)'"; 579.2760, found 579.2751.

5,15-Bis(3-inethoxyphenyl)-10,20-diphenylporphyrin (81):

HN

Compound 81 was isolated as a tetrasubstituted side product from the organolithium 

reaction to synthesise 61, as a purple powder 81 (21 mg, 0.031 mmol, 4%). M.p. >300 

°C; .Rf = 0.41 (CH2CI2 : «-hexane, 1 : 1, v/v); 'H NMR (400 MHz, CDCI3, TMS): S = - 

2.77 (s, 2H, N //), 4.01 (s, 6 H, O C //3), 7.34-7.37 (dd, Vh-h = 5.3, 2.3 Hz, 2H, C6H4-//), 

7.65-7.69 (t, Vh-h = 15.2 Hz, 2H, 7.79 (m, lOH, Ph-H), 8.24-8.25 (d, W h  =

5.8 Hz, 4H, Ph-//), 8.86-8.87 (d, Vh-h = 4.6 Hz, 4H, Hp), 8.91-8.92 (d, Vh-h = 4.7 Hz, 

4H, //p) ppm; '^C NMR (150 MHz, CDCI3): S = 55.3, 55.8, 113.6, 115.6, 120.3, 122.2, 

122.4, 124.2, 126.5, 127.3, 127.7, 127.8, 128.2, 128.9, 129.8, 131.7, 134.4, 138.8, 

139.7, 143.3, 145.8, 145.9, 157.8, 159.1 ppm; UV/vis (THF): /^ax (log e) = 417 (5.41), 

513 (4.05), 547 (3.73), 588 (3.71), 647 (3.66) nm; HRMS (ESI) m/z calcd. for 

[C46H34N4 0 2 ](M+H)^; 675.2760, found 675.2748.
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7.2.3 Brominated precursors

Bromoporphyrins 83-85, '"'1 8 7 93, ‘'̂ 1̂94, 96-102,' '̂ ]̂

were synthesised via methods developed by Boyle and co-workers and NMR 

data were in accordance to those reported in the literature.

General Prodecure B: Bromination

The porphyrin (1 equiv.) was dissolved into CHCI3 and NBS (0.8 - 2.1 equiv.) and 

pyridine (0.1 mL) were added. The reaction progression was monitored by TLC using 

CHCI3 : n- hexane ( 1 : 1 ,  v/v). The reaction was stopped when all the starting material 

was consumed. The mixture was then filtered through a silica gel plug and 

recrystallised from CHaCla/MeOH.

5-Bromo-15-(3-methoxyphenyl)-10,20-diphenylporphyrin (82):

Br

NH

HN

Produced from 61 (100 mg, 0.176 mmol) and NBS (47 mg, 0.263 mmol) in 60 mL 

CHCI3 , following general procedure B to give the purple product 82 (110 mg, 97%). 

M.p. >300 °C; Rf = 0.41 (CH2 CI2  : n-hexane , 1 : 1 , v/v); 'H NMR (400 MHz, CDCI3 , 

TMS): = -2.74 (s, 2H, N/7) 4.00 (s, 3H, OC//3), 7.34-7.36 (m, IH, C6H4 -//), 7.66 (m,

IH, C6U4-H) 7.76 (m, 8 H, CeHVPh-//), 8.21-8.23 (d, Vh-h = 7.5 Hz, 4H, Ph-//), 8.81- 

8.83 (d, Vh-h = 4.4 Hz, 2H, Hp), 8.87-8.88 (d, Vh-h = 4.4 Hz, 2H, //p), 8.92-8.93 (d, 

Vh-h = 4.4 Hz, 2H, //p), 9.69-9.71 (d, W h  = 4.7 Hz, 2H, //p) ppm; '^C NMR (150 

MHz, CDCI3 ): d = 55.3, 102.8, 113.5, 120.3, 130.5, 120.6, 126.6, 127.7, 134.4, 141.6, 

143.0, 157.9 ppm. UV/vis (THF): Â ax (log s) = 419 (5.46), 517 (4.09), 550 (3.81), 595 

(3.64), 655 (3.77) nm; HRMS (MALDl) m/z calcd. for [C3 9 H2 yBrON4 ](M^): 646.1368, 

found 646.1368.
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5-Bromo-10,20-bis(3,5-di-/e/'^-butylphenyl)-15-hexylporphyrin (86):

Br

HN

Produced from 75 (75 mg, 0.097 mmol) and NBS (20 mg, 0.112 mmol) in 150 mL 

CHCI3, following the general procedure B. After 50 min the solvent was removed in 

vacuo and the residue purified by column chromatography (silica, CH2 CI2  : «-hexane, 1 

: 2, v/v) to yield a purple solid. Yield: 75 mg (0.088 mmol, 91%). M.p. >300 °C; R^ = 

0.53 (CH2 CI2  : «-hexane, 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3 , TMS): S = -2.64 (s, 

2H, N /0 , 0.94-0.98 (t, W h  = 14.5 Hz, 3H, C //3 ), 1.41 (m, 2H, C //2 ), 1.57 (s, 36H, /- 

butyl-//), 1.66 (m, 2H, C //2 ), 1.86 (m, 2H, C //2 ), 2.57 (m, 2H, C //2 ), 4.99 (m, 2H, C //2 ), 

7.85 (m, 2H, CeHj-//), 8.05-8.07 (m, 4H, CeHa-//), 8.92 (m, 4H, //p), 9.46-9.47 (d, Vh-h 

= 4.8 Hz, 2H, //p), 9.62-9.63 (d, Vh-h = 4.8 Hz, 2H, //p) ppm; ’̂ C NMR (150 MHz, 

CDCI3 ): S = 13.5, 20.9, 30.2, 34.9, 35.2, 38.7, 101.5, 121.0, 121.3, 121.4, 123.5, 124.7, 

127.7, 128.3, 128.6, 128.7, 129.6, 134.2, 138.9, 140.9, 144.0, 146.5, 146.6, 148.6, 150.5 

ppm; UV/vis (CH2 CI2 ): 2max (log s) = 421 (5.86), 486 (4.39), 557 (4.52), 659 (4.42) nm; 

HRMS (ESI) m/z calcd. for [C5 4 H 6 6 BrN4 ](M+H)^: 849.4471, found 849.4436.

5-Bromo-10,20-bis(l-ethylpropyl)-15-phenylporphyrin (88):

Br

HN
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Following the general procedure B, 5,15-bis(l-ethylpropyl)-10-phenylporphyrin 67 

(300 mg, 0.570 mmol) and NBS (203 mg, 1.139 mmol) gave 290 mg (0.643 mmol, 84 

%) o f a purple solid after recrystallisation from CH2Cl2/MeOH. M.p. >300 °C; 7?f = 0.78 

(CH2CI2 : «-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3): S = -2.40 (s, 2H, NH), 

0.95-0.98 (t, Vh-h = 14.8 Hz, 12H, C //3), 2.81 (m, 4H, CH 2), 2.93 (m, 4H, CH2 ), 4.98 

(m, 2H, CH), 7.78 (m, 3H, P h -/^ , 8.18-8.19 (d, Vh-h = 8.3 Hz, 2H, Ph-//), 8.79-8.80 (d, 

Vh-h = 4.7 Hz, 2H, //p), 9.51 (s, 2H, //p), 9.64 (s, 2H, //p), 9.80-9.82 (d, Vh-h = 4.9 Hz, 

2H, //p) ppm; '^C NMR (100 MHz, CDCI3): S = 14.2, 34.6, 50.1, 123.7, 126.5, 127.7, 

128.4, 129.6, 132.0, 132.9, 134.2, 143.0, 148.0 ppm; UV/vis (EtOAc): Â ax (log e) =

417 (5.32), 520 (3.97), 553 (3.68), 602 (3.33), 657 (3.47) nm; HRMS (ESI) m/z  calcd. 

for [C36H38N4Br](M+H)^: 605.2280; found 605.2272.

5-Bromo-10,20-bis(3-methoxyphenyl)-15-phenylporphyrin (89):

Br

— O

HN
o —

Following the general procedure B, 5,15-bis(3-methoxy)phenyl-10-phenylporphyrin 78 

(450 mg, 0.752 mmol) and NBS (268 mg, 1.503 mmol) gave 460 mg (0.678 mmol, 90 

%) o f a purple solid after recrystallisation from CH2Cl2/MeOH. M.p. = 260-263 °C; R{ 

= 0.33 (CH2CI2 : «-hexane = 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3): S = -2.73 (s, 2H, 

N //), 4.03 (s, 6 H, OCH3 ), 7.36-7.39 (dd, V h  = 8.3 Hz, 2.8 Hz, 2H, C6H4-//), 1.66-1.1 \ 

(t, Vh-h = 15.7 Hz, 2H, C6H4-//), 7.78 (m, 7H, Ph/C6H4-//), 8.20-8.21 (d, Vh-h = 6.2 

Hz, 2H, Ph-//), 8.82-8.83 (d, Vh_h = 4.7 Hz, 2H, //p), 8.86-8.87 (d, Vh_h = 4.7 Hz, 2H, 

//p), 8.97-8.98 (d, Vh-h = 4.7 Hz, 2H, //p), 9.86-9.87 (d, Vh_h = 4.8 Hz, 2H, //p) ppm; 

'^C NM R (100 MHz, CDCI3): (5 = 55.5, 102.9, 113.7, 120.5, 126.8, 127.1, 127.6, 127.7, 

127.9, 131.6, 134.4, 139.6, 141.8, 143.1, 157.9 ppm; UVAVis (EtOAc): Â ax (log e) =

418 (5.41), 516 (4.05), 550 (3.69), 596 (3.45), 651 (3.40) nm; HRMS (MALDI) m/z 

calcd. for [C4oH29N4 0 2 Br](M^): 676.1474; found 676.1479.
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5-Bromo-10,15,20-tris(3-methoxyphenyl)porphyrin (90):

Br

— O

HN
o —

Produced from 69 (157 mg, 0.25 mmol) and NBS (93 mg, 0.52 mmol) following 

general procedure B. Purple crystals were isolated as 90 (122 mg, 0.172 mmol, 69%). 

M.p. >300 °C; = 0.45 (CH2CI2 : «-hexane = 2 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3,

TMS); 5 = -2.75 (s, 2H, N/7), 4.00 (s, 3H, OC//3), 4.02 (s, 6H, OC//3), 7.36 (m, 4H, 

C6 H4 - /^ , 7.67 (m, 4H, 7.79 (m, 4H, C6 H4 -//), 8 . 8 6  (s, 4H, //p), 8.97 (d, Vh_h

= 4.6 Hz, 2H, //p), 9.69 ppm (d, Vh-h = 4.6 Hz, 2H, //p) ppm; '^C NMR (150 MHz, 

CDCI3 ): (5 = 55.4, 55.5, 102.9, 113.6, 113.7, 120.4, 120.5, 120.6, 127.5, 127.6, 127.7, 

131.9, 143.1, 143.2, 158.0 ppm; UV/vis (CH2 CI2 ):/.max (log e) = 421 (5.46), 517 (4.11), 

553 (3.76), 595 (3.57), 652 (3.47) nm; HRMS (ESI) m/z calcd. for

[C4 iH3 2 BrN4 0 3 ](M+H)^: 707.1658, found 707.1655.

5-Bromo-10,15,20-tris(4-methoxyphenyl)porphyrin (91):

Br

/
O

Following general procedure B, 91 was produced from 70 (164 mg, 0.26 mmol) and 

NBS (70 mg, 0.39 mmol). Purple crystals were isolated (112 mg, 0.159 mmol, 61%). 

M.p. >300 °C; = 0.41 (CH2 CI2 : n-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3,

TMS): 5 = -2.74 (s, 2H, N //), 4.09 (s, 3H, OC//3), 4.11 (s, 6 H, OC//3), 7.30 (d, Vh-h =
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8 . 6  Hz, 6 H, C 6H4-//), 8.09 (m, 6H, C6H4-//), 8.82 (s, 4H, Hp), 8.92 (d, Vh-h = 4.7 Hz, 

2H, //p), 9.66 (d, Vh-h = 4.7 Hz, 2H, Hp) ppm; '^C NM R (150 MHz, CDCI3): S = 55.4,

55.5, 102.4, 112.2, 120.3, 120.7, 120.5, 134.1, 134.2, 135.2, 135.4, 135.5, 159.3, 159.4 

ppm; UV/vis (CH2CI2): 2max (log e) = 423 (5.56), 522 (4.20), 556 (4.02), 599 (3.71), 655 

(3.81) nm; HRMS (ESI) m/z calcd. for [C4 iH32BrN4 0 3 ](M^): 707.1658, found 

707.1671.

5-Bromo-15-(«-butyl)-10,20-bis(4-methoxyphenyl)porphyrin (92):

Br

/
O

Produced from 80 (79 mg, 0.13 mmol) and NBS (46 mg, 0.26 mmol) using general 

procedure B. Purple crystals were isolated (50 mg, 0.070 mmol, 55%). M.p. >300 °C; 

/?f=0.36(CH 2Cl2 :« -h ex an e=  1 : l ,v /v ); 'H  NM R (400 MHz, CDCI3, TMS): d'= -2 .70  

(s, 2H, NH)  1.12 (t, V„.H = 15.2 Hz, 3H, C //3), 1-80 (m, 2H, CH2I  2.50 (m, 2H, C //2), 

4.12 (s, 6 H, O C //3), 4.97 (m, 2H, CHj), 7.30 (d, Vh-h = 8.3 Hz, 4H, 8.09 (d, Vh-

H = 8.3 Hz, 4H, Ph-//), 8 . 8 8  (m, 4H, //p), 9.44 (d, Vh-h = 4.8 Hz, 2H, //p), 9.59 (d, Vh-h 

= 4.8 Hz, 2H, //p) ppm; '^C NM R (150 MHz, CDCI3): = 14.2, 23.6, 35.3, 40.8, 55.5,

55.6, 1 0 1 .8 , 1 1 2 .2 , 119.9, 121.5, 134.4, 135.4, 135.5, 159.5 ppm; UV/vis (CH2CI2): ^,ax 

(log £) = 423 (5.33), 522 (4.01), 557 (3.79), 600 (3.45), 656 (3.57) nm; HRMS (ESI) 

m/z calcd. for [C38H34BrN4 0 2 ](M+H)^: 657.1865, found 657.1854.

5-Brom o-10,20-bis(l-ethylpropyl)porphyrin (95):

Br

NH N=-

HN

Produced from porphyrin 46 (300 mg, 0.665 mmol) and NBS (95 mg, 0.532 mmol) in 

250 mL CHCI3, following general procedure B. Column chromatography (n-hexane :
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toluene, 3 : 1 ,  v/v) gave three fractions: starting material 46 first, the second containing 

the desired target 95 and the third was dibrominated product 101. Solvents removed to 

yield a purple product 95 (190 mg, 0.358 mmol, 54%). M.p. >300 °C; Rf = 0.52 

(CH2CI2 : tt-hexane = 2 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3 , IM S) S=  -2.48 (s, 2H, 

NH), 0.96 (t, Vh-h =14.6 Hz, 3H, C //3), 2.82 (m, 4H, CH2), 3.05 (m, 4H, C //2), 5.00 

(m, 2H, CN),  9.34-9.35 (d, Vh-h = 3.1 Hz, 2H, //p), 9.66 (m, 4H, Hp), 9.87 (d, Vh-h =

3.4 Hz, 4H,//p), 10.11 (s, IH//p,eso) Ppm; '^C NMR (150 MHz, CDCI3): S= 13.9, 14.0, 

34.7, 50.4, 77.2, 124.8, 132.7 ppm; UV/vis: /^ax (log e) = 414 (5.44), 514 (4.14), 546 

(3.64), 592 (3.54), 648 (3.42) nm; HRMS (MALDI) m/z calcd. for

[C3oH34N4Br](M+H)^: 529.1967, found 529.1967.

5,15-Dibromo-10,20-bis(l-ethylpropyl)porphyrin (101):

Br

HN

Br

Produced from porphyrin 46 (300 mg, 0.493 mmol) and NBS (184 mg, 1.036 mmol) 

following general procedure B, to yield purple the product 101 (356 mg, 0.585 mmol, 

8 8 %). M.p. >300 °C; Rf=  0.61 (CH2CI2 : ^-hexane = 2 : 1 ,  v/v); 'H NMR (400 MHz, 

CDCI3 , TMS) S = -2.34 (s, 2H, NH),  0.97 (t, Vh-h = 15.0 Hz, 12H, CH3), 2.81 (m, 4H, 

CH2), 2.89 (m, 4H, CH2), 4.92 (m, 2H, CH),  9.57 (m, 4H, Hp), 9.75 (d, V„.h = 4.8 Hz, 

4H, Hp) ppm; '^C NMR (150 MHz, CDCI3): S = 13.8, 24.4, 34.4, 50.0, 67.0, 124.4, 

129.8, 133.1 ppm; UV/vis (THF): (log e) = 422 (5.55), 524 (4.16), 558 (4.05), 606

(3.60), 664 (3.84) nm; HRMS (MALDI) m/z calcd. for [C3 oH33N 4 Br2](M+H)^: 

607.1072 found 607.1066.

7.2.4 Metallated porphyrins

General procedure C — Zinc(II) insertion:

Porphyrins 103-105,^"“̂’ 107,̂ '̂̂ ’ 109,^’̂ ^̂ 1 1 2 , 1 1 5 , 1 1 6 ,  122, '̂* ’̂

123 were metallated with zinc(II) according to standard procedure and

spectroscopic data agreed with that in the literature. Adapting a method by Buchler,^^^^  ̂

porphyrin (1 equiv.) was dissolved in CHCI3 (25 - 50 mL) and heated to reflux at 60 °C



C h a p t e r  7 :  E x p e r i m e n t a l  | 143

for 10 min. Zinc(ll) acetate (5 equiv.) in MeOH (1 mL) was added and the reaction 

heated under reflux for 30 min. Following reaction completion, solvents were removed 

in vacuo and the residue was redissolved in CH2 CI2 . This solution was passed through a 

plug of silica using CH2 CI2 as eluent. Solvents were removed in vacuo to give a 

pink/purple solid followed by recrystallisation CH2 Cl2/MeOH.

{5-Bromo-15-hexyl-10,20-diphenyl-porphyrinato}zinc(II) (106):

Br

Produced from 84 (100 mg, 0.159 mmol) dissolved in CHCI3 (25 mL) and 

zinc(Il)acetate (170 mg, 0.795 mmol) dissolved in methanol (2 mL), according to 

standard procedure C to give a purple solid (92 mg, 0.133 mmol, 84%). M.p. >300 °C; 

R^= 0.61 (CH2 CI2 : «-hexane = 2 : 1, v/v); 'H NMR (400 MHz, CDCI3 , TMS): S = 0.94- 

0.97 (t, Vh-h = 12.8 Hz, 3H, C //3 ), 1.40 (m, 2H, CH2), 1.51 (m, 2H, C //2 ), 1.82 (m, 2H, 

C //2 ), 2.54 (m, 2H, CHi), 4.98 (m, 2H, C //2 ), 7.81 (m, 6 H, Ph-/^, 8.19-8.21 (d, Vh-h = 

7.9 Hz, 4H, Ph-//), 8 . 8 8  (m, 4H, //p), 9.46-9.47 (d, Vh-h = 4.3 Hz, 2H, //p), 9.61-9.62 

(d, Vh-h = 4.3 Hz, 2H, //p) ppm; '^C NMR (150 MHz, CDCI3 ): d = 14.2, 22.8, 29.8,

30.4, 31.9, 35.4, 38.9, 120.9, 122.1, 126.6, 127.6, 128.8, 132.3, 132.4, 133.0, 134.5,

142.4, 149.5, 149.6, 149.9 ppm; UV/vis (CH2 CI2 ): ?imax(log e) = 423 (5.33), 557 (3.79), 

646 (3.57) nm; HRMS (MALDI) m/z calcd. for [C3 8 H3 iBrN4 Zn](M^); 686.1024, found 

6 8 6 . 1027.

{5-Bromo-10,20-bis(4-methylphenyl)porphyrinato}zinc(II) (108):

Br
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Produced from bromoporphyrin 97 (275 mg, 0.482 mmol) dissolved in CHCI3 (40 mL) 

and zinc(II)acetate (200 mg, 0.913 mmol) dissolved in methanol (2 mL), according to 

standard procedure C to give a purple solid (280 mg, 0.442 mmol, 92%). M.p. >300 °C; 

i?f = 0.31 (CH2CI2 : /?-hexane = 3 : 2 ,  v/v); ‘H NMR (400 MHz, CDCI3): S = 2.75 (s, 

6 H, tolyl-C//3), 7.57-7.59 (d, V h -h  = 7.8 Hz, 4H, 8 . 1 0 -8 . 1 2  (d, V h -h = 7.8 Hz,

4H, 9.00-9.02 (t, V h-h = 8.7 Hz, 4H, //p), 9.29-9.31 (d, V h-h = 4.6 Hz, 2H,

//p), 9.74-9.76 (d, Vh-h = 4.6 Hz, 2H, //p), 10.10 (s, IH, //meso) Ppm; '^C NMR (100 

MHz, CDCI3): 6 = 21.5, 106.1, 120.7, 127.2, 131.7, 134.6, 136.9, 140.1, 149.2, 150.1, 

150.5, 150.6 ppm; UV/vis (EtOAc): ;.max (log e) = 418 (5.47), 552 (4.03), 591 (3.16) 

nm; HRMS (MALDI) m/z calcd. for [C34H23N4ZnBr](M^): 630.0398; found 630.0387.

{5-Bromo-10,20-bis(3-methoxyphenyl)porphyrinato}zinc(II) (110):

Br

O —

— O

Produced from 96 (490 mg, 0.814 mmol) dissolved in CHCI3 (60 mL) and 

zinc(Il)acetate (300 mg, 0.137 mmol) dissolved in methanol (3 mL), according to 

standard procedure C to give a purple solid (350 mg, 0.526 mmol, 65%). M.p. = 272- 

275 °C; Ri = 0.40 (CH2CI2 : /7-hexane = 3 : 2 ,  v/v); 'H NMR (400 MHz, 

CDCl3/pyridine-d5, 20 : 1): (5 = 3.99 (s, 6 H, O C//3), 7.32-7.35 (dd, Vh-h = 8.3 Hz, 2.7 

Hz, 2H, C6H4 -//), 7.62-7.66 (t, Vh-h = 15.1 Hz, 2H, 7.79 (m, 4H,

9.02 (m, 4H, //p), 9.26-9.28 (d, V h-h = 4.8 Hz, 2H, //p), 9.74-9.75 (d, V h-h ^  4.8 Hz, 

2H, //p), 10.09 (s, IH, //meso) ppm; '^C NMR (100 MHz, CDC^/pyridine-ds 20:1): (5 =

55.4, 104.3, 106.2, 112.9, 113.0, 120.4, 120.8, 127.2, 127.9, 131.8, 132.5, 132.6, 132.8,

144.4, 149.3, 150.2, 150.3, 157.8 ppm; UV/vis (EtOAc): ;™ax (log e) = 417 (5.37), 550 

(3.98), 592 (3.14) nm; HRMS (MALDI) m/z calcd. for [C34H23N4 0 2 ZnBr](M^): 

662.0296; found 662.0311.
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{5-Bromo-10,20-bis(3-methoxyphenyl)-15-phenylporphyrinato}zinc(II) (111):

Br

O —

— O

Produced from bromoporphyrin 89 (300 mg, 0.442 mmol) dissolved in CHCI3 (40 mL) 

and zinc(II)acetate (250 mg, 1.141 mmol) dissolved in methanol (2 mL), according to 

standard procedure C to give a purple solid (245 mg, 0.331 mmol, 75%). M.p. = 261- 

263 °C; Rf = 0.42 (CH2 CI2 : «-hexane = 3 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3): S = 

4.01 (s, 6H, OC//3), 7.33-7.35 (dd, Vh-h = 8.7 Hz, 2.0 Hz, 2H, C6H4 -//), 7.62-7.66 (t, 

Vh-h = 15.3 Hz, 2H, C6H4 -//), 7.74 (m, 7H, PI1/C 6H4 -//), 8.17-8.18 (d, Vh-h = 6.5 Hz, 

2H, Ph-/y), 8.83-8.84 (d, Vh_h = 4.6 Hz, 2H, //p), 8.88-8.89 (d, Vh-h = 4.6 Hz, 2H, //p), 

8.98-8.99 (d, Vh-h = 4.6 Hz, 2H, //p), 9.71-9.72 (d, Vh-h = 4.6 Hz, 2H, //p) ppm; '^C 

NMR (100 MHz, CDCla/pyridine-ds, 10:1): <5 = 53.4, 55.8, 103.9, 113.0, 120.6, 120.9, 

121.4, 126.3, 127.1, 127.3, 127.8, 134.4, 135.2, 143.2, 144.5, 148.3, 148.8, 149.6, 157.7 

ppm; UV/vis (EtOAc): ;.max (log e)  = 423 (5.71), 558 (4.24), 598 (3.72) nm; HRMS 

(MALDI) m/z calcd. for [C4oH2vN4 0 2 ZnBr](M^): 738.0609; found 738.0606.

{5-Brom o-10,20-bis(l-ethylpropyl)-15-phenylporphyrinato}zinc(II) (113):

Br

Produced from 8 8  (300 mg, 0.495 mmol) dissolved in CHCI3 (40 mL) and 

zinc(II)acetate (250 mg, 1.142 mmol) dissolved in methanol (2 mL), according to 

standard procedure C to give a purple solid (260 mg, 0.389 mmol, 79%). M.p. >300 °C;
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= 0.57 (CH2CI2 : «-hexane = 1 : 1 ,  v/v); ‘H NMR (400 MHz, CDCI3): S = 0.90-0.93 

(t, Vh-h = 14.7 Hz, 12H, C //3), 2.81 (m, 4H, CH2), 2.98 (m, 4H, CH2), 5.12 (m, 2H, 

CH), 7.75 (m, 3H, Ph-H), 8.16-8.18 (d, Vh-h = 6.9 Hz, 2H, Ph-//), 8.84 (s, 2H, //p), 

9.62 (s, 2H, //p), 9.75 (m, 4H, //p) ppm; '^C NMR (150 MHz, CDCI3): S = 14.2, 35.0, 

50.5, 122.6, 122.8, 123.0, 123.8, 126.2, 127.2, 129.6, 130.0, 130.5, 131.7, 132.3, 134.3, 

143.9, 147.4, 149.7, 152.6 ppm; UV/vis (EtOAc): (log s) = 423 (5.65), 561 (4.15),

605 (3.85) nm; HRMS (MALDI) m/z calcd. for [C36H35N4ZnBr](M^): 666.1337; found 

666.1312.

5,15-Dibromo-10,20-bis(l-ethylpropyl)porphyrinato}zinc(II) (114):

Br

Br

Produced from porphyrin 101 (200 mg, 0.329 mmol) dissolved in CHCI3 (40 mL) and 

Zn(0 Ac) 2  (301 mg, 1.645 mmol), following general procedure C to yield pink crystals 

(194 mg, 0.289 mmol, 8 8 %,). M.p. >300 °C; = 0.39 (CHCI3 : «-hexane = 1 : 1 ,  v/v);

'H NMR (400 MHz, CDCI3, TMS); S = 0.93 (t, W h  = 14.8 Hz, 12H, C //3), 2.81 (m, 

4H, CH2 ), 2.96 (m, 4H, C //2), 5.06 (m, 2H, CB), 9.57 (m, 4H, //p), 9.69 (m, 4H, //p) 

ppm; '^C NMR (150 MHz, CDCI3): S= 13.9, 34.4, 50.4, 77.2, 124.8, 131.2 132.7 ppm; 

UV/vis (THF): (log e) = 428 (5.58), 566 (4.02), 614 (3.94) nm; HRMS (MALDI)

m/z calcd. for [C3oH3oN4ZnBr2](M^): 668.0129, found 668.0136.
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{5,10,15-Tris(4-methoxyphenyl)porphyrinato}zinc(II) (119):

Produced from 70 (80 mg, 0.127 mmol) dissolved in CHCI3 (25 mL) and zinc(II)acetate 

(80 mg, 0.365 mmol) dissolved in methanol (2 mL), according to standard procedure C 

to give a purple solid (82 mg, 0.119 mmol, 94%). M.p. = 162-165 °C; = 0.17 (CH2CI2

: «-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3, TMS): S = 3.99 (s, 6 H, OC//3), 

4.09 (s, 3H, OCHi), 111 (s, 2H, C6H4- i^ , 7.33-7.36 (dd, Vh-h = 2.2 Hz, 2H, C6H4- /^ , 

7.66-7.70 (t, V h -h = 15.7 Hz, 2H, C6H4-//), 7.81 (s, 2H, C6H4-//), 7.85-7.87 (d, ^h-h = 

7.4 Hz, 2H, C6H4-//), 8.13-8.15 (d, Vh-h = 8.1 Hz, 2H, C6H4-//), 9.02-9.03 (d, Vh-h = 

4.6 Hz, 2H, 9.05-9.06 (d, Vh-h = 4.6 Hz, 2H, //p), 9.14-9.15 (d, Vh-h = 4.6 Hz, 2H,

//p), 9.39-9.40 (d, Vh-h = 4.6 Hz, 2H, //p), 10.23 (s, IH, //meso) Ppm; '^C NMR (150 

MHz, CDCI3): 8 = 55.5, 55.6, 105.8, 112.0, 113.4, 120.3, 120.4, 127.4, 127.7, 131.7, 

131.8, 132.1, 132.6, 135.4, 144.1, 149.9, 150.0, 150.2, 157.9 ppm; UV/vis (CH2CI2): 

;.max (log e; = 415 (5.27), 543 (4.09), 579 (3.50) nm; HRMS (MALDI) m/z calcd. for 

[C4 iH3oN4 0 3 Zn](M^); 690.1609; found 690.1629.

{5-(n-Bufyl)-10,20-bis(3-methoxyphenyl)porphyrinato}zinc(II) (120):

— O

o —
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Produced from 79 (30 mg, 0.052 mmol) dissolved in CHCI3 (25 mL) and zinc(II)acetate 

(30 mg, 0.137 mmol) dissolved in methanol (2 mL), according to standard procedure C 

to give a purple solid (29 mg, 0.046 mmol, 8 8 %). M.p. = 191-194 °C; ^ f=  0.37 (CH 2 CI2 

: «-hexane = 2 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3, TMS): <5 = 1.16-1.20 (t, V h - h  =

14.8 Hz, 3H, C//3), 1.90 (m, 2 H, CH2), 2.61 (m, 2 H, CH2), 4.02 (s, 6 H, OC//3), 2.64 (s, 

12H, to lyl-C //3), 5.09-5.14 (t, V h-h  = 16.1 Hz, 2H, CH2), 7.36-7.37 (dd, V h -h  =  3.2, 1.8 

Hz, IH, C6H4 -//), 7.38-7.39 (dd, Vh_h =  3.2, 1.8 Hz, IH, 7.66-7.71 (t, V h-h =

15.7 Hz, 2H, C6 H4 -//), 7.81 (m, 2H, C6H4 -//), 7.87 (m, 2H, C6H4 -//), 9.09-9.13 (q, Vh-h 

= 11.6, 4.7 Hz, 4H, //p), 9.34-9.35 (d, Vh-h = 4.7 Hz, 2H, //p), 9.64-9.65 (d, Vh-h = 4.7 

Hz, 2H, / /p ) ,  10.14 (s, IH, //meso) ppm; NMR (100 MHz, CDCI3): S  = 14.3, 23.8, 

35.7, 41.3, 55.5, 105.2, 113.4, 119.7, 120.4, 122.1, 127.3, 127.6, 128.9, 131.5, 132.1, 

132.6, 144.2, 149.5, 149.7, 150.1, 157.9 ppm; UV/vis (EtOAc): A„,ax (log e) = 416 

(5.56), 550 (4.14), 589 (3.30) nm; HRMS (MALDI) m/z calcd. for

[C3sH32N 4 0 2 Zn](M^): 640.1817; found 640.1849.

(5,15-Bis(l-ethylpropyI)-10-(4-ethynylphenyl)porphyrinato}zinc(II) (121):

Produced from porphyrin 6 8  (100 mg, 0.181 mmol) dissolved in CHCI3 and Zn(0 A c )2  

(166 mg, 0.907 mmol), following standard procedure C to yield purple crystals (90 mg, 

0.147 mmol, 81%). M.p. >300 °C; = 0.43 (CH 2CI2 : /j-hexane = 2 : 1 ,  v/v); 'H  NM R

(400 MHz, CDCI3, TMS): 8 = 0.98-1.02 (t, Vh-h = 14.6 Hz, 12H, C//3), 2.88 (m, 4H, 

CH2), 3.05 (m, 4H, C //2 ), 3.37 (s, IH , C=CH), 5.21 (m, 2 H, CH), 7.94-7.96 (d, V h-h =

7.8 Hz, 2 H, C 6H4 -//), 8.24-8.26 (d, V h -h  = 7.8 Hz, 2H, CeB.A-H), 9.01-9.03 (m, 2 H, / /p ) ,  

9.37 (m, 2H, / / p ) ,  9.85 (m, 4H, / / p ) ,  10.19 (s, IH , / / m e s o )  P p m ;  ' ^ C  N M R (150 MHz, 

CDCI3 ): 14.2, 29.7, 34.9, 50.5, 77.2, 77.8, 86.5, 123.0, 131.0, 131.3, 131.5, 134.3

ppm; UV/vis (THF): (log e) = 420 (5.73), 554 (4.31), 594 (3.64) nm; HRMS

(MALDI) m/z calcd. for [C3 gH37N 4Zn](M+H)^: 613.2310, found 613.2297.
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{5-(n-Butyl-10,20-bis(4-inethyIphenyl)porphyrinato}zinc(II) (124):

Produced from 77 (150 mg, 0.259 mmol) dissolved in CHCI3 (25 mL) and 

zinc(II)acetate (150 mg, 0.685 mmol) dissolved in methanol (2 mL), according to 

standard procedure C to give a purple solid (148 mg, 0.243 mmol, 94%). M.p. = 284 °C; 

Rf=  0.33 (CH2CI2 : «-hexane - 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3, TMS): ^ '= 1 .14- 

1.18 (t, V h -h  = 14.7 Hz, 3H, C //3), 1.88 (m, 2H, C //2), 2.77 (s, 6 H, C6H4-C //3), 5.07- 

5.10 (t. V h -h  = 15.9 Hz, 2H, C //2), 7.60-7.62 (d, V  h -h  = 7.6 Hz, 4H, C6H4-//), 8.12- 

8.14 (d, V h-h  = 7.6 Hz, 4H, C6H4-//), 9.07 (m, 4H, //p), 9.30-9.31 (d, V h-h  = 4.5 Hz, 

2H, //p), 9.61-9.62 (d, V h -h  = 4.7 Hz, 2H, Hp), 10.09 (s, IH, //„,eso) Ppm; '^C NMR 

(150 MHz. CDCI3): S =  14.3, 21.6, 23.8, 35.7, 41.3, 105.0, 119.9, 121.9, 127.3, 128.7, 

131.3, 132.1, 132.5, 134.5, 137.0, 140.1, 149.7, 149.8, 1149.9, 150.0 ppm; UV/vis 

(EtOAc): Amax (log e) = 416 (5.61), 550 (4.18), 590 (3.54) nm; HRMS (MALDI) m/z 

calcd. for [C38H32N4Zn](M^): 608.1918; found 608.1938.

{5-(4-Ethynylphenyl)-10,20-diphenylporphyrinato}nickel(II) (125):

Porphyrin 62 (100 mg, 0.178 mmol) and Ni(acac)2 (49 mg, 0.191 mmol) were dissolved 

in toluene (75 mL) in a 100 mL flask and heated at reflux for 3 hours. The solvent was 

then removed in vacuo and product isolated after filtering the redissolved residue 

through a plug o f silica gel using CH2CI2 as eluent. Recrystallisation o f the product
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using CHaCb/M eOH yielded red-purple crystals (199 mg, 90%). M.p. >300 °C; =

0.53 (CH 2CI2 : n-hexane = 1 : 1 ,  v/v); ’H NM R (400 MHz, CDCI3 , TMS): S=  3.31 (s, 

IH , C=CH), 7.74 (m, 6 H, Ph-//), 7.83-7.85 (d, Vh-h = 7.9 Hz, 2H, CeVU-H), 8.01-8.03 

(d, Vh-h = 8.0 Hz, 2H, C6H4-//), 8.05-8.07 (d, Vh-h = 7.0 Hz, 2H, Ph-//), 8.77-8.78 (d, 

V h - h  =  4.8 Hz, 2H, / / p ) ,  8.82-8.83 (d, V h - h  =  4.8 Hz, 2H, / / p ) ,  8.91-8.92 (d, V h - h  =  4.8 

Hz, 2H, Hp), 9.15-9.16 (d, V h - h  =  4.8 Hz, 2H, / / p ) ,  9.85 (s, IH, / / m e s o )  P p m ;  ’̂ C-NMR 

(150 MHz, CDCI3): S =  83.4, 104.6, 118.2, 121.5, 126.7, 127.6, 130.5, 131.6, 132.1, 

132.3, 132.5, 133.5, 140.7, 141.6, 141.9, 142.7, 142.8 ppm; UV/vis (THF): (log £)

= 407 (5.46), 521 (4.29), 557 (3.60) nm; HRMS (MALDl) m/z calcd. for 

[C4oH24N 4Ni](M^): 618.1354, found 618.1380.

7.2.5 Borylation

Porphyrins 128,'̂ ^®! 129,[^'^’ 130,^̂ '*'’ 132 ^^^^̂ and 133̂ ^̂ ’̂ were borylated according to 

standard procedures and spectroscopic data agreed with those in the literature.

General Procedure D -  Borylation o f  haloporphyrins:

The borylation o f haloporphyrins was carried out adapting a procedure by Therien and 

CO workers. Bromoporphyrin (1 equiv.) and Pd(PPh3)4  (0.2 equiv.) were charged to a 

Schlenk flask and dried under high vacuum. 1,2-Dichloroethane (10 mL) and NEts (0.2 

mL) were then added and the solution was degassed via three freeze-pump-thaw cycles, 

before the flask was purged with argon. Pinacolborane (15 equiv.) was then added and 

the flask was sealed and stirred at 90 °C. The reaction was followed by TLC using 

CH2CI2 : «-hexane ( 2 : 1 ,  v/v). Once the starting material was consumed, the reaction 

was quenched with a saturated KCl solution (10 mL), washed with water, and dried 

over M gS0 4 . The solvent was removed in vacuo and the residue was subjected to 

column chromatography using CH2 CI2 : «-hexane ( 1 : 1 ,  v/v).
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5,10,15-Triphenyl-20-(4,4,5,5-tetramethyl-[l,352]dioxaborolan-2-yl)porphyrin

Produced from 83 (63 mg, 0.102 mmol) with Pd(PPh3 )4  (23 mg, 0.020 mmol) and 

pinacolborane (1.530 mmol, 0.20 mL) following general procedure D. After 

purification using column chromatography, 128 was obtained as a purple solid (37 mg, 

0.056 mmol, 54%,). M.p. >300 °C; R{ = 0.31 (CH2 CI2 : «-hexane = 3 : 1 ,  v/v); 

Spectroscopic data agreed with literature.

{5,15-Bis(3-niethoxyphenyl)-10-(4,4,5,5-tetramethyI-[l,3»2]dioxaborolan-2-yl)-20- 

phenylporphyrinato}zinc(II) (131):

Produced from 111 (150 mg, 0.202 mmol), borolane (0.25 mL, 1.700 mmol), 

PdCl2 (PPh3 )2  (7 mg, 0.010 mmol), DCE (10 mL) and TEA (0.6 mL) dissolved in CHCI3 

(25 mL) according to standard procedure D to give a purple solid (89 mg, 0.113 mmol, 

56%). M.p. >300 °C; Rf = 0.31 (CH2 CI2 : w-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz,
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CDCI3 , TMS): S = 1.90 (s, 12H, C //3), 3.95 (s, 6 H, OC//3), 7.30-7.32 (d, Vh-h = 8.3 Hz, 

2H, C6H4 -//), 7.65-7.69 (t, Vh-h =15 . 7  Hz, 2H, C6H4-H), 7.77 (m, 5H, FhJCeii^-H) 

7.85-7.87 (d, Vh_h = 7.3 Hz, 2H, C6H4 -//) 8.24-8.26 (d, Vh-h = 7.3 Hz, 2H, Ph-//), 8.99- 

9.00 (d, Vh-h = 4.6 Hz, 2H, //p), 9.02-9.03 (d, Vh-h = 4.6 Hz, 2H, //p), 9.16-9.17 (d, Vh_ 

H = 4.6 Hz, 2H, ifp), 9.95-9.97 (d, Vh-h = 4.6 Hz, 2H, //p) ppm; '^C NMR (100 MHz, 

CDCI3): (5 = 25.3, 55.5, 85.3, 113.5, 120.3, 120.7, 126.5, 127.3, 127.5, 127.7, 131.5, 

131.1, 132.8, 133.0, 134.4, 142.8, 149.9, 150.3, 154.5, 157.8 ppm; UV/vis (EtOAc): 

^ax  (log ej = 419 (5.58), 551 (4.17), 591 (3.39) nm; HRMS (MALDI) m/z calcd. for 

[C4 6H39N4 0 4 ZnB](M^): 786.2356; found 786.2351.

5,10,15-Trihexyl-20-(4,4,5,5-tetramethyl-[l,3?2]dioxaborolan-2-yl)porphyrin (134):

O
\

B
/

O HN

Produced from 85 (64 mg, 0.100 mmol) with Pd(PPli3 )4  (23 mg, 0.020 mmol) and 

pinacolborane (1.500 mmol, 0.13 mL), following general procedure D with a reaction 

time of 7 h. After purification, 134 was obtained as a purple solid (35 mg, 0.051 mmol, 

51%). M.p. >300 °C; 7?f = 0.32 (CH2 CI2 : ^-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz, 

CDCI3 , TMS): S = -2.65 (s, 2H, NH) 0.95 (m, V h  = 14.8 Hz, 12H, C //3), 1.42 (m, 6 H, 

CH2), 1.53 (m, 6 H, CH2I  1.80 (m, 6 H, C //2 ), 1.87 (s, 12H, C //3), 2.54 (m, 6 H, C //2), 

4.95 (m, 6 H, CH2), 9.46 (d, Vh-h = 4.2 Hz, 2H, //p), 9.58-9.48 (m, 4H, //p), 9.84 (d, Vh- 

H = 4.2 Hz, 2H,//p) ppm; '^C NMR (150 MHz, CDCI3): S = 14.0, 22.6, 25.1, 30.1, 30.2, 

31.8, 35.4, 35.7, 38.5, 38.7, 84.9, 118.7, 121.2, 128.1 ppm; UV/vis: (log e) =

421(5.46), 517 (4.11), 553 (3.76), 595 (3.57), 652 (3.47) nm; HRMS (ESI) m/z calcd. 

for [C4 4H62N4 0 2 B](M+H)^ 689.4966, found 689.4977.
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7.2.6 Suzuki coupling

Porphyrins 63, and were synthesised according to Suzuki coupling

procedures and spectroscopic data o f 141 agreeed with that in the literature.

General procedure E  -  Suzuki coupling:

A Schlenk flask was charged with K 3 PO4 (20 equiv.) and anhydrous THF (60 mL) 

under an argon atmosphere, then porphyrin ( 1  equiv.), arylboronic acid or arylboronic 

ester (10 equiv.) and Pd(PPh3 ) 4  (0.1 equiv.) were added. The reaction was heated to 

reflux for 7-10 hours (TLC control) and protected from light. After completion, the 

solvent was evaporated and the residue was dissolved in CH2 CI2 . This mixture was 

washed with saturated NaHCOa, H2 O, and brine, and then dried over Na2 S0 4 . The 

organic solvent was evaporated and the crude product was purified by flash 

chromatography followed by recrystallisation from CH2Cl2/MeOH to give the desired 

compound.

5-(4-Nitrophenyl)-10,20-diphenyiporphyrin (63):

NO

HN

Following the general procedure E, 5-bromo-10,20-diphenylporphyrin 94 (150 mg, 

0.277 mmol), K3PO4 (1469 mg, 6.92 mmol), 4-nitrophenyl boronic pinacol ester 135 

(862 mg, 3.462 mmol) and Pd(PPh3 ) 4  (32 mg, 0.028 mmol) gave 138 mg (0.236 mmol, 

85%) o f a purple solid after recrystallisation from CH2Cl2/MeOH. M.p. >300 °C; R( = 

0.42 (CH2CI2 : n-hexane =1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3, TMS): d = -3.00 (s, 

2H, N //), 7.83 (m, 6 H, Ph-//), 8.27 (d, Vh-h = 8 . 8  Hz, 4H, Ph-//), 8.42 (d, Vh-h = 8 . 8  

Hz, 2H, C6H4 -//), 8.65 (d, Vh-h = 8 . 8  Hz, 2H, C6H4 -//), 8.79 (d, Vh-h = 4.7 Hz, 2H, 

/ / p ) ,  8.98 (d, V h -h  = 4.7 Hz, 2H, / / p ) ,  9.07 (d, V h -h  =  4.7 Hz, 2H, / / p ) ,  9.39 (d, V h -h  = 

4.7 Hz, 2H, //p), 10.29 (s, IH, //meso) Ppm; '^C NMR (150 MHz, CDCI3): 6 = 105.2, 

116.6, 117.0, 120.7, 120.9, 121.5, 125.4, 126.4, 127.2, 127.6, 130.1, 131.2, 134.7, 

141.1, 144.4, 145.4, 146.3, 147.3, 148.5, 149.2 ppm; UV/vis (CH 2 CI2 ): Imax (log e) =
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414 (4.88), 511 (3.66), 544 (3.22), 581 (3.23), 637 (2.71) nm; HRMS (ESI) m/z calcd. 

for [C3 8H26N 5 0 2 ](M+H^); 584.2087, found 584.2093.

{5-(4-Nitrophenyl)-10,20-diphenyIporphyrinato}zinc(II) (137):

NO.

Following the general procedure E, 105 (150 mg, 0.248 mmol), K3PO4 (526 mg, 2.480 

mmol), 4-nitrophenyl boronic pinacol ester 135 (247 mg, 0.992 mmol) and Pd(PPh3 )4  

(29 mg, 0.025 mmol) gave 138 mg (0.213 mmol, 8 6 %) of a purple solid after 

recrystallisation from CHiCb/MeOH. M.p. = 120-123 °C; Rf= 0.35 (CH2 CI2 : «-hexane 

= 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3 , TMS): S = 7.82 (m, 6 H, ?h-H), 7.97-8.00 (d, 

Vh-h = 8.5 Hz, 4H, Ph-//), 8.39-8.41 (d, Vh-h = 8.7 Hz, 2H, C6H4 -/O, 8.64-8.66 (d, Vh- 

H = 8.7 Hz, 2H, C6 H4-//), 8.87-8.88 (d, Vh-h = 4.7 Hz, 2H, //p), 9.05-9.07 (d, Vh-h = 4.6 

Hz, 2H, //p), 9.15-9.17 (d, Vh-h = 4.7 Hz, 2H, //p), 9.46-9.47 (d, Vh-h = 4.6 Hz, 2H, 

Hp), 10.23 (s, IH, //nieso) ppm; '^C NMR (150 MHz, CDCI3); d' = 121.0, 121.6, 122.4, 

126.6, 127.6, 128.2, 128.3, 130.4, 131.0, 131.3, 131.4, 132.1, 132.5, 132.8, 134.5, 

135.0, 135.7, 142.6, 148.7, 150.0, 150.2, 150.5 ppm; UV/vis (CH2 CI2 ): (log s) =

416 (5.05), 546 (4.02), 585 (3.30) nm; HRMS (MALDI) m/z calcd. for 

[C3gH23N 5 0 2 Zn](M^): 645.1143, found 645.1157.

5-Bromo-15-(4-nitrophenyl)-10,20-diphenylporphyrin (138):

Br
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Following the general procedure E, 98 (100 mg, 0.161 mmol) and 135 (40 mg, 0.161 

mm ol) gave three fractions, starting materail 98 (25%), fraction 2 yielded the desired 

product 138 and the third yielded disubsituted product 139 (22%).Yield 138 38 mg 

( 0.054 mmol, 36%) o f  a purple solid after recrystallisation from CH 2Cl2/MeOH. M.p. 

>300 °C; = 0.24 (CH 2CI2 : «-hexane = 1 : 1 ,  v/v); ’H NMR (400 MHz, CDCI3 , TMS):

S = -2.73 (s, 2H, N //), 7.82 (m, 6 H, Vh-H), 8.21 (d, V =  7.0 Hz, 4H, Ph-//), 8.38 (d, Vh. 

H = 8 . 8  Hz, 2H, C 6H4 -//), 8.65 (d, Vh-h = 8 . 8  Hz, 2H, C^Ua-H), 8.72 (d, Vh-h = 4.1 Hz, 

2H, //p), 8.87 (d, Vh-h = 4.7 Hz, 2H, //p), 8.94 (d, Vh-h = 4.7 Hz, 2H, //p), 9.71 (d, Vh-h 

=  4.7 Hz, 2H, //p) ppm; '^C NM R (150 MHz, CDCI3 ): d = 103.7, 104.1, 107.9, 117.3, 

121.1, 121.8, 126.7, 127.9, 132.1, 134.4, 134.8, 141.3, 147.7, 148.7 ppm; UV/vis 

(CH 2CI2 ): 2max (log e) = 421 (4.98), 518 (3.75), 555 (3.57), 599 (3.35), 651 (3.33) nm; 

HRMS (ESI) m/z calcd. for [C38H25Ns02Br](MrH^): 662.1192, found 662.1179.

5,15-bis(3,5-di-^^/*/-butyi-phenyi)-10-(4-nitrophenyl)porphyrinato}zinc(II) (140):

NO

Following the general procedure E, 123 (65 mg, 0.078 mmol), K3 PO4 (165 mg, 0.780 

mmol), 4-nitrophenyl boronic pinacol ester 135 (78 mg, 0.314 mmol) and Pd(PPh3 ) 4  (9 

mg, 0.008 mmol) gave 52 mg (0.060 mmol, 77 %) o f a purple solid following filtration 

through a plug o f silica using CH2 CI2 as eluent. M.p. = 189-191 °C; = 0.54 (CH2 CI2 :

n-hexane = 1 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3 , TMS): S = 1.57 (s, 36H, /-butyl-//), 

7.86-7.87 (t, Vh-h = 3.6 Hz, 2H, Ax-H), 8.14-8.15 (d, Vh-h = 1-8 Hz, 4H, A r-//), 8.43- 

8.44 (d, Vh-h = 8.7 Hz, 2H, C6H4 -//), 8.65-8.67 (d, Vh-h = 8.7 Hz, 2H, C6H4 -//), 8.90- 

8.91 (d, Vh-h = 4.7 Hz, 2H, //p), 9.11-9.13 (d, Vh_h = 4.7 Hz, 2H, //p), 9.20-9.21 (d, Vh- 

H = 4.5 Hz, 2H, //p), 9.47-9.48 (d, Vh-h = 4.5 Hz, 2H, //p), 10.36 (s, IH, //^eso) Ppm;
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'^CN M R(100 MHz, CDCI3 ): <5 = 31.8, 106.6, 121.0, 121.6, 124.4, 128.3, 129.9, 130.9, 

132.0, 132.9, 133.2, 135.0, 146.7, 150.0 ppm; UV/vis (EtOAc): (log ej = 418

(5.39), 550 (4.08), 591 (3.28) nm; HRMS (MALDI) m/z calcd. for [C5 4 H 55N 5 0 2 Zri2 ] 

(M^): 869.3647, found 869.3654.

7.2.7 Sonogashira coupling

Trimethylsilyl porphyrins 142-146 '̂^^’ and 148̂ ^̂ °̂  were synthesised

according to standard procedures and spectroscopic data was in agreement with that in 

the literature.

General Procedure F  — Preparation o f  ethyne porphyrins via Sonogashira coupling: 

Bromoporphyrin (1 equiv.), PdCl2 (PPh3 ) 2  (0.2 equiv.) and Cul (0.3 equiv.) were added 

to a Schlenk flask and dried under high vacuum. Triethylamine (40 mL) and THF (10 

mL) were added and the solution was degassed via three freeze-pump-thaw cycles. 

Trimethylsilylacetylene (10 equiv.) was added, the flask was sealed and heated to 50-65 

°C and stirred for 18 hours. The reaction was followed by TLC using CHCI3 : n-hexane 

( 1 : 2 ,  v/v). Once the starting material was consumed, the solvent was removed in vacuo 

and the residue was dry-loaded onto silica using CHCI3 : ;7-hexane (1 ; 3, v/v) as an 

eluent. The desired compound was collected and recrystallised using CH 2 Cl2 /MeOH.

5,15-Bis(3,5-di-/^r/-butylphenyl)-10-trimethylsilylethynyl-20-phenylporphyrin

(147):

HN

Produced from 5-bromo-10,20-bis(3,5-di-/e7'/-butylphenyl)-15-phenylporphyrin 87 (180 

mg, 0.214 mmol), PdCl2 (PPh3 ) 2  (10.0 mg, 0.143 mmol), Cul (4.0 mg, 5.3 mmol) and 

ethynyl(trimethyl)silane (0.20 g, 2.04 mmol) according to procedure F. All solvents
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were removed and the brown residue purified by column chromatography (silica, 

CH2 CI2 : rt-hexane, 1 : 2, v/v) to yield a purple solid (154 mg, 0.179 mmol, 83%). M.p. 

>300 °C; Rf = 0.55 (CH2CI2 : «-hexane = 1 : 1 ,  v/v); 'H NMR (600 MHz, CDCI3 , 

TMS): S = -2.32 (s, 2H, N//), 0.60 (s, 9H, TM S-C//3), 1.54 (s, 36H, /-butyl-/^, 7.76 (m, 

3H, Ph-//), 7.84 (m, 2H, Ar-H), 8.09 (d, Vh-h = 1.5 Hz, 4H, Ar-H), 8.20-8.21 (d, Vh-h = 

6 . 6  Hz, 2H, Ph-//), 8.78-8.79 (d, Vh-h = 4.4 Hz, 2H, //p), 8.83-8.84 (d, Vh-h = 4.4 Hz, 

2H, //p), 8.95-8.96 (d, Vh-h = 4.4 Hz, 2H, //p), 9.69-9.70 (d, Vh_h = 4.4 Hz, 2H, //p) 

ppm; '-̂ C NMR (150 MHz, CDCI3 ): S = 31.6, 34.9, 98.5, 101.5, 107.2, 121.0, 121.8, 

122.3, 126.6, 127.7, 129.7, 134.1, 140.6, 142.1, 148.8 ppm; UV/vis (CH2CI2): ^max (log 

e) = 428 (5.12), 529 (3.73), 566 (3.88), 602 (3.35), 663 (3.51) nm; HRMS (ESI) m/z 

calcd. for [C59H67N4 Si](M+H)^ 859.5135, found 859.5145.

{5,15-Bis(3,5-dWer/-butylphenyl)-10-trimethyIsilylethynyl-20-phenyl 

porphyrinato}zinc(II) (148);

Produced from 112 (50.0 mg, 0.552 mmol), PdCl2(PPh3 ) 2  (20.0 mg, 28.6 |J,mol), Cul 

(5.0 mg, 0.262 mmol) and ethynyl(trimethyl)silane (0.20 g, 2.04 mmol) following 

general procedure F. All solvents were removed and the brown residue purified by 

column chromatography (silica, CH2 CI2 : ^-hexane, 1 : 3, v/v) to yield a purple solid 

(23.2 mg, 0.254 mmol, 46%). M.p. >300 °C; Rf=  0.52 (CH2CI2 : n-hexane = 1 : 1 ,  v/v); 

'H NMR (600 MHz, CDCI3 , TMS): S = 0.64 (s, 9H, TMS-C//3), 1.58 (s, 36H, /-butyl- 

H), 7.77 (m, 3H, Ph-//), 7.85 (m, 2H, Ar-H), 8.10-8.11 (d, Vh-h = 1-7 Hz, 4H, Ar-H), 

8.21-8.22 (d, Vh-h = 6 . 8  Hz, 2H, Ph-//), 8.90-8.91 (d, Vh-h = 4.4 Hz, 2H, //p), 8.95-8.96 

(d, Vh-h = 4.6 Hz, 2H, //p), 9.06-9.07 (d, Vh_h = 4.6 Hz, 2H, //p), 9.80-9.81 (d, Vh-h = 

4.4 Hz, 2H ,//p) ppm; '^C NMR (150 MHz, CDCI3): 5 = 31.7, 35.0, 120.9, 122.7, 123.4,
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126.5, 127.5, 129.7, 130.9, 132.1, 133.2, 134.2, 141.4, 148.7, 149.8, 150.3, 150.8, 152.5 

ppm; UV/vis (THF): ;.max (log e) = 433 (5.49), 569 (4.09), 613 (4.13) nm; HRMS 

(MALDI) m/z calcd. for [C5 9H6 4N4 SiZn](M^) 920.4192, found 920.4191.

5,15-Bis(3,5-di-/^/‘/-butylphenyI)-10-hexyl-20-(triinethylsiIyl)ethynylporphyrin

(149):

\
- S i

/ HN

Following general procedure F, using bromoporphyrin 86 (65 mg, 0.076 mmol), 

PdCl2 (PPh3 ) 2  (20 mg, 0.029 mmol), Cul (10.0 mg, 0.052 mmol) and 

ethynyl(trimethyl)silane (0.20 g, 2.04 mmol). The solution was stirred for 20 h at 50 °C. 

All solvents were removed and the brown residue purified by column chromatography 

(silica gel, CH2 CI2 : «-hexane, 1 : 3, v/v) to yield a purple solid (23 mg, 0.254 mmol, 

36%). Mp: >300 °C; = 0.58 (CH2 CI2 : ^-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz,

CDCI3 , TMS): d = -2.29 (s, 2H, N //), 0.61 (s, 9H, TMS-C//3 ), 0.94-0.98 (t, Vh-h = 14.6 

Hz, 3H, C //3 ), 1.43 (m, 4H, CH2 ), 1.57 (s, 36H, /-butyl-//), 1.85 (m, 2H, C //2 ), 2.56 (m, 

2H, C //2 ), 4.99 (t, Vh-h = 16.4 Hz, 2H, C //2 ), 7.84 (m, 2H, Ar-//), 8.78-8.81 (d, Vh-h = 

4.7 Hz, 4H, CeUs-H), 8.90 (m, 4H, //p), 9.44-9.45 (d, Vh-h = 4.7 Hz, 2H, //p), 9.60-9.61 

(d, Vh-h = 4.7 Hz, 2H, //p) ppm; '^C-NMR (150 MHz, CDCI3 ): d = 14.4, 22.6, 30.3, 

31.6, 34.8, 38.9, 97.6, 101.1, 107.2, 120.9, 121.5, 121.9, 122.5, 129.5, 134.0, 141.0, 

148.3, 150.6 ppm; UV/vis (THF): (log e) = 424 (5.15), 527 (3.71), 565 (3.78), 607

(3.33), 665 (3.53) nm; HRMS (Maldi) m/z calcd. for [C5 9 H7 4N 4 Si](M^): 866.5683, 

found 866.5677.
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5-(3-M ethoxyphenyl)-15-trimethylsilanylethynyl-10,20-diphenylporphyrin (150):

NH

HN

Following general procedure F, using bromoporphyrin 82 (120 mg, 0.185 mmol), 

PdCl2 (PPli3 ) 2  (19.5 mg, 0.028 mmol), Cul (8 . 8  mg, 0.047 mmol) and 

ethynyl(trimethyl)silane (0.26 mL, 1.85 mmol). The solution was stirred for 12 h at 50 

°C. All solvents removed and residue purified via column chromatography (silica, 

CH 2 CI2 : tt-hexane, 1 : 2, v/v) to yield a purple product as the main fraction. Yield 59.2 

m g (0.089 mmol, 48%). Mp; >300 °C; = 0.48 (CH 2CI2 ; n-hexane = 1 : 1 ,  v/v); 'H

NM R (600 MHz, CDCI3, TMS): S = -2.39 (s, 2H, N //), 0.65 (s, 9H, TM S-C //3) 4.00 (s, 

3H, OCH3), 7.34-7.36 (dd, Vh-h = 6.0, 2.5 Hz, IH, 7.64-7.67 (t, Vh_h = 15.8

Hz, 2H, C6H4 - /7 ), 7.81 (m, 8 H, C6H4/Ph-//), 8.23-8.24 (d, Vh-h = 6.5 Hz, 4H, Ph-//), 

8.79-8.80 (d, V h -h  =  4.6 Hz, 2H, Hp), 8.85-8.86 (d, V h -h  =  4.6 Hz, 2H, / / p ) ,  8.92-8.93 

(d, Vh-h = 4.6 Hz, 2H, Hp), 9.69-9.70 (d, Vh-h = 4.6 Hz, 2H, Hp) ppm; '^C-NMR (150 

MHz. CDCI3 ): (5= 13.9, 22.5, 29.6, 31.4, 55.3, 98.9, 101.8, 106.9, 113.5, 120.2, 120.9, 

121.5, 126.6, 127.4, 127.7, 130.9, 134.4, 141.5, 143.1, 157.8 ppm; UV/vis (THF):

(log e) = 427 (5.27), 525 (3.90), 563 (4.02), 602 (3.43), 654 (3.35) nm; HRMS (ESI) 

m/z calcd. for [C4 4 H37N 4 0 Si](M+H)^; 665.2737, found 665.2759.

Deprotection o f trimethylsilanylethynylporphyrins

Alkynyl porphyrins 152-155^"^’ and 157^^ °̂  ̂ were prepared from the

corresponding trimethylsilanylporphyrins via standard procedure. Spectroscopic data 

agreed with those in the literature.

General procedure G -  Deprotection o f  trimethylsilyl alkynylporphyrins: 

Trimethylsilylethynylporphyrin (1 equiv.) was dissolved in CH 2 CI2 and TBAF (IM , 1 

mL) was added. The reaction was followed by TLC using CH 2 CI2 : ^-hexane ( 1 : 1 ,
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v/v). Upon completion, the solution was filtered through a plug o f silica using CH 2 CI2 

as eluent. Solvent was removed in vacuo and the residue recrystallised using 

CHzCb/MeOH.

5-Ethynyl-10,15,20-triphenylporphyrin

HN

Produced from 142 (43 mg, 0.08 mmol) following general procedure G. Purple crystals 

were isolated (27 mg, 0.05 mmol, 61%). M.p. >300 °C; Rf = 0.34 (CH2CI2 : «-hexane = 

1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3 , TMS): 8 = -2.49 (s, 2H, N /f), 4.19 (s, IH, 

C=CH), 7.76 (m, 9H, Ph-//), 8.25-8.14 (m, 6 H, Ph-//), 8.78 (d, Vh-h = 4.7 Hz, 4H, //p), 

8.91 (d, Vh-h = 4.8 Hz, 2H, H^), 9.69 (d, Vh-h = 4.7 Hz, 2H, Hp) ppm; '^C NM R (150 

MHz, CDCI3 ): d = 53.2, 83.8, 85.4, 97.3, 120.9, 122.1, 126.5, 126.6, 127.7, 130.8, 

134.2, 134.3, 141.5, 141.8 ppm; UV/vis (CH 2CI2 ): (log e) = 425 (5.56), 525 (4.28),

560 (4.17), 599 (3.73), 655 (3.71) nm; HRMS (ESI) m/z calcd. for [C4oH27N 4 ](M+H)^: 

563.2236, found 563.2231. Locos et al. reported the synthesis o f 152 but no 

experimental details were given.

5-Ethynyl-10,20-diphenylporphyrin (153):̂ *̂*̂ ^

HN

Following the general procedure G, 0.2 mL (0.0002 mmol) o f 1 M solution o f TBAF in 

THE was added to a solution o f  10-trimethylsilanylethynyl-5,15-diphenylporphyrin 144 

(75 mg, 0.133 mmol) in 20 mL CH 2CI2 . The reaction mixture was stirred for 20 

minutes. The solvent was removed under reduced pressure and the residue dissolved in
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CH 2CI2 and filtered over a short silica gel column. Recrystallisation fi-om 

CH 2Cl2/MeOH gave purple crystals (60 mg, 0.123 mmol, 92 %). M.p. > 300 °C; R{ = 

0.52 (CH2CI2 : «-hexane = 1:1, v/v); 'H  NM R (400 MHz, CDCI3 , TMS): S= -2.70 (s, 

2H, NH), 4.23 (s, IH, C=CH), 7.83 (m, 6 H, Ph-//), 8.26 (m, 4H, Ph-//), 8.98 (d, V h  = 

4.1 Hz, 2H, //p), 9.01 (d, Vh-h = 4.7 Hz, 2H, //p), 9.33 (d, V =  4.7 Hz, 2H, //p), 9.79 (d, 

Vh-h = 4.7 Hz, 2H, //p), 10.27 (s, IH, //„eso) Ppm; '^C NMR (100 MHz, CDCI3): S =

83.7, 85.7, 97.8, 106.6, 120.3, 126.7, 127.7, 130.5, 131.0, 131.4, 131.6, 134.4, 141.1 

ppm; UV/vis (CH2CI2 ); /max (log s) = 420 (4.76), 517 (3.38), 552 (3.28), 592 (3.28), 649 

(2.98) nm; HUMS (ESI) m/z calcd. for [C34H23N 4 ](M+H)^: 487.1910, found 487.1923. 

This compound was mentioned by Fazekas et a l  but no experimental details were 

given.

5,15-Bis(3,5-di-^e/‘/-butylphenyl)-10-ethynyl-20-phenylporphyrin (156):

HN

Produced from 147 (130 mg, 0.151 mmol) in CH 2CI2 (80 mL) and TBAF in THE (1 M, 

0.5 mL, 0.5 mmol) following general procedure G. After 20 min, the solution was 

filtered through a plug o f silica and washed with CH 2 CI2 (50 mL). All solvents were 

removed to yield a purple solid. Yield: 112 mg (0.142 mmol, 94%). M.p. >300 °C; =

0.49 (CH2 CI2 : n-hexane = 1 : 1 ,  v/v); 'H  NM R (600 MHz, CDCI3, TMS): 5=  -2.37 (s, 

2H, N //), 1.51 (s, 36H, /-butyl-//), 4.19 (s, IH, C=C-H), 7.70-7.80 (m, 3H, Ph-//), 7.81- 

7.83 (m, 2H, kr-H), 8.05-8.09 (m, 4H, Ax-H), 8.18-8.21 (m, 2H, Ph-//), 8.79 (d, Vh-h = 

4.7 Hz, 2H, //p), 8.82 (d, Vh-h = 4.7 Hz, 2H, //p), 8.97 (d, Vh-h = 4.7 Hz, 2H, //p), 9.70 

(d, Vh-h = 4.7 Hz, 2H, //p) ppm; '^C NMR (150 MHz, CDCI3): 8 = 31.6, 34.9, 83.6,

85.7, 121.1, 121.8, 122.3, 126.5, 127.7, 129.8, 134.2, 140.5, 142.0, 148.8 ppm; UV/vis
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(CH 2 CI2 ): (log e) = 427 (5.79), 527 (4.39), 562 (4.36), 602 (3.93), 659 (4.00) nm;

HRMS (ESI) m/z calcd. for [C5 6 H 59N 4 ](M+H)^; 787.4727, found 787.4740.

{5,15-Bis(3,5-di-/^r^-butylphenyl)-10-ethynyl-20-phenylporphyrinato}zinc(II)

(157):

Following general procedure G, 157 was produced from 148 (100 mg, 0.117 mmol) in 

CH 2 CI2 (30 mL) and TBAF in THE (1 M, 0.5 mL, 0.500 mmol). After stirring for 20 

min the solution was filtered through a plug o f silica and washed with CH 2 CI2 . All 

solvents were removed in vacuo to yield a purple solid. Yield: 86 mg (0.109 mmol, 

94%). M.p. >300 °C; = 0.51 (CH 2 CI2 : /?-hexane = 1 : 1 ,  v/v); 'H  NMR (600 MHz,

CDCI3, IM S ): (5 = 1.59 (s, 36H, /-butyl-//), 4.09 (s, IH , C=C-H), 7.78 (m, 3H, Ph-//), 

7.86 (m, 2H, Ax-H), 8.12-8.13 (d, Vh-h = 1-7 Hz, 4H, A r-//), 8.22-8.23 (d, Vh-h = 6.5 

Hz, 2H, ?h-H), 8.93-8.94 (d, Vh-h = 4.6 Hz, 2H, //p), 8.97-8.98 (d, Vh-h = 4.6 Hz, 2H, 

//p), 9.08-9.09 (d, Vh-h = 4.6 Hz, 2H, //p), 9.76-9.77 (d, Vh-h = 4.6 Hz, 2H, //p) ppm; 

'^C NM R (150 MHz, CDCI3): S = 21.0, 29.5, 30.2, 31.6, 34.9, 83.1, 86.0, 97.8, 120.8, 

122.7, 123.2, 125.4, 126.4, 127.4, 128.1, 129.6, 130.6, 132.0, 133.3, 134.1, 135.6, 

141.3, 142.5, 148.6, 149.7, 150.2, 150.8, 151.4, 152.5 ppm; UV/vis (THF): ^ ax  (log e )  

= 429 (5.31), 566 (3.91), 608 (3.76) nm; HRMS (ESI) m/z calcd. for [C 5 6H 56N 4 Zn](M'"): 

848.3796, found 848.3836.
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5,15-Bis(3,5-di-^£?r/-butylphenyl)-10-ethynyl-20-hexylporphyrin (158):

HN

Produced from 149 (23 mg, 0.025 mmol) m CH 2 CI2 (10 mL) and I  BAF in THF (1 M, 

0.1 mL, 0.1 mmol) following general procedure G. After stirring for 20 min, the 

solution was filtered through a plug o f silica and washed with CH 2CI2 (50 mL). All 

solvents were removed to yield a purple solid. Yield: 20 mg (0.023 mmol, 93%). M.p. 

>300 °C; R{ = 0.54 (CH2CI2 : /7-hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3, 

TMS); S = -2.33 (s, 2H, N /f), 0.94-0.98 (t, Vh-h = 14.5 Hz, 3H, C//3), L42 (m, 4H, 

CH2 ), 1.58 (s, 36H, /-butyl-//), 1.86 (m, 2H, CHj),  2.57 (m, 2H, C //2 ), 4.17 (s, IH, 

C=CH), 5.00 (m, 2H, C //2 ), 7.84 (s, 4H, Ar-H), 8.07 (m, 2H, Ar-H),  8.91 (m, 4H, //p), 

9.45-9.46 (d, Vh_h = 4.7 Hz, 2H, //p), 9.63-9.64 (d, Vh-h = 4.7 Hz, 2H, //p) ppm; '^C- 

NM R (150 MHz, CDCI3): S = 13.9, 22.6, 30.2, 31.7, 34.9, 35.7, 38.7, 83.3, 35.6, 96.2, 

120.9, 12L7, 122.7, 129.5, 129.6, 140.8, 148.7 ppm; UV/vis (THF): ^ ax  (log s) = 428 

(5.48), 525 (4.10), 562 (4.14), 603 (3.69), 661 (3.79) nm; HRMS (ESI) m/z calcd. for 

[C56H6 vN4 ](M+H)^: 795.5366, found 795.5378.

5-Ethynyl-15-(3-methoxyphenyl)-10,20-diphenyIporphyrin (159):



C h a p t e r  7 :  E x p e r i m e n t a l  | 164

Produced from trimethylsilylethynyl porphyrin 150 (25 mg, 0.038 mmol) following the 

general procedure G to yield a purple solid (20 mg, 0.034 mmol, 90%). Mp: >300 °C;

= 0.40 (CH 2CI2 : n-hexane = 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3 , TMS): S = -2.45 

(s, 2H, N //), 4.00 (s, 3H, O C //3), 4.22 (s, IH, C=CH), 7.35-7.37 (m, 3H, aryl-//), 7.64- 

7.68 (m, 2H, aryl-//), 7.81 (m, 6 H, aryl-//), 8.22-8.24 (d, Vh-h = 6 . 8  Hz, 2H, Ph-H), 

8.79-8.80 (d, Vh-h = 4.7 Hz, 2H, //p), 8.85-8.86 (d, Vh-h = 4.7 Hz, 2H, //p), 8.93-8.94 

(d, Vh-h = 4.1 Hz, 2H, //p), 9.71-9.72 (d, Vh-h = 4.1 Hz, 2H, //p) ppm; '^C NM R (150 

MHz, CDCI3): 3 = 25.5, 29.6, 30.2, 34.1, 55.6, 37.8, 83.8, 85.4, 97.4, 112.5, 120.3, 

120.9, 121.7, 125.4, 126.7, 127.4, 127.7, 131.1, 134.4, 135.7, 141.5, 143.1, 157.8 ppm; 

UV/vis (THF); /^ax (log e) = 423 (5.58), 523 (4.19), 558 (4.13), 601 (3.66), 662 (3.38) 

nm; HRMS (ESI) m/z calcd. for [C4 iH29N4 0 ](M+H)^: 593.2327, found 593.2341.

7.3 Conjugated Arrays 

7.3.1 Directly linked dimers

General procedure H —Suzuki coupling for the synthesis o f  directly-linked dimers:

A Schlenk tube was charged with bromoporphyrin (1 equiv.), porphyrinyl boronate (1 

equiv.) and CS2CO 3 (1.5 equiv.) and dried under high vacuum. Dry DMF (1 mL) and 

dry toluene (2 mL) were then added, and the mixture was degassed via three freeze- 

pump-thaw cycles. Pd(PPh3 )4  (0 . 2  equiv.) was then added, the flask sealed and stin'ed at 

80 °C. The reaction was followed by TLC. Once the starting material was consumed, 

the reaction was quenched with water and extracted with dichloromethane. The organic 

layer was dried over M gS0 4 , evaporated to dryness, and subjected to column 

chromatography
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5-(10',15',20'-T riphenylporphyrin-5'-yl)-10,15,20-tris(3-m ethoxyphenyl)porphyrin

(160):

Produced from  128 (5 m g, 0.0075 m m ol), 90 (5 mg, 0.007 m m ol), CS2 CO 3 ( 6  mg, 0.03 

m m ol) and Pd(PPli3 )4  (1 mg, 0.0008 m m ol) follow ing general procedure H. After 

purification, a dark purple solid was isolated (3 m g, 0.003 m m ol, 29% ). M .p. >300 °C; 

R{ = 0.37 (CH 2 CI2 : «-hexane = 3 : 1 ,  v/v); 'H  N M R  (400 M Hz, CDCI3, TM S): S = - 

2.24-2.28 (m , 4H , NH),  3.94 (s, 3H, O C //3), 4.07 (s, 3H, O C //3), 7.57 (m , 3H, ary l-//), 

7.71 (m, 8 H, a ry l-//), 7.83 (m, 8 H, ary l-//), 7.89-7.83 (m, 3H, ary l-//), 8.09-8.10 (d, Vh- 

H = 4.8 Hz, 4H , Hp), 8.24-8.26 (d, \Jh-h = 6 . 8  Hz, 4H , ary l-//), 8.31-8.34 (d, Vh-h = 5.8 

Hz, 4H, a ry l-//), 8.61-8.62 (d, V „.h  =  4.8 Hz, 2H, //p), 8.65-8.66 (d, Vh-h = 4.8 Hz, 

2H, //p), 8.97 (m , 8 H, //p) ppm ; ’^C N M R  (150 M Hz, CDCI3): S =  55.4, 113.2, 126.6, 

126.7, 127.7, 128.8, 134.4, 143.5, 144.8 ppm ; U V /vis (CH 2 CI2 ): ?̂ max (log e) =  406 

(5.20), 503 (3.94), 533 (3.53), 574 (3.48) nm; HRM S (M A LDI) m /z  calcd. for 

[C 7 9H 56N 8 0 3 ](M ^) 1165.4554, found 1165.4497.
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5-(10',15',20'-Trihexylporphyrin-5'-yl)-10,15,20-tris(4-methoxyphenyl)porphyrin

(161):

NHHN

Produced from 134 (10 mg, 0.015 mmol), 91 (12 mg, 0.02 mmol), CS2CO3 (4 mg, 0.02 

mmol) and Pd(PPh3)4  (3 mg, 0.003 mmol) following general procedure H, to give green 

solid ( 6  mg, 0.005 mmol, 37%). M.p. >300 °C; Rf=  0.32 (CH2CI2 : «-hexane = 2 : 1 , 

v/v); ‘H NMR (400 MHz, CDCI3 , TMS): S = -2.14 (s, 2H, N //), -2.05 (s, 2H, 'NH), 

0.91-0.82 (t, Vh-h = 15.0 Hz, 12H, C //3), 1.38 (m, 6 H C //2), 1.45 (m, 6 H, CH2 ), 1.76 

(m, 4H, CH2), 1.92 (m, 2H, CH2), 2.54 (m, 4H, C //2), 2.63 (m, 2H, CH2), 4.04 (s, 6 H, 

O C//3), 4.18 (s, 3H, O C//3), 4.94 (m, 4H, CH2), 5.11-5.15 (t, Vh-h =15.6 Hz, 2H, CH2 ), 

7.24-7.25 (d, ^h-h = 8.3 Hz, 4H, C6H4-//), 7.38-7.39 (d, Vh_h = 8.3 Hz, 2H, C6H4 -H), 

8.05-8.06 (d, Vh-h = 4.9 Hz, 2H, Hp), 8.08-8.09 (d, Vh-h = 4.4 Hz, 2H, //p), 8.16-8.18 

(d, Vh-h = 8 . 8  Hz, 4H, 8.25-8.26 (d, Vh-h = 8.3 Hz, 2H, C6H4 -/:/) 8.63-8.64 (d,

Vh-h = 4.9 Hz, 2H, //p), 8.96-8.97 (d, Vh-h = 4.9 Hz, 2H, //p), 9.00-9.01 (d, Vh-h = 4.9 

Hz, 2H, //p), 9.13-9.14 (d, Vh_h = 4.4 Hz, 2H, //p), 9.58-9.60 (d, Vh-h = 4.4 Hz, 2H, 

Hp), 9.66-9.67 ppm (d, Vh-h = 4.9 Hz, 2H, Hp); '^C NMR (150 MHz, CDCI3): S = 13.9, 

14.0, 22.5, 22.7, 29.5, 29.6, 30.1, 30.2, 31.7, 31.9, 38.5, 55.3, 112.0, 112.1, 135.3 ppm; 

UV/vis (CH2CI2): (log e) = 410 (5.67), 450 (5.01), 507 (4.48), 567 (3.95), 599

(3.87), 6 6 6  (3.49) nm; HRMS (MALDI) m/z calcd. for [C79Hg,N8 0 3 ](M+H)^: 

1189.6432, found 1189.6428.
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5-(10',15',20'-Trihexylporphyrin-5'-yl)-10,15,20-tris(3-methoxyphenyl)porphyrin

(162):

HNNH N^

NHHN
O —

Produced from 134 (10 mg, 0.015 mmol), 90 ( 8  mg, 0.010 mmol), CS2CO3 (4 mg, 0.02 

mmol) and Pd(PPh3 ) 4  (2 mg, 0.002 mmol) following general procedure H to give a 

purple solid. Yield ( 8  mg, 0.007 mmol, 51%). M.p. >300 °C; R{ = 0.30 (CH 2CI2 : n- 

hexane = 2 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3 , TMS): = -2.16 (s, 2H, N //) -2.07 (s,

2H, NH ), 0.86 (m, 12H, C //3), 1.00 (m, 6 H CH 2 ), 1.36-1.30 (m, 6 H, C //2 ), 1.77 (m, 6 H, 

CHz), 1.92-1.86 (m, 6 H, CH2 ), 2.50 (m, 4H, CH2 ), 2.62 (m, 2H, CH2), 4.01 (s, 6 H, 

O C //3), 4.14 (s, 3H, O C //3 ), 4.94-4.85 (m, 4H, C //2 ), 5.14-5.06 (m, 2H, C //2 ), 7.21 (d, 

Vh-h -  8 . 6  Hz, 4H, C6H4 -//), 8.03 (d, Vh-h = 4.7 Hz, 2H, Hp), 8.07 (d, Vh-h = 4.7 Hz, 

2H, //p), 8.14 (d, Vh-h = 8 . 6  Hz, 4H, CeHA-H), 8.22 (d, Vh-h = 8.3 Hz, 2H, C 6H 4 -//), 

8.61 (d, Vh-h = 4.7 Hz, 2H, //p), 8.96 (dd, Vh-h = 13.2, 4.7 Hz, 4H, //p), 9.11 (d, Vh-h = 

4.8 Hz, 2H, //p), 9.56 (d, Vh-h = 4.7 Hz, 2H, //p), 9.63 (d, Vh-h = 4.8 Hz, 2H, //p) ppm; 

'^C NM R (150 MHz, CDCI3): S = 13.9, 14.0, 22.8, 29.6, 30.1, 30.3, 38.6, 55.7, 110.0, 

112.0, 113.4, 134.1, 135.3, 137.1 ppm; UV/vis (CH2CI2 ): /max (log e) = 413 (4.97), 452 

(4.10), 525 (4.34), 564 (3.96), 601 (3.87), 661 (3.79) nm; HRMS (MALDI) m/z calcd. 

for [CygHgiNgOsKM+H)^: 1189.6432, found 1189.6471.

7.3.2 Alkynyl linked dimers

General procedure I  -  Copper-free Sonogashira coupling o f  porphyrin dimers:

This procedure was adapted from a method by Wagner et Bromoporphyrin (1

equiv.), ethynylporphyrin (1 equiv.), Pd2 (dba)3  (0.4 equiv.) and AsPh3 (1 equiv.) were 

added to a Schlenk tube and dried under high vacuum. The flask was purged with argon
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and dry THF (10 mL) and NEts (1 mL) were added. The solution was degassed via 

three freeze-pump-thaw cycles and the reaction heated to 65 °C. The reaction was 

followed by TLC using CH2CI2 : «-hexane ( 1 : 1 ,  v/v). Once the starting material was 

consumed, the solvent was removed and the residue dry-loaded onto silica.

5-(«-Butyl)-15-(5'-ethynyl-10’,15’,20’-triphenylporphyrin)-10,20-bis(4- 

methoxyphenyl)porphyrin (163):

NH N ^

NHHN

O

Produced from 151 (10 mg, 0.018 mmol), 92 (12 mg, 0.018 mmol), AsPhs (4 mg, 0.013 

mmol) and Pd2(dba)s (5 mg, 0.001 mmol) following procedure 1. After purification dark 

green crystals were isolated (5 mg, 0.004 mmol, 29%). M.p. >300 °C; Rr = 0.37 

(CH2CI2 : «-hexane = 4 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3, TMS): S = -2.02 (s, 2H, 

N //), -1.93 (s, 2H, N //), 1.15 (t, Vh-h = 15.4 Hz, 3H, C //3), 1.88-1.81 (m, 2H, CH2 ), 

2.57-2.51 (m, 2H, CH2), 4.14 (s, 6 H, OCH3), 4.98 (m, 2H, CH2), 7.35 (m, 4H, C6H4 -//),

7.80 (m, 9H, Ph-/^, 8.17 (m, 4H, C6H4-//), 8.22 (m, 2H, Ph-H), 8.29 (m, 4H, Ph-//),

8.80 (m, 4H, i/p ), 8.90-8.91 (d, Vh_h = 4.7 Hz, 2H, //p ), 9.07 (m, 4H, //p ), 9.44 (d, Vh-h 

= 4.8 Hz, 2H, i/p ), 10.24 (d, V h-h = 4.7 Hz, 2H, //p ), 10.32 (d, V h-h =  4.7 Hz, 2H, //p ) 

ppm; '^C NMR (150 MHz, CDCI3): S = 14.0, 14.1, 22.5, 23.5, 29.2, 29.6, 29.9, 31.8, 

55.5, 112.2, 120.7, 127.8, 128.2, 128.7, 128.8, 130.3, 134.3, 134.4, 134.7, 135.4, 141.7 

ppm; UV/vis (CH2CI2): Amax (log e) = 415 (4.73), 470 (4.72), 518 (3.89), 620 (3.93), 717 

(4.00) nm; HRMS (MALDI) m/z calcd. for [C78H5gN8 0 2 ](M)^ 1138.4683, found 

1138.4803.



C h a p t e r  7 :  E x p e r i m e n t a l  | 169

5 -(5 ’,10',20’-Triphenylporphyrin)-ethynyl-10,15,20-tris(3- 

m ethoxyphenyl)porphyrin  (164):

NHHN
0—

Produced from  151 (10 mg, 0.018 m m ol), 90 (13 m g, 0.018 m m ol), AsPha (5 mg, 0.020 

m m ol) and Pd(PPh3)4 (2 m g, 0.001 m m ol) follow ing procedure I. A fter purification 

dark green crystals were isolated (3 mg, 0.002 m m ol, 29% ). M.p. >300 °C; Rf  = 0.30 

(C H 2CI2 : «-hexane = 4 : 1 ,  v/v); 'H  N M R (400 M Hz, CD CI3, TM S): S = -2.03 (s, 2H, 

N //)  -2.01(s, 2H, N /i) , 3.98 (s, 3H, O C //3), 4.01 (s, 6 H, O C //3), 7.10 (d, Vh-h = 15.9 

Hz, 4H, C 6H 4- //) , 7.63 (m, 9H, P h-//), 7.75 (d, Vh-h = 15.9 Hz, 4H, C 6H4- //) , 7 .91-7.87 

(m, 4H, CeU4-H), 8.24-8.20 (m, 2H, P h-//), 8.32-8.27 (m, 4H, P h -//) , 8.83-8.81 (m, 2H, 

/ / p ) ,  8.87-8.85 (m, 2H, / / p ) ,  8.95-8.90 (m, 2H, / / p ) ,  9.11-9.08 (m, 2H, / / p ) ,  9.15-9.12 (m, 

2H, / / p ) ,  9.35-9.32 (m, 2H, / / p ) ,  10.37-10.32 (m, 4H, / / p )  ppm ; '^C N M R  (150 M Hz, 

CDCI3): (5 = 14.0, 22.5, 22.6, 29.2, 29.7, 29.9, 31.8, 55.5, 125.3, 126.7, 127.5, 127.9, 

128.2, 128.8, 130.3, 134.3, 134.4, 136.7, 143.2 ppm ; U V /vis (C H 2CI2): imax (log e) = 

412 (4.91), 473 (4.88), 517 (4.01), 620 (4.09), 713 (4.19) nm; HRM S (M A LDI) m/z  

calcd. for [CgiHjeNgOsKM^): 1188.4475, found 1188.4490.
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5-{5’,10’,20’-Tris(4-methoxyphenyl)ethynyl-10,20-bis(3,5-di-/e/'/-butylphenyl)-15- 

phenylporphyrin (165):

N HH N

Following procedure I, ethynylporphyrin 156 (20.0 mg, 0.025 mmol), bromoporphyrin 

91 (18 mg, 0.025 mmol), AsPhs (10 mg, 0.033 mmol) and Pd2 (dba)3  (2 mg, 0.003 

mmol) were dried in vacuo and dissolved in degassed NEta (1 mL) and THF (4 mL). 

The solution was stirred for 14 h at 65 °C. All solvents were removed and the residue 

purified by column chromatography (silica, CH 2CI2 : w-hexane, 1 ; 4 to 2 : 1, v/v) to 

yield a red-green solid. Yield: 23 mg (0.016 mmol, 64%). M.p. >300 °C; = 0.33

(CH 2CI2 : «-hexane ; TEA = 2 : 1 : 0.01, v/v); 'H  NM R (400 MHz, CDCI3 , TMS): S = - 

1.92 (s, 2H, NN),  -1.89 (s, 2H, NH), 1.59 (s, 36H, t-butyl-H), 4.11 (s, 3H, O C //3), 4.14 

(s, 6 H, OCB3), 7.31 (d, Vh-h = 8.2 Hz, 2H, C6H 4 -//), 7.31 (d, Vh-h = 8 . 8  Hz, 4H, Ar- 

H), 7.74-7.80 (m, 5H, aryl-//), 7.85-7.89 (m, 2H, C6H 4 -//), 8.15 (d, Vh-h = 8.2 Hz, 2H, 

Ph-//), 8.17-8.21 (m, 4H, aryl-//), 8.23 (d, Vh-h = 8 . 8  Hz, 4H, Ph-//), 8.84-8.93 (m, 8 H, 

/ / p ) ,  9.17 (d, ^ J h - h  =  4.7 Hz, 2H, / / p )  9.20 (d, V h - h  =  4.7 Hz, 2H, / / p )  10.40 (m, 4H, / / p )  

ppm; ’^C-NMR (150 MHz, CDCI3): S = 35.2, 55.6, 55.6, 99.9, 100.2, 100.3, 100.3, 

112.3, 112.4, 121.2, 121.3, 121.8, 122.9, 126.7, 129.8, 134.3, 134.3, 135.5, 135.6, 

140.8, 149.0, 159.6 ppm; UV/vis (CH 2 CI2 ): /.max (log e) = 409 (4.77), 475 (4.95), 522 

(4.05), 623 (4.22), 719 (4.34) nm; HRMS (ESI) m/z calcd. for (CgyHggNgOaKM+H)^ 

1413.7086, found 1413.7058.
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5-(5’,10’,20’-Trihexylporphyrin)ethynyI-10,20-bis(3,5-di-/e/*/-butylphenyI)-15- 

phenylporphyrin (166):

HN NH

Following procedure I ethynylporphyrin 156 (21 mg, 0.027 mmol), bromoporphyrin 85 

(17 mg, 0.027 mmol), AsPh3 (25 mg, 0.082 mmol) and Pd2 (dba) 3  (16 mg, 0.028 mmol) 

were dried in vacuo and dissolved in degassed NEts (1 mL) and THF (4 mL). The 

solution was stirred for 4 h at 65 °C and then for 15 h at room temperature. All solvents 

were removed and the residue purified by column chromatography (silica, CH 2CI2 : n- 

hexane, 1 : 4 to 1 : 1, v/v) to yield a red-green solid. Yield: 16 mg (0.012 mmol, 45%). 

M.p. >300 °C; = 0.32 (CH2CI2 : n-hexane = 2 : 1 ,  v/v); 'H  NMR (600 MHz, CDCI3 ,

TMS): 6 = -1.93 (s, 2H, N //), -1.89 (s, 2H, N //), 0.94-1.00 (t, Vh-h = 14.7 Hz, 9H, 

C //3), 1.38-1.49 (m, 6 H, C //2 ), 1.51-1.60 (m, 6 H, C //2 ), 1-59 (s, 36H, /-butyl-//), 1.81- 

1.91 (m, 6 H, CH2 ), 2.51-2.61 (m, 6 H, C //2 ), 4.91-4.98 (m, 6 H, C //2 ), 1.12-1 m  (m, 3H, 

Ph-//), 7.83-7.86 (m, 2H, Ph-//), 8.13-8.16 (m, 4H, A r-//), 8.21-8.25 (m, 2H, A r-//), 

8.81 (d, Vh-h = 4.7 Hz, 2H, //p), 8 . 8 8  (d, Vh-h = 4.7 Hz, 2H, //p), 9.17 (d, Vh_h = 4.7 

Hz, 2H, //p), 9.45 (d, Vh-h = 4.7 Hz, 2H, //p) 9.49 (d, Vh-h = 4.7 Hz, 2H, /Tp), 9.61 (d, 

Vh-h = 4.7 Hz, 2H, //p), 10.32 (d, Vh-h = 4.7 Hz, 2H, //p), 10.37 (d, Vh-h = 4.7 Hz, 2H, 

H^) ppm; ‘^C NMR (150 MHz, CDCI3): 8 ^  14.1, 14.2, 22.7, 22.8, 29.7, 29.8, 30.3, 

30.4, 31.8, 31.9, 35.1, 35.4, 36.0, 98.4, 99.4, 100.3, 100.7, 120.8, 121.3, 121.6, 121.8, 

122.8, 126.7, 127.8, 128.4, 128.9, 129.9, 133.7, 134.3, 140.9, 142.2, 149.0 ppm; UV/vis 

(CH 2CI2 ): ;.max (log e) = 410 (4.61), 473 (4.82), 522 (3.85), 623 (4.04), 723 (4.17) nm; 

HRMS (ESI) m/z  calcd. for [C9 4H,o7N 8](M+H)^: 1347.8606, found 1347.8619.
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5-(5’,10’,20’-Triphenylporphyrin)ethynyl-10,20-bis-(3,5-di-/er^-butylphenyl)-15- 

phenylporphyrin (167):

HN

NHHN

Following procedure I, ethynylporphyrin 156 (20 mg, 0.025 mmol), bromoporphyrin 83 

(16 mg, 0.025 mmol), AsPhs (10 mg, 0.033 mmol) and Pd2(dba)3 (2 mg, 0.002 mmol) 

were dried in vacuo and dissolved in degassed N Et3 (1 mL) and THF (4 mL). The 

solution was stirred for 4 h at 65 °C and then for 15 h at room temperature. All solvents 

were removed and the residue purified by column chromatography (silica, CH2CI2 ; n- 

hexane, 1 : 3 to 1 : 1, v/v) to yield a red-green solid. Yield: 15 mg (0.012 mmol, 45%). 

M.p. >300 °C; = 0.29 (CH2CI2 : /J-hexane = 2 : 1 ,  v/v); 'H-NM R (600 MHz, CDCI3,

TMS): 5 = -2.00 (s, 2H, N //), -1.94 (s, 2H, N /^ , 1.58 (s, 36H, r-butyl-//), 7.74-7.85 (m, 

12H, A r/Ph-//), 7.83-7.86 (m, 2H, A r/Ph-//), 8.15-8.18 (m, 4H, A r/Ph-/^ , 8.21-8.26 (m, 

4H, A r/Ph-//), 8.28-8.34 (m, 4H, A r/Ph-//), 8.80-8.90 (m, 8 H, / / p ) ,  9.11 (d, Vh-h = 4.7 

Hz, 2H, / / p ) ,  9.15 (d, V h - h  =  4.7 Hz, 2H, / / p ) ,  10.36 (d, % .h  =  4.7 Hz, 2H, / / p ) ,  10.37 

(d, Vh-h = 4.7 Hz, 2H, / / p )  ppm; '^C N M R (150 MHz, CDCI3): S = 35.1, 53.4, 99.7, 

100.1, 100.4, 100.7, 121.3, 121.5, 121.9, 122.0, 123.0, 126.7, 126.8, 126.9, 127.8, 

127.9, 129.8, 134.3, 134.4, 134.6, 140.8, 141.8, 142.0, 142.2, 149.0 ppm; UV/vis 

(CH2CI2): ;.max (log e) = 406 (4.80), 474 (4.99), 521 (4.31), 624 (4.37), 719 (4.42) nm; 

HRMS (ESI) m/z calcd. for [C94H82Ng](M+H)^: 1323.6749, found 1323.6741.
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5-(5’,15’-Bis(3,5-di-/er/-butylphenyl)-10’-phenylporphyrin)ethynyl-10,20-bis(3,5- 

di-/if/'^-butylphenyl)-15-hexylporphyrin (168):

NH N ^ ^ N  HN

NHHN

Following procedure 1, ethynylporphyrin 158 (30 mg, 0.039 mmol), bromoporphyrin 87 

(33 mg, 0.039 mmol), AsPhs (10 mg, 0.033 mmol) and Pd2 (dba ) 3  (4 mg, 0.004 mmol) 

were dried in vacuo and dissolved in degassed NEts (1 mL) and THF (4 mL). The 

solution was stin'ed for 6  h at 65 °C. All solvents were removed and the residue purified 

by column chromatography (silica, CH 2 CI2  : «-hexane, 1 : 4 to 2 ; 1, v/v) to yield a red- 

green solid. Yield: 20 mg (0.013 mmol, 34%). M.p. >300 °C; /?f = 0.32 (CH2 CI2 : n- 

hexane = 3 : 1 ,  v/v); 'H  NMR (600 MHz, CDCI3, TMS): 8=  -1.95 (s, 2H, N //), -1.88 (s, 

2H, N //), 0.94-0.98 (t, Vh-h = 15.4 Hz, 3H, C //3 ), 1.57 (s, 36H, /-butyl-//), 1.59 (s, 36H, 

/-b u ty l-//) , 1.41-1.47 (m, 2H, C //2 ), 1.64-1.70 (m, 2H, C //2 ), 1.83-1.90 (m, 2H, C //2 ), 

2.55-2.60 (m, 2H, CHj),  4.94-5.02 (m, 2H, C //2 ), 1.12-1 M  (m, 3H, Ph-//), 7.83-7-87 

(m, 2H, A r/Ph-//), 7.83-7.86 (m, 2H, A r/Ph-//), 8.12-8.16 (m, 4H, A r/Ph-//), 8.20-8.24 

(m, 2H, A r/Ph-//), 8.79 (d, Vh-h = 5.7 Hz, 2H, Ph-//), 8.84 (d, Vh-h = 5.7 Hz, 2H, Ph- 

//) , 8.92 (d, Vh-h = 4.7 Hz, 2H, / / p ) ,  9.06 (d, Vh-h = 4.7 Hz, 2H, / / p ) ,  9.11 (d, Vh-h = 

4.7 Hz, 2H, / / p ) ,  9.44 (s, 2H, / / p ) ,  10.27 (s, 4H, / / p ) ,  10.33 (s, 4H, / / p )  ppm; '^C NMR 

(150 MHz, CDCI3 ): d = 14.0, 22.6, 25.5, 29.3, 29.4, 29.6, 30.2, 30.3, 34.9, 121.1, 122.2, 

122.7, 124.7, 125.4, 126.5, 129.5, 129.6, 134.2, 135.5, 140.7, 140.9 ppm; UV/vis 

(CH 2 CI2 ): Amax (log £) = 408 (4.94), 474 (5.13), 521 (4.24), 622 (4.38), 721 (4.50) nm; 

HRMS (ESI) m/z calcd. for (Ci,oH,2 2N 8](M^): 1554.9792, found 1554.9810.
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Bis{10,20-bis(3,5-di-^e/'/-butylphenyI)-15-phenylporphyrin-5-yl)ethynyl (169):

NH N ^

NHHN

Following procedure I, ethynylporphyrin 156 (18 mg, 0.023 mmol), bromoporphyrin 87 

(19 mg, 0.023 mmol), AsPhs (10 mg, 0.033 mmol) and Pd2 (dba )3  (1 mg, 0.002 mmol) 

were dried in vacuo and dissolved in degassed NEts (1 mL) and THF (4 mL). The 

solution was stirred for 6 h at 65 °C. All solvents were removed and the residue purified 

by column chromatography (silica, CH 2CI2 : «-hexane, 1 : 4 to 2 ; 1, v/v) to yield a red- 

green solid. Yield; 15 mg (0.010 mmol, 43%). M.p. >300 °C; = 0.27 (CH 2CI2 ; n-

hexane = 3 ; 1, v/v); 'H  NM R (600 MHz, CDCI3, TMS): S = -1.93 (s, 4H, ~NH), 1.58 (s, 

72H, /-butyl-//), 7.72-7.81 (m, 6H, Ar-H), 7.S3-1.S7 (m, 4H, Ar-H), 8.13-8.18 (m, 8H, 

A r/Ph-//), 8.21-8.26 (m, 4H, Ph-//), 8.79 (s, 4H, //p), 8.86 (s, 4H, //p), 9.14 (s, 4H, //p), 

10.36 (s, 4H, //p) ppm; ’^C-NMR (150 MHz, CDCI3): S = 35.0, 53.3, 99.8, 100.2, 121.1, 

121.6, 122.7, 126.6, 127.6, 129.7, 134.2, 140.7, 142.0, 148.8 ppm; UV/vis (CH 2CI2 ): 

;.max (log e) = 413 (4.59), 474 (4.72), 523 (3.87), 622 (3.99), 718 (4.09) nm; HRMS 

(ESI) m /zcalcd. for [ChoHihNsKM+H)^: 1547.9292, found 1547.9245.
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{5-(10’,20’-Bis(3,5-di-/er^-butylphenyl)-15’-phenylporphyrin-5-yl}ethynyl- 

10,15,20-triphenylporphyrinato}zinc(II) (170):

NH

Following procedure I, ethynylporphyrin 156 (32 mg, 0.040 mmol), bromoporphyrin 

104 (27 mg, 0.040 mmol), AsPha (20.2 mg, 0.066 mmol) and Pd2 (dba ) 3  (9.0 mg, 0.010 

mm ol) were dried in vacuo and dissolved in degassed N Et3 (1 mL) and THF (4 mL). 

The solution was stirred for 4 h at 65 °C and then for 15 h at room temperature. All 

solvents were removed and the residue purified by column chromatography (silica. 

CH 2 CI2 : hexane, 1 : 4 to 1 : 1, v/v) to yield a red-green solid. Yield: 30 mg (0.022 

mm ol, 54%). M.p. >300 °C; = 0.26 (CH 2 CI2 : «-hexane : TEA = 1 : 1 ;  0.01, v/v); 'H

N M R (600 MHz, CDCI3, TMS): S = -1.93 (s, 2H, N //), 1.58 (s, 36H, /-butyl-//), 7.70- 

7.83 (m, 12H, A r/Ph-//), 7.85-7.87 (m, 4H, A r/Ph-//), 8.15-8.18 (m, 4H, A r/Ph-//), 

8.22-8.25 (m, 2H, A r/Ph-//), 8.29-8.32 (m, 4H, A r/Ph-//), 8.80 (d, Vh-h = 4.7 Hz, 2H, 

//p), 8.87 (d, Vh-h = 4.7 Hz, 2H, //p), 8 . 8 8  (d, Vh_h = 4.7 Hz, 2H, //p), 8.92 (d, Vh-h = 

4.7 Hz, 2H, //p), 9.13 (d, V„.h = 4.7 Hz, 2H, //p), 9.19 (d, Vh-h = 4.7 Hz, 2H, //p), 10.33 

(d, Vh-h = 4.7 Hz, 2H, //p) 10.43 (d, % .h  = 4.7 Hz, 2H, //p) ppm; '^C NM R (150 MHz, 

CDCI3): 31.7, 35.0, 99.7, 100.0, 100.3, 101.8, 121.1, 121.6, 121.9, 122.3, 122.7,

126.4, 126.6, 127.6, 129.7, 130.8, 131.9, 132.2, 133.2, 134.1, 134.2, 134.3, 140.7,

142.4, 148.8, 149.9, 150.1, 150.5, 152.8 ppm; UV/Vis (CH 2 CI2 ): (log e) = 406

(4.86), 473 (4.99), 521 (4.31), 624 (4.37), 716 (4.42) nm; HRMS (ESI) m/z calcd. for 

[C9 4 H 8 iNgZn](M+H)^: 1385.5930, found 1385.5876.



C h a p t e r  7 :  E x p e r i m e n t a l  | 176

{5-[(10’,20’-B is(3,5-di-/e/-/-butylphenyl)-15’-phenylporphyrinato-5- 

yl]zinc(II)}ethynyl-10,15,20-triphenylporphyrinato}zinc(II) (171):

Zn

Follow ing procedure I, ethynylporphyrin 157 (28 m g, 0.033 m m ol), brom oporphyrin 

104 (22 m g, 0.033 m m ol), AsPhs (15 mg, 0.049 m m ol) and Pd 2 (dba ) 3  (5 mg, 0.005 

m m ol) were dried in vacuo and dissolved in degassed NEts (1 m L) and THF (4 mL). 

The solution was stirred at 65 °C for 16 h. All solvents w ere rem oved and the residue 

purified by colum n chrom atography (silica, C H 2 CI2 : «-hexanc, 1 ; 4 to 1 : 1, v/v) to 

yield a red-brow n solid. Yield: 25 m g (0.017 m m ol, 52%). M.p. >300 °C; R{ = 0.29 

(CH 2 CI2 ; «-hexane : TEA  = 1 : 1 :  0.01, v/v); 'H  N M R  (600 M Hz, CDCI3, TM S): d = 

1.59 (s, 36H, r-buty l-//), 7.70-7.83 (m , 14H, A r/P h-//), 8.15-8.22 (m, 8H, A r/P h-//), 

8.29-8.32 (m , 4H, A r/P h-//), 8.89 (s, 2H , //p), 8.92 (s, 4H , //p), 8.97 (s, 2H, //p), 9.18 (s, 

2H, //p ), 9.23 (s, 2H , //p ), 10.43 (s, 4H , //p ) ppm. '^C N M R  (150 M Hz, CDCI3): S = 

31.8, 35.1, 121.0, 122.4, 122.8, 123.9, 126.6, 126.7, 127.7, 129.7, 130.7, 131.0, 132.0,

132.3, 132.3, 133.3, 133.6, 134.2, 134.3, 134.4, 141.5, 142.5, 148.8, 150.0, 150.1,

150.3, 150.3, 150.6, 150.9, 152.8, 152.9 ppm ; U V /vis (CH 2 CI2 ): Amax (log e) = 413 

(4.63), 480 (4.92), 559 (4.22), 690 (4.35) rnn; HRM S (ESI) m/z calcd. for 

[C9 4 Hv8N 8Z n 2 ](M +H)^: 1447.4935, found 1447.5011.
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{5-[(5’,10’,20’-Trihexylporphyrinato-5-yl)zinc(II]ethynyl-10,20-bis(3,5-di-^er/- 

butylphenyl)-15-phenylporphyrinato}zinc(II) (172):

Zn Zn

Dim er 166 (11 mg, 0.008 m m ol) was dissolved in CHCI3 (10 m L) and heated to reflux 

for 10 min. Zinc(II)acetate (100 mg, 0.406 m m ol) was dissolved in m ethanol (2 mL) 

and both solutions were com bined. The m ixture was heated to reflux for 30 min. All 

solvents were rem oved in vacuo, the residue dissolved in C H 2 CI2 (5 mL) and filtered 

through a plug o f  silica. All solvents were rem oved to yield a red/brow n solid. Yield: 8  

m g (0.006 m m ol, 6 8 %). M .p. >300 °C; R{ =  0.32 (CH 2 CI2 : «-hexane : TEA = 1 : 1 :  

0.01, v/v); 'H  N M R  (600 M Hz, THF-dg, TM S): ^ =  0.94-0.99 (m, 9H, C //3 ), 1.42-1.48 

(m, 6 H, CH 2), 1.54-1.60 (m, 6 H, C // 2 ), 1.61 (s, 36H, 1.86-1.94 (m, 6 H, C / / 2 ),

2.54-2.65 (m, 6 H, CHj),  5.03-5.12 (m, 6 H, C / / 2 ), 7.74-7.78 (m, 3H, A r/P h-//), 7.93- 

7.95 (m, 2H, A r/Ph-//), 8.19-8.25 (m, 6 H, A r/P h -/^ , 8.78 (d, Vh-h = 4.7 Hz, 2H, //p), 

8.84 (d, Vh-h = 4.7 Hz, 2H, //p), 9.16 (d, Vh_h = 4.7 Hz, 2H, //p), 9.57 (d, Vh-h = 4.7 

Hz, 2H, //p) 9.59 (d, Vh-h =  4.7 Hz, 2H, //p), 9.77 (d, Vh-h = 4.7 Hz, 2H, //p), 10.43 (d, 

Vh-h = 4.7 Hz, 2H, //p), 10.49 (d, V h-h  = 4.7 Hz, 2H , //p) ppm ; '^C N M R  (150 M Hz, 

THF-dg): d' =  14.5, 23.7, 30.7, 31.2, 32.1, 33.0, 35.8, 40.0, 121.7, 122.0, 122.8, 124.0, 

125.9, 127.2, 129.4, 130.6, 130.7, 131.3, 132.5, 133.6, 135.2, 138.2, 143.5, 149.5, 

150.2, 150.5, 15.1, 151.2, 151.6, 153.2, 153.7 ppm ; U V /vis (C H 2 CI2 ): Amax (log £) =  432 

(4.45), 479 (4.78), 557 (4.21), 696 (4.38) nm; HRM S (ESI) m/z calcd. for 

[C9 4 H |0 3N 8Zn 2 ](M+H)^: 1471.6903, found 1471.6889.
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5-(5’,10’,20’-Triphenylporphyrin-5-yl)ethynyl-15-(3-methoxyphenyl)-10,20- 

diphenylporphyrin (173):^^ '̂^

o —
HN

NHHN

Obtained from ethynylporphyrin 159 (25 mg, 0.042 mmol), bromoporphyrin 83 (26 mg, 

0.042 mmol), AsPhs (27 mg, 0.089 mmol) and Pd2 (dba)3  (3.8 mg, 0.004 mmol) using 

general procedure I to yield a dark green solid following column chromatography 

CH 2CI2 : «-hexane (1 : 3, v/v). Yield (18 mg, 0.016 mmol, 38%). M.p. >300 °C; Rf = 

0.37 (CH 2CI2 : /7-hexane = 3 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3, TMS): S = -2.09 (s, 

2H, N //), -1.99 (s, 2H, N //), 4.02 (s, 3H, OC//3), 7.54 (m, 4H, aryl-//), 7.84 (m, 16H, 

aryl-//), 8.27 (m, 8H, Ph-//), 8.82 (m, 8H, //p), 9.03-9.04 (d, Vh-h = 4.5 Hz, 2H, //p), 

9.11-9.12 (d, V h -h  = 4.5 Hz, 2H, / / p ) ,  9.95-9.96 (d, V  h -h  = 4.8 Hz, 2H, / / p ) ,  10.36- 

10.37 (d, Vh-h = 4.7 Hz, 2H, //p) ppm; UV/vis (THF): /.^ax (log e) = 407 (4.89), 471 

(5.13), 520 (4.22), 625 (4.40), 712 (4.48) nm; HRMS (ESI) m/z calcd. for 

(C79H52N80](M)^: 1128.4264, found 1128.4277.

5-(5’-Hexyl-10’,20’-diphenyl-5-yl)ethynyl-10,15,20-triphenylporphyrin (174):

NHHN
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Produced from  ethynylporphyrin 151 (30 m g, 0.053 m m ol), brom oporphyrin 84 (33 

mg, 0.053 m m ol), AsPhs (34 mg, 0.111 m m ol) and Pd2(dba )3 (5 m g, 0.004 m m ol) using 

general procedure I to yield a dark solid follow ing colum n chrom atography (silica, 

C H 2CI2 : «-hexane, 1 : 3, v/v) (23 m g, 0.340 m m ol, 39% ). M .p. >300 °C; = 0.29

(C H 2CI2 : «-hexane = 3 : 1 ,  v/v); 'H  N M R  (400 M Hz, CDCI3 , TM S): S = -1.99 (s, 2H, 

N/y) -1.93 (s, 2H , N H )  0.91 (t, ^Jh_h = 15.3 Hz, 3H, C //3), 1.76-1.81 (m, 4H , C H 2), 

1.84-1.88 (m, 2H , C / / 2), 2.58 (m, 2H, CH 2 ), 5.00 (m, 2H, CHj) ,  7.82 (m, 16H, P h-//), 

8.30 (m, 12H, P h - /0 , 8.23-8.36 (m, 4H, //p), 8.90-8.91 (d, Vh-h = 4.7 Hz, 2H, //p), 9.05- 

9.06 (d, Vh-h = 4.7 Hz, 2H, //p), 9.09-9.11 (d, Vh-h = 4.7 Hz, 2H, //p), 9.46-9.48 (d, Vh- 

n =  4.7 Hz, 2H, //p), 10.27-10.29 (d, Vh-h = 4.7 H z, 2H, 10.33-10.34 (d, Vh-h = 4.7

Hz, 2H , //p) ppm ; '^C N M R (150 M Hz, CD CI3): d = 14.2, 22.8, 29.4, 29.7, 31.9, 36.0, 

126.8, 126.9, 127.9, 134.4, 134.5, 134.6, 141.9 ppm ; U V /V is (THF): ^ a x  (log e) = 427 

(4.79), 472 (5.02), 519 (4.11), 620 (4.24), 714 (4.34) nm; HRM S (ESI) m/z  calcd. for 

[CygHsgNsKM+H)^ 1107.4904, found 1107.4863.

l ,2-Bis(5,10,15-triphenylporphyrin-20-yl)ethine (175):

HN

NHHN

Produced from  ethynylporphyrin 151 (80 m g, 0.142 m m ol), brom oporphyrin 83 (76 

mg, 0.142 m m ol), AsPhs (48 mg, 0.156 m m ol) and Pd2 (dba )3  (13 mg, 0.014 mmol) 

using general procedure I. The solvent was rem oved in vacuo  and the residue filtered 

through a plug o f  silica using C H 2CI2 : TEA as eluent (99 : 1, v/v), giving a green 

fraction. A fter rem oval o f  the solvent and recrystallisation from  C H 2Cl2/M eO H  a dark 

pow der w as obtained (75 m g, 0.068 m m ol, 48% ). M .p. >300 °C; R f =  0.37 (CH 2CI2 : n- 

hexane = 5 : 1 ,  v/v); 'H  N M R  (400 M Hz, CD CI3 , TM S): S = -1.96 (s, 4H, N /0  7.81 (m, 

18H, P h -//) , 8.23 (m, 6 H, P h-//), 8.32 (m, 8 H, P h -//) , 8.84 (m, 8 H, //p), 9.11-9.13 (d, 

Vh-h =  4.8 Hz, 4H , /Tp), 10.36-10.38 (d, Vh_h =  4.8 Hz 4H, H^) ppm ; '^C N M R  (150
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MHz, THF-dg): S = 29.5, 53.3, 126.6, 126.9, 128.0, 134.2, 134.5 141.6 ppm; UV/vis 

(THF): ;.max (log £) = 407 (5.04), 472 (5.24), 519 (5.29), 619 (4.44), 712 (4.53) nm; 

HRMS (ESI) m/z calcd. for [CygHsiNgKM+H)^: 1099.4255, found 1099.4237.

l,2-Bis[5,10,15-triphenylporphyrin-20-ylato}zinc(II)]ethine (176):

Zn

Produced from ethynylporphyrin 152 (70 mg, 0.112 mmol), bromoporphyrin 104 (67 

mg, 0.112 mmol), AsPhs (38 mg, 0.123 mmol) and Pd2 (dba ) 3  (10 mg, 0.011 mmol) 

using general procedure I. The solvent was removed in vacuo and the residue filtered 

through a plug o f silica using CH 2 CI2  : TEA as eluent (99 ; 1, v/v), to yield a green 

fraction. Recrystallisation from CH 2 Cl2 /MeOH gave a dark powder (75 mg, 0.068 

mmol, 47%). M.p. > 300 °C; R f = Q 2 2  (CH 2 CI2 : «-hexane ; TEA = 1 : 1 :  0.01, v/v); 

’H NM R (400 MHz, CDCI3, TMS): 6 = 7.83 (m, 20H, Ph-//), 8.26 (m, 4H, Ph-//), 8.33 

(m, 6H, Ph-//), 8.95-8.96 (d, Vh-h = 4.8 Hz 8H, //p), 9.23-9.24 (d, Vh-h = 4.6 Hz, 4H, 

//p), 10.51-10.52 (d, Vh-h = 4.6 Hz 4H, //p) ppm; '^C NMR (150 MHz, CDCI3): 8 = 

98.8, 99.2, 120.3, 120.7, 124.6, 124.6, 125.7, 128.5, 129.6, 129.8, 130.8, 132.6, 132.8, 

141.6, 141.7, 148.1, 148.4, 148.8, 151.1 ppm; UV/vis (CH 2 CI2 ): ^,ax (log e) = 412 

(5.18), 479 (5.44), 548 (4.36), 685 (4.74) nm; HRMS (ESI) m/z calcd. for 

[C7 8 H4 6 NgZn2 ](M^): 1222.2428, found 1222.2468.
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7.3.3 Phenylacetylene linked dimers

4-(10,20-Diphenylporphyrin-5-yl)-phenylethynyl-(10,20-diphenylporphyrin-5-yl)

(177):

NHHN

Following the general procedure 1, 5-(4-ethynylphenyl)-10,20-diphenylporphyrin 62 

(30 mg, 0.0533 mmol), 5-bromo-10,20-diphenyIporphyrin 94 (32 mg, 0.059 mmol), 

AsPhs (33 mg, 0.106 mmol) and Pd2 (dba ) 3  (12 mg, 0.013 mmol) in a mixture o f THF 

(15 mL) and NEts (5 mL) were used. Purification via column chromatography on silica 

gel (CH 2 CI2 ; M-hexane = 1 : 1 ,  v/v) followed by recrystallisation from CH 2 CI2/CH 3 OH 

gave purple crystals (25 mg, 0.0244 mmol, 46 %). M.p. >300 °C; Rf =  0.25 (/7-hexane : 

CH 2 CI2 = 1 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3, TMS): S = -2.91 (s, 2H, NH),  -2.44 

(s, 2H, N //), 7.85 (m, 12H, CeH ^Ph-//), 8.31 (m, 8 H, Ph-//), 8.47 (s, 4H, Ph-//), 9.01 

(m, 4H, //p), 9.08 (m, 6 H, //p), 9.33 (d, Vh-h = 4.4 Hz, 2H, //p), 9.39 (d, Vh-h = 4.4 Hz, 

2H, / / p ) ,  10.05 (d, V h - h  = 4.4 Hz, 2H, / / p ) ,  10.22 (s, IH, / / m e s o ) ,  10.28 ppm (s, IH, 

Miieso) ppm; '^C NM R (150 MHz, CDCI3): S = 93.5, 96.6, 96.7, 104.8, 106.4, 119.5, 

120.5, 123.4, 126.7, 127.6, 127.7, 128.6, 129.7, 131.1, 134.5, 134.8 ppm; UV/vis 

(CH 2 CI2 ): ;.nia,x (log e) = 413 (4.87), 433 (4.92), 511 (3.76), 571 (3.92), 571 (3.92), 602 

(3.43), 662 (3.59) nm; HRMS (ESI) m/z calcd. for [C7 2H4 7 Ng](M+H^): 1023.3910, 

found 1023.3924.



C h a p t e r  7 :  E x p e r i m e n t a l  | 182

5-{[(10’,20’-D iphenylporphyrinato-5-yl)zinc(II)]-4-phenylethynyl-10,20- 

diphenylporphyrinato}zinc(II) (178)

Zn

Follow ing general procedure I, 178 was produced from  phenylethynyl porphyrin 117 

(20 m g, 0.032 m m ol) and brom oporphyrin  105 (19 m g, 0.032 m m ol) to yield a purple 

product (16 m g, 0.014 m m ol, 44% ). M .p. >300 °C; R{=  0.27 (CH 2 CI2 : «-hexane = 2 ; 

1, v/v); 'H  N M R  (400 M H z C D C l3 /pyrid ine-d 5 10:1, TM S): S = 7.02 (d, Vh-h = 7.3 Hz, 

2H , C 6 H 4 - //) , 7.54 (d, Vh-h =  7.3 Hz, 2H , C(,U4-H), 7.25 (m, 2H, P h - /^ , 7.86 (lOH, m, 

8.32 (8H, m, 8.48 (s, 2H, Hp), 9.10 (m, 4H, % ) ,  9.17 (m, 4H, //p), 9.41-

9.42 (d, Vh-h = 4.3 Hz, 2H, //p), 9.47-9.48 (d, Vh-h =  4.3 Hz, 2H, //p), 10.11-10.12 (d, 

Vh-h = 4.6 Hz, 2H, //p), 10.28 (s, IH , //n,eso), 10.35 (s, IH , //n,eso) ppm ; UV/vis 

(CH 2 CI2 ): Amax (log £) = 419 (4.89), 440 (4.62), 552 (3.75), 617 (3.61) nm ; HRM S 

(M aldi) m/z  calcd. for [C 7 2 H 4 3N 8Zn 2 ](M +H )" 1147.2147, found 1147.2135.

5-[4-(10’,20’-D iphenylporphyrin -5-yl)phenylethynyi]-10,20-b is(l-  

ethylpropyl)porphyrin  179.

NHHN

Produced from  porphyrin 62 (23 m g, 0.041 m m ol) and brom oporphyrin 95 (25 mg, 

0.041 m m ol), follow ing general procedure I to yield a purple pow der (green in solution)
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(19 m g, 0.018 m m ol, 45% ). M.p. >300 °C; R f =  0.32 (CH 2 CI2 : «-hexane = 1 : 1 ,  v/v); 

'H  N M R  (600 M Hz, CDCI3 , TM S): d '= -2.87 (s, 2H, NH),  -1.89 (s, 2H, N /f), 1.03 (t, 

Vh-h = 14.7 Hz, 12H, C //3 ), 2.88 (m, 4H, CH 2), 3.02 (m, 4H, CHj) ,  5.05 (m, 2H, CH),  

7.85 (m, 6 H, 8.31-8.34 (m, 4H, P h-//), 8.49 (m, 4H, C 6H 4 -//) , 9.04-9.05 (d, Vh-h

= 4.7 Hz, 2H, //p), 9.09-9.12 (dd, Vh-h = 13.2, 4.7 Hz, 4 H ,//p ), 9.36 (m, 2H, //p), 9.41- 

9.42 (d, Vh-h = 4.6 Hz, 2H, //p), 9.67-9.68 (m ,2H , //p), 9.78-9.79 (m, 2H, //p), 10.14 (s, 

IH , //meso), 10.15 (s, 2H, //p), 10.30 (s, IH , //meso) Ppm; '^C N M R  (150 M Hz, CDCI3 ): S 

= 13.9, 29.2, 29.3, 29.5, 30.2, 31.8, 34.1, 45.6, 119.7, 122.3, 123.6, 123.0, 125.4, 126.7, 

127.4, 127.6, 128.3, 129.3, 129.6, 131.2, 131.9, 132.1, 134.6, 134.8, 138.5, 139.5, 

139.7, 141.6 ppm; UV /vis (THF): (log e) = 412 (6.05), 434 (5.99), 508 (4.97), 572

(5.07), 6 6 6  (4.71) nm; HRM S (M A LDI) m/z  calcd. for [CyoHsgNsKM^) 1010.4784, 

found 1010.4736.

4,4'-B is[{10,15-bis(l-ethylpropyl)porphyrinato}zinc(II)]phenyl]-but-l,3-diyne

(180):

Zn Zn

Hom ocoupled side product obtained as a purple pow der from  the synthesis o f  189 (11 

mg, 0.009 m m ol, 21% ). M .p. >300 °C; R{=  0.37 (CH 2 CI2 : «-hexane : M eOH = 2 : 1 :  

0.1, v/v); 'H  N M R  (400 M Hz, CDCI3 ): S=  1.02 (t, \Ih-h = 14.3 Hz, 24H, C / / 3), 2.88 (m, 

8 H, CH 2), 3.06 (m, 8 H, C / / 2 ), 5.09 (m, 4H, CH),  8.05-8.07 (d, Vh-h =  7.8 Hz, 4H, 

C 6H 4 - //) , 8.28-8.30 (d, Vh-h = 7.8 Hz, 4H, C 6H 4- //) , 9 .13-9.14 (d, Vh-h = 9.1 Hz, 4H, 

/ / p ) ,  9.47-9.48 (m, 4H, / / p ) ,  9.86 (m, 8 H, / / p ) ,  10.19 (s, 2H, / / m e s o )  P p m ;  ' ^ C  N M R  (150 

M Hz, CDCI3): S=  14.1, 22.5, 29.5, 123.8, 128.5, 130.8, 130.9, 134.4 ppm ; UV/vis:

(log e) = 420 (5.63), 456 (4.75), 552 (4.40), 592 (3.86), 6 6 8  (4.00) nm; HRM S 

(M A LD I) m/z  calcd. for [C 76H 7oN8Zn2 ](M^): 1222.4306, found 1222.4417.
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Bis[5,5’[5,15-bis(3,5-di-/^r^butylphenyl)-10-phenyl]porphyrin-but-l,3-diyne (182):

NH N ^

HN NH

Using the original Sonogashira conditions, 5,15-bis-(3,5-di-/t;r/-butylphenyl)-10- 

ethynyl-20-phenylporphyrin 157 (20 mg, 0.025 mmol), 5-bromo-10,15,20-tris(4- 

methoxyphenyl)porphyrin 90 (16 mg, 0.025 mmol), Cul (4 mg, 0.020 mmol) and 

PdCl2(PPli3)2 ( 2 0  mg, 0 . 0 1 1  mmol) were dried in vacuo and then dissolved in degassed 

NEt3 (1 mL) and THF (4 mL). After stirring the solution for 15 h at rt all solvents were 

removed in vacuo and the residue purified by column chromatography (silica, CH2CI2 : 

«-hexane, 1 : 1 ,  v/v) to yield a green solid. NM R showed that not the desired product 

was formed, but 157 had undergone reductive coupling to give 182. Yield: 9 mg (0.006 

mmol, 22%). M.p. >300 °C; /? ,=  0.38 (CH2CI2 : «-hexane : TEA = 1 : 1 ;  0.05, v/v); 'H  

NMR (600 MHz, CDCI3, TMS): 8 = -2.00 (s, 4H, N //), 1.59 (s, 72H, r-butyl-//), 7.73- 

7.81 (m, 6 H, Ph-//), 7.85-7.87 (m, 4H, 8.13-8.16 (m, 8 H, Ph-//), 8.21-8.24 (m,

4H, P h -/^ , 8.79 (d, Vh-h = 4.7 Hz, 4H, //p), 8.84 (d, Vh-h = 4.7 Hz, 4H, //p), 9.07 (d, 

Vh-h = 4.7 Hz, 4H, //p), 9.96 (d, Vh-h = 4.7 Hz, 4H, //p) ppm; '^C NM R (150 MHz, 

CDCI3): 5 = 31.7, 35.0, 83.6, 85.7, 121.2, 123.0, 126.5, 128.3, 128.5, 129.8, 133.6, 

134.2, 139.5, 140.5, 188.9 ppm; UV/vis (CH2CI2): ;.max (log e) = 446 (4.79), 476 (4.65), 

526 (3.76), 610 (4.08), 708 (4.19) nm; HRMS (ESI) m/zcalcd. for [CiuHinNgKM +H)^: 

1571.9406, found 1571.9456.

7.3.5 Trimers

General procedure J  — Copper-free Sonogashira coupling fo r  porphyrin arrays:

This procedure was adapted from a method by Wagner et For the trimers 184-

190 monofunctionalised porphyrin (2.1 equiv.) and difunctionalised porphyrin (1



C h a p t e r  7 :  E x p e r i m e n t a l  | 185

equiv.) were added to a Schlenk tube. To this AsPhs (2.1 equiv.) and Pd2 (dba)3  were 

added and the contents dried under high vacuum for 30 minutes and the flask was 

purged with argon. Dry THF (12 mL) and dry TEA (4 mL) were added and the solution 

was degassed via  three freeze-pump-thaw cycles. The flask was then purged with argon, 

stirred, sealed and heated to 67 °C and left to stir overnight. The reaction was monitored 

by TLC analysis using CH2 CI2 : n-hexane ( 1 : 1 ,  v/v) as eluent. On consumption of 

starting materials the heat source was removed and the solvents removed in vacuo. The 

crude mixture was passed through a silica plug and solvents removed in vacuo. Column 

chromatography was then carried out using different eluents to yield the desired 

oligomer.

5,15-Bis{10,20-diphenylporphyrin-5-yl)ethynyl}-10,20-diphenylporphyrin (184):

-NH
7 < f l ^

N==/ V n HN- V n

/
H N - ^ r -N H N '

J r ' m
I I

HN-

N-

Trimer 130 was generated from bromoporphyrin 94 (40 mg, 0.074 mmol) and 

ethynylporphyrin 155 (18.0 mg, 0.035 mmol), following general procedure J to yield a 

purple/brown powder (20 mg, 0.014 mmol, 40%). M.p. >300 °C; = 0.17 (CH2CI2 : n-

hexane = 1 0 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3/ CF3COOD 10:1, TMS): d' = 8.16 

(m, 12H, Ph-//), 8.21 (m, 8 H, Ph-//), 8.60 (m, 6 H, Ph-//), 8.71 (m, 4H, Ph-//), 9.09- 

9.10 (dd, V h - h  =  4.7, 2.0 Hz, 8 H, / / p ) ,  9.17-9.18 (d, V h - h  =  4.8 Hz, 4H, / / p ) ,  9.54-9.55 

(d, V h - h  = 4.7 Hz, 4H, / / p ) ,  10.11-10.12 (d, V h - h  =  4.7 Hz, 4H, / / p ) ,  10.20-10.22 (d, V h -  

H =  4.7 Hz, 4H, / / p ) ,  10.89 (s, 2H, / / n , e s o )  Ppm; '^C NM R (150 MHz, CDCI3/CF3 COOD 

10:1): 8=  124.6, 125.1, 127.4, 127.6, 128.4, 130.7, 131.2, 137.8, 138.1, 145.9, 146.3 

ppm; UV/vis: 2niax (log e) = 410 (4.96), 479 (4.96), 634 (4.57), 673 (4.53), 787 (4.45) 

nm; HRMS (MALDl) m/z calcd. for [C,ooH63N ,2 ](M+H)^: 1431.5236, found 

1431.5240.
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5,15-B is{4-(10’,20’-diphenylporphyrin-5-yl)phenylethyne}-10,20- 

diphenylporphyrin  (185):

HN NH NH

Trim er 185 was obtained from  phenylethynylporphyrin 62 (48 m g, 0.086 m m ol) and 

brom oporphyrin 98 (25 m g, 0.040 m m ol), follow ing general procedure J to yield a 

purple pow dered product (24 mg, 0.015 m m ol, 38% ). M.p. >300 °C; R{= 0.20 (CH 2 CI2 

: n-hexane : M eOH = 2 : 1 :  0.1, v/v); 'H  N M R  (600 M Hz, CDCI3/ CF3COOD, 10:1, 

TM S): 5̂ = 8.10 (m, 18H, P h -//) , 8.60 (m, 12H, P h -//) , 8.79-8.80 (d, Vh-h = 7.6 Hz, 4H, 

C 6 H 4 - //) , 8.83-8.85 (d, Vh-h = 7.6 Hz, 4H , C 6 H4 - //) , 8.88-8.90 (d, Vh-h = 4.7 Hz, 4H, 

//p), 8.93-8.95 (m, 8 H, //p), 9.10-9.11 (d, Vh-h = 4.7 Hz, 4H, //p), 9.50-9.51 (d, Vh-h = 

4.5 Hz, 4H , //p), 9.71-9.72 (d, Vh-h = 4.5 Hz, 4H , //p), 10.75 (s, 2H , //meso) Ppm; '^C 

N M R  (150 M H z, CDCI3/CF3COOD 10:1): ^ = 128.2, 128.5, 128.6, 129.2, 130.3, 130.4, 

130.6, 130.8, 132.3, 138.1, 138.3, 138.9 ppm ; UV /vis: (log s) = 412 (5.10), 446

(5.02), 508 (4.70), 602 (4.60), 634 (4.56), 710 (4.51) nm; HRM S (M A LDI) m/z  calcd. 

for [C ,i2 H 7oNi2 ](M^) 1582.5846, found 1582.5859.

{5,15-B is[4-(10’,20 ’-diphenylporphyrinato-5-yl)zinc(II)}phenylethyne]-10,20- 

di[phenylporphyrin-5-ylato}zinc(II) (186):

Zn Zn
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Synthesized from phenylethynylpoiphyrin 117 (39 mg, 0.061 mmol) and

bromoporphyrin 107 (20 mg, 0.029 mmol), following general procedure J to yield a 

dark purple solid (14 mg, 0.007 mmol, 26%). M.p. >300 °C; = 0.27 (CH 2 CI2  : n-

hexane : TEA = 1 : 1 ,  0.05 v/v); 'H  NMR (400 MHz, CDCb/pyridine-ds 10:1, TMS): S 

= 7.78 (m, 18H, Ph-//), 8.28 (d, Vh_h = 7.3 Hz, 12H, Ph-/i), 8.41 (m, 8 H, C 6 H4 -//), 8.98 

(m, 8 H, //p), 9.07 (m, 8 H, Hp), 9.36-9.37 (d, Vh-h = 8.1 Hz, 4H, //p), 9.94-9.95 (d, Vh-h 

= 4.6 Hz, 4H, //p), 10.19 (s, 2H, //meso) Ppm; '^C NMR (150 MHz, CDCb/pyridine-dj 

10:1): J  = 45.6, 52.8, 63.2, 123.3, 127.0, 127.1, 129.3, 131.4, 131.6, 131.7, 132.1, 

132.2, 132.5, 134.4, 134.6, 143.3, 149.3, 149.6 ppm; UV/vis: (log e) = 418 (4.05),

451 (3.79), 551 (2.95), 605 (2.75), 659 (2.97), 698 (1.94) nm; HRMS (MALDl) m/z 

calcd. for [C n 2 H6 5N ,2Zn3 ](M+H)^ 1769.3372, found 1769.3369.

{5,15-Bis(4-(10’,20’-diphenylporphyrinato-5-yl)nickel(II)}phenylethynyl]-{10,20- 

diphenylporphyrinylato}nickel(II) (187):̂ ^̂ ^̂

Synthesised from phenylethynylporphyrin 125 (20 mg, 0.032 mmol) and

bromoporphyrin 126 (10 mg, 0.015 mmol), following general procedure J to yield an 

impure dark solid containing 187. HRMS (MALDI) m/z calcd. for [C| i2 H 6 4N i2Ni3 ](M^) 

1750.3437, found 1750.3448.
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{5,15-Bis[4-[(10’,20’-diphenylporphyrinato)zinc(II)]phenylethynyl]-10,20-bis(3,5- 

di-^^r^-butylphenyl)porphyrin (188):

Zn
NH

Produced from phenylethynylporphyrin 117 (31 mg, 0.050 mmol) and bromoporphyrin 

100 (20 mg, 0.024 mmol), according to general procedure J, to yield a dark green solid 

(13 mg, 0.006 mmol, 28%). M.p. >300 °C; R f=  0.33 (CH2CI2 : «-hexane = 2 : 1 ,  v/v); 

'H NM R (400 MHz, CDCb/pyridine-d^ 10:1, TMS): S =  -1.73 (s, 2H, N //), 1.56 (s, 

36H, t-huty\-H) 7.73 (m, 12H, ?h-H), 7.84 (m, 4H, C 6H4 -//), 8.12-8.13 (m, 4H, CblU- 

H), 8.23 (m, 8 H, A r/Ph-//), 8.38 (m, 6 H, A r/Ph-//), 8.97 (m, 8 H, //p), 9.01-9.02 (d, Vh-h 

= 4.6 Hz, 4H, Hp), 9.04-9.05 (d, V„.h = 4.6 Hz, 4H, //p), 9.31-9.32 (d, Vh-h = 4.6 Hz, 

4H ,//p), 9.90-9.91 (d, Vh-h = 4.6 Hz, 4H ,//p), 10.14 (s, 2H, //meso) Ppm; '^C NM R (150 

MHz, CDCVpyridine-ds, 10:1): d =  13.9, 22.4, 31.4, 34.9, 120.0, 126.2, 127.0, 129.4, 

129.8, 131.2, 131.4, 131.6, 132.1, 134.5, 134.9, 143.2 ppm; UV/vis: (log e) = 418

(4.55), 447 (4.39), 551 (3.32), 610 (3.57), 698 (3.35) nm; HRMS (M ALDl) m/z calcd. 

for [Ci2 gH99N i2Zn3 ](M+H)^ 1931.6620, found 1931.662.
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{5,15-B is[4-(10’,20’-b is(l-ethylpropyi)porphyrinato-5-yl)zinc(II)]phenylethynyl-  

10,20-b is(l-ethylpropyl)porphyrinato}zinc(II) (189):

Zn

Produced from  phenylethynylporphyrin 121 (58 mg, 0.094 m m ol) and brom oporphyrin 

114 (30 m g, 0.045 m m ol) follow ing general procedure J. Colum n chrom atography gave 

tw o m ain fractions, the first o f  which was the hom ocoupled side product 181 and the 

second o f  w hich was 189. Solvents rem oved to give a purple product (green in 

solution). Y ield (34 mg, 0.020 m m ol, 44% ). M.p. >300 °C; Rf  = 0.40 (CH 2CI2 : n- 

hexane = 2 : 1 ,  v/v); 'H  N M R  (600 M Hz, THF-dg, TM S); S = 1.02 (t, V h -h  = 14.6 Hz, 

36H , C / / 3), 2.93 (m, 12H, C H 2), 3.16 (m , 12H, CHj) ,  5.35 (m , 6 H, CH),  8.50-8.51 (d, V  

H-H = 7.6 Hz, 4H , C 6H 4- //) , 8.54-8.55 (d, Vh-h = 7.6 Hz, 4H , C 6H 4-//) , 9.12-9.14 (d, V „. 

H = 9.2 Hz, 4H, Hp), 9.44 (m , 4H , / / p ) ,  9.88-9.90 (m, 12H, / / p ) ,  10.10 (m, 4H, / / p ) ,  

10.13 (s, 2H, //p) ppm ; '^C N M R  (150 M Hz, THF-dg); d = 13.3, 20.2, 28.8, 29.6, 34.7, 

45.1, 50.2, 124.9, 129.4, 129.9, 130.2, 130.5, 130.8, 131.1, 131.3, 134.8, 142.1, 144.5, 

146.7, 147.7, 148.0, 148.8, 149.1, 149.3, 149.7, 151.6, 152.2, 152.4 ppm; UV/vis:

(log e) =  418 (5.41), 454 (5.32), 554 (4.22), 6 6 8  (4.59) nm ; HRM S (M A LD I) m/z  calcd. 

for [C ,28H 98N i2Zn3](M^): 1732.6068, found 1732.6035.
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{5,15-Bis[4-(10’,20’-diphenylporphyrinato-5-yI)zinc(II)]phenylethynyl-10,20-bis(l- 

ethylpropyl)porphyrinato}zinc(II) (190):

Zn Zn

Produced from phenylethynylporphyrin 117 (20 mg, 0.032 mmol) and bromoporphyrin 

114 (10 mg, 0.015 mmol) following general procedure J to yield a dark green product 

(bright green in solution). Yield ( 6  mg, 0.003 mmol, 21%). M.p. >300 °C; R{ = 0.35 

(CH2CI2 ; «-hexane = 2 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3, TMS): (5 = 0.98 ( t, 12H, 

V h - h  = 14.6 Hz, C //3), 2.89 (m, 4H, CH2), 3.07 (m, 4H, C //2), 5.16 (m, 2 H, CH), 7.67 

(s, 4H, C6H4-//), 7.80 (m, 12H, Ph-//), 8.29 (m, 8 H, Ph-//), 8.43-8.44 (d, V„.h = 3.5 Hz, 

4H, C6H4-//), 9.03-9.04 (d, V„-h = 4.6 Hz, 4H, //p), 9.07-9.08 (d, Vh_h = 4.5 Hz, 4H, 

//p), 9.11-9.13 (d, Vh-h = 4.6 Hz, 4H, //p), 9.38-9.39 (d, Vh-h = 4.5 Hz, 4H, //p), 9.79 

(m, 4H, Hp), 10.00 (m, 4H, //p), 10.20 (s, 2H, //meso) Ppm; '^C NMR (150 MHz, 

CDCI3): (5 = 14.6, 35.1, 50.8, 106.0, 126.5, 127.3, 129.7, 131.2, 132.0, 132.8, 134.0, 

134.8, 135.2 ppm; UV/vis (THF): /^ax (log e) = 422 (5.63), 457 (5.20), 554 (4.14), 673 

(4.20) nm; HRMS (MALDI) m/z calcd. for [CnoHyeNiaZnaKM^): 1756.4190, found 

1756.4214.

{5-Brom o-10,20-bis(l-ethylpropyl)-15-{4-[(10’,20’-b is(l- 

ethylpropyl)porphyrinato)zinc(II)]phenylethynyl]porphyrinato}zinc(II) (192):

Zn
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Produced as a side product from  the synthesis o f  189, via Sonogashira conditions 

(general procedure F) using phenylethynylporphyrin 121 (48 m g, 0.078 m m ol) and 

brom oporphyrin  114 (25 m g, 0.037 m m ol) to yield a purple solid (18 m g, 0.015 m m ol, 

40% ). M .p. >300 °C; =  0.35 (CH 2CI2 : «-hexane = 1 : 1 ,  v/v); *H N M R  (600 M Hz,

CD CI3 , TM S): S =  1.02 (t, Vh-h =  14.5 Hz, 24H , C //3), 2.88 (m, 8 H, CN2), 3.06 (m, 8 H, 

CH2),  5.21 (m, 2H , CH),  5.23 (m, 2H, CH),  7.55 (s, IH , C6H4-H), 7.72 (s, IH , C 6H 4-//), 

8 .04-8.06 (d, Vh-h = 8.1 Hz, IH , C6H4 - /^ ,  8.28-8.30 (d, ^Jh-h = 8.1 Hz, IH , C 6H 4-//), 

9.18-9.20 (m, 2H , //p), 9.47-9.48 (m, 2H, //p), 9.69-9.93 (m, lOH, //p), 10.07 (m, 2H, 

Hu), 10.18 (s, IH , Hm,so) ppm ; '^C N M R  (150 M Hz, CDCI3): S = 14.1, 14.2, 22.5, 22.8, 

29.5, 34.7, 50.4, 123.4, 123.6, 125.8, 128.7, 129.4, 130.7, 131.3, 131.6, 132.8, 134.3, 

134.6, 143.7, 149.4, 152.3 ppm ; UV/vis: imax (log e) = 418 (5.19), 444 (5.21), 554 

(4.03), 640 (4.29) nm ; HRM S (M A LD l) m/z  calcd. for [C 68H 6sN8Zn2Br](M^); 

1200.3098, found 1200.3135.

{5-B rom o-10,20-bis(l-ethylpropyl)-15-[4-[10’,20’-diphenylporphyrinato-5-  

yl)zinc(II)]phenylethynyl]porphyrinato}zinc(II) (193):

Produced from  phenylethynylporphyrin 117 (39 mg, 0.063 m m ol) and brom oporphyrin 

114 (20 m g, 0.030 m m ol) using Sonogashira conditions (procedure F) to yield a purple 

solid (15 m g, 0.013 m m ol, 42% ). M .p. >300 °C; = 0.41 (CH 2 CI2 : «-hexane = 1 : 1 ,

v/v); 'H  N M R  (400 M H z, CDCI3 , TM S): ^  = 0.97  (t, Vh-h = 14.8 Hz, 12H, C H 3 ), 2.86 

(m, 4H, C H 2 ), 3.02 (m , 4H, C H 2 ), 5.12 (m, 2H, CH),  7.82 (m, 6 H, P h-//), 8.32 (m, 4H, 

Ph-H),  8.45 (m, 4H , C 6H4 - //) , 9.02-9.04 (d, Vh-h = 4.6 Hz, 2H, //p), 9.07-9.08 (d, Vi,.h 

=  4.4 Hz, 2H, //p), 9.11-9.12 (d, Vh-h = 4.6 Hz, 2H, Hp), 9 .37-9.38 (d, Vh_h = 4.4 Hz, 

2H, Hp), 9.71 (m, 6 H, Hp), 9.99 (s, 2H, Hp), 10.20 (s, IH , //meso) Ppm; ’^C N M R  (150 

M Hz, CDCI3): S =  14.0, 29.5, 34.7, 50.3, 120.2, 126.2, 127.1, 129.3, 130.7, 131.5,
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131.7, 132.3, 134.5, 134.8, 143.1, 145.8, 149.1, 149.4, 149.7, 149.9, 150.1 ppm; 

UV/vis: /max (log s) = 420 (5.49), 444 (5.46), 552 (4.33), 640 (4.54) nm; HRMS 

(MALDI) m/zcalcd. for [CyoHssNgZnjBrKM)^: 1212.2159, found 1212.2184.

7.4 Fused arrays

7.4.1 Directly linked arrays via organolithium, PIFA oxidation and Suzuki 

coupling

Porphyrins 194^^^^^and were synthesised via organolithium methods and

spectroscopic data was in agreement with those in the literature. Dimer 201 was 

synthesised via oxidative methods using PIFA and spectroscopic data agreed with 

literature data.

Bis{(5-phenyl-10,20-bis(3,5-di-/^r^-butylphenyl)porphyrin-15-yl (196):

N H  N ^

HNHN

Synthesised from 5,15-di(3,5-di-re/'r-butyl)phenylporphyrin 74 (60 mg, 0.010 mmol), 

PhLi 52. DDQ (113 mg, 0.498 mmol) in THF (15 mL) added and reaction stirred for a 

further 1 h at room tempertaure. Reaction mixture filtered through a short plug of silica 

using CH2 CI2 as eluent. Solvents were removed and residue recrystallised from 

CHzCVMeOH to yield 196 a dark solid (48 mg, 0.040 mmol, 79%). M.p. >300 °C; Rf = 

0.39 (CH2 CI2 ; «-hexane = 3 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3, TMS): S = -2.13 (s, 

4H, N /^ , 1.46 (s, 72H, r-butyl-//), 7.72 (s, 4H, CeHs-//), 7.83 (m, 6 H, Ph-//) 8.09 (m, 

12 H, CeU^-H/Hp), 8.32-8.34 (d, Vh-h = 6.4 Hz, 4H, Ph-//), 8.74 (d, Vh-h = 4.5 Hz, 4H, 

//p), 8.94 (s, 8 H ,//p )ppm ; '^C NMR (150 MHz, CDCI3 ): = 31.5, 102.6, 117.5, 120.6, 

120.9, 122.2, 126.5, 127.6, 129.5, 129.8, 134.3, 140.8, 142.3, 148.5 ppm; UV/vis
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(CH2CI2 ): Amax (log £) = 420 (5.24), 452 (5.17), 526 (4.54), 596 (4.14), 654 (3.94) nm; 

HRMS (MALDI) m/z calcd. for [CiogHinNgKM'"): 1522.9166, found 1522.9108.

Bis{5-bromo-10,20-bis(3-methoxyphenyl)porphyrin-15-ylato)zinc(II)} (202):

Synthesised from 5-bromo-10,20-(3-methoxyphenyl)porphyrinatozinc(II) 110 (50 mg, 

0.075 mmol) in CH2CI2 (120 mL). PIFA (26 mg, 0.06 mmol) was added at -78 °C, the 

reaction mixture was warmed to rt and stirred at this temperature for 45 min. NaBH4 

(14 mg, 0.375 mmol) in MeOH (5 mL) was added and the reaction stirred for a further 

0.75 h. Reaction mixture added to H2O (100 mL) and organic layer extracted using 

CH2 CI2 . Organic layer then washed with NaHCOa (2 x 50 mL), H2O (30 mL) and dried 

over Na2 S0 4 , which was then filtered and solvents removed in vacuo. The red residue 

was recrystallised from CH2Cl2/«-hexane to give a purple solid (43 mg, 0.032 mmol, 

8 6 %). M.p. >300 °C; Rf =OAO (CH2CI2 : «-hexane = 3 : 1 ,  v/v); ‘H NMR (400 MHz, 

CDCI3, TMS): S = 3.89 (s, 12H, OC//3), 7.22-7.24 (d, Vh-h = 8 . 6  Hz, 4H,

7.55-7.56 (t, Vh-h = 15.9 Hz, 4H, C6H4 -//), 7.73 (m, 4H, C6H4-//), 1.19-1 .W  (d, Vh-h = 

7.8 Hz, 4H, C^Wa-H), 8.07-8.08 (d, Vh-h = 4.7 Hz, 4H, //p), 8.66-8.67 (d, Vh-h = 4.7 

Hz, 4H, / / p ) ,  9.09-9.10 (d, V h -h  = 4.7 Hz, 4H, / / p ) ,  9.86-9.87 (d, V h -h  = 4.7 Hz, 4H, / / p )  

ppm; ‘̂ C NMR (100 MHz, CDCI3): 8 = 55.4, 105.4, 113.5, 120.3, 122.3, 127.4, 127.5, 

132.3, 133.2, 134.2, 143.5, 149.7, 150.0, 151.0, 155.2, 157.8 ppm; UV/vis (CH2 CI2 ): 

;.niax (log e) = 421 (5.26), 455 (5.16), 562 (4.52) nm; HRMS (MALDI) m/z calcd. for 

[C6gH4 4Br2N8 0 4 Zn2](M^): 1322.0435, found 1322.0432.
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{5,10,15-Trihexyl-20-(10',20'-diphenylporphyrin-5'-yl)porphyrinato}zinc(II) (203):

Produced from 133 (50 mg, 0.066 mmol), 103 (40 mg, 0.066 mmol), CS2CO 3 (45 mg, 

0.139 mmol) and Pd(PPh3 )4  ( 8  mg, 0.007 mmol), DMF (3 mL) and toluene (7 mL) 

following general procedure H to give a purple solid. Yield = 39 mg (0.034 mmol, 

52%). M.p. >300 °C; R{=  0.53 (CH 2CI2 : «-hexane = 3 : 2 ,  v/v); 'H  NM R (400 MHz, 

CDCI3): S = 0.88-0.93 (t, Vh-h = 14.6 Hz, 9H, C//3), 1-38 (m, 6 H, CH 2 ), 1.59 (m, 6 H, 

C //2), 1.85 (m, 6 H, C //2 ), 2.57 (m, 6 H, C //2 ), 4.81-4.85 (t, ^Jh-h = 16.4 Hz, 2H, CH2 ), 

4.88-4.92 (t, Vh-h = 15.7 Hz, 4H, C //2 ), 7.72 (m, 6 H, Ph-//), 8.08-8.09 (d, W h  = 4.7 

Hz, 2H, //p), 8.21-8.23 (d, V„.h = 4.7 Hz, 2H, //p), 8.30 (m, 4H, Ph-//), 8.75-8.76 (d, 

Vh-h = 4.7 Hz, 2H, //p), 9.17-9.18 (d, Vh-h = 4.7 Hz, 2H, //p), 9.21-9.23 (d, Vh_h = 4.7 

Hz, 2H, //p), 9.43-9.44 (d, Vh-h = 4.7 Hz, 2H, //p), 9.51 (m, 4H, Hp), 10.38 (s, IH, 

Hmeso) ppm; '^C NM R (150 MHz, CDCI3): S = 14.1, 14.2, 22.7, 22.8, 28.7, 30.4, 31.9, 

32.0, 35.5, 35.8, 38.9, 39.1, 117.6, 119.4, 121.1, 121.4, 126.6, 127.4, 128.5, 128.6, 

128.7, 128.8, 129.1, 129.2, 131.4, 131.8, 132.5, 134.0, 134.1, 134.5, 142.6, 148.5, 

148.9, 149.4, 149.8, 150.1, 150.6, 154.4, 154.6 ppm; UV/vis (CH2CI2 ): ^ a x  (log e) = 

413 (5.33), 450 (5.10), 559 (4.37) nm; HRMS (MALDI) m/z calcd. for 

[C7oH66NgZn2 ](M^): 1146.3993, found 1146.4038.
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{5-(10',15',20'-Triphenylporphyrin-5'-ylato)-10,20-di(4- 

m ethyiphenyl)porphyrinato}zinc(II) (204):

Synthesised from bromo-porphyrin 108 (70 mg, 0.110 mmol), borylated porphyrin 129 

(80 mg, 0.110 mmol), CS2CO3 (90 mg, 0.275 mmol) and Pd(PPh3)4 (19 mg, 0.017 

mmol), DMF (4 mL) and toluene (10 mL) following general procedure H. The residue 

was subjected to column chromatography (silica gel, CH2CI2 : w-hexane, 2 ; 3, v/v) to 

give two fractions. The first fraction contained a mixture o f debrominated 108 and 

deborylated 129, the second (red fraction) was dimer 204. Solvents were removed to 

give a purple solid. Yield = 97 mg (0.084 mmol, 76%). M.p. >300 °C; Rf = 0.58 

(CH2CI2 : tt-hexane = 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCVpyridine-dj 10:1); S = 

2.64 (s, 6 H, to lyl-C //3), 7.47-7.49 (d, Vh-h = 8.0 Hz, 4H, C6H4-//), 7.64 (m, 9H, Ph-//), 

7.80-7.81 (d, Vh-h = 4.7 Hz, 2H, //p), 7.86-7.87 (d, Vh-h = 4.6 Hz, 2H, //p), 8.12-8.14 

(d, Vh-h = 8.0 Hz, 4H, C(,U4-H), 8.21 (m, 6H, Ph-//), 8.49-8.51 (d, Vh-h = 4.7 Hz, 2H, 

Hp), 8.60-8.61 (d, Vh-h = 4.6 Hz, 2H, //p), 8.92-8.93 (d, Vh_h = 4.6 Hz, 2H, //p), 8.95- 

8.96 (d, Vh-h = 4.6 Hz, 2H, //p), 9.10-9.11 (d, Vh-h = 4.4 Hz, 2H, //p), 9.41-9.42 (d, Vh- 

H = 4.5 Hz, 2H, //p), 10.24 (s, IH, //meso) ppm; '^C NM R (100 MHz, CDCb/pyridine-dj 

10:1): d = 22.7, 105.9, 119.9, 120.8, 121.1, 121.3, 126.2, 126.3, 127.0, 127.2, 131.2, 

131.4, 131.6, 132.0, 133.5, 133.6, 134.5, 134.6, 136.6, 140.4, 143.5, 143.7, 149.5, 

149.6, 149.7, 150.0, 150.4, 150.6, 154.5, 154.9, 155.0 ppm; UV/vis (CH2CI2): (log

s) = 413 (5.16), 449 (5.18), 555 (4.53) nm; HRMS (MALDI) m/z calcd. for 

[C72H46NsZn2](M^): 1150.2428, found 1150.2389.
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{5-(10',20'-Bis(3-methoxyphenyl)porphyrin-5'-ylato)-10,15,20- 

triphenylporphyrinato}zinc(II) (205):

Produced from bromoporphyrin 110 (73 mg, 0.110 mmol), borylated porphyrin 129 (80 

mg, 0.110 mmol), CS2CO3 (90 mg, 0.275 mmol) and Pd(PPh3 )4  (19 mg, 0.017 mmol), 

DMF (3 mL) and toluene (10 mL) following general procedure H. The residue was 

subjected to column chromatography to give four fractions. Fraction one was borylated 

starting material 129, fraction two was dimer 210 (19%), fraction three contained 

debrominated 110 and fraction four yielded the desired dimer. Solvents were removed 

in vacuo to give a purple solid (78 mg, 0.066 mmol, 60%). M.p. >300 °C; Rf  = 0.46 

(CH2CI2 ; «-hexane = 2 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3): <5 = 3.91 (d, Vh-h = 1.8 

Hz, 6 H, O C //3 ), 7.23-7.26 (dd, Vh-h = 8.2, 2.4 Hz, 2H, C 6H4 -//), 7.58-7.62 (t, Vh-h = 

4.9 Hz, 2H, C6H4 -//), 7.83 (m, 1IH, Ph7 8.12-8.15 (q, Vh_h =12.1 Hz, 2H, //p)

8.18-8.19 (d, Vh-h = 4.7 Hz, 2H, //p), 8.25 (m, 6 H, Ph-//), 8.35 (m, 2H, 8.78-

8.80 (d, Vh-h = 4.7 Hz, 2H, //p), 9.03-9.04 (d, Vh-h = 4.7 Hz, 2H, //p), 9.06-9.07 (d, Vh- 

H = 4.7 Hz, 2H, //p), 9.21-9.22 (d, Vh-h = 4.6 Hz, 2H, //p), 9.50-9.51 (d, V h  = 4.7 Hz, 

2H, //p), 9.96-9.97 (d, Vh-h = 4.7 Hz, 2H, //p), 10.40 (s, IH , //^eso) Ppm; '^C NM R (100 

MHz, CDCI3 ); (5 = 55.4, 106.7, 113.4, 119.9, 120.3, 121.2, 121.9, 126.5, 126.6, 127.3, 

127.6, 131.9, 132.0, 132.2, 132.9, 134.0, 134.4, 134.5, 142.7, 142.9, 143.9, 149.7, 

149.8, 149.9, 150.2, 150.6, 150.7, 154.7, 155.0, 157.8 ppm; UV/vis (CH 2CI2 ): Imax (log 

e) = 417 (5.57), 450 (4.87), 549 (4.41) nm; HRMS (MALDI) m /z calcd. for 

[C72H46Ng02Zn2](M^): 1182.2327, found 1182.2358.



C h a p t e r  7 :  E x p e r i m e n t a l  | 197

{5-(10',20'-Bis(3-methoxyphenyl)porphyrin-15'-ylato)-10,20-bis(3- 

methoxyphenyl)-15-phenylporphyrinato}zinc(II) (206):

Produced from bromoporphyrin 110 (71 mg, 0.097 mmol), borylated porphyrin 131 (80 

mg, 0.102 mmol), CS2CO3 (70 mg, 0.214 mmol) and Pd(PPh3 )4  (12 mg, 0.010 mmol), 

DMF (3 mL) and toluene (10 mL) following general procedure H. The residue was 

subjected to column chromatography (silica, CH 2CI2 : /7-hexane, 2 : 1 ,  v/v) to give two 

fractions. Fraction one consisted o f debrominated and deborylated starting materials. 

The red second fraction yielded dimer 206. Solvents were removed in vacuo to give a 

purple solid (71 mg, 0.057 mmol, 56%). M.p. >300 °C; Rf=  0.39 (CH2CI2 : n-hexane = 

3 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3): d = 3.92 (s, 8 H, OC//3), 3.95 (s, 4H, OC//3) 

7.23 (m, 2H, C 6H4 -//), 7.25 (m, 2H, 7.58 (m, 4H, 7.84 (m, I IH,

Ph/C 6H4 -//), 8.12 (m, 4H, //p), 8.33 (m, 2H, Ph-//), 8.72 (m, 2H, //p), 8.78 (m, 2H, //p), 

9.06 (m, 4H, //p), 9.22-9.23 (d, Vh_h = 4.5 Hz, 2H, //p), 9.52-9.53 (d, Vh-h = 4.6 Hz, 

2H, //p), 10.42 (s, IH, //nieso) ppm; '^C NM R (150 MHz, CDCI3): = 55.5, 106.7,

113.4, 113.5, 119.6, 120.1, 120.3, 121.2, 121.7, 121.9, 126.6, 127.3, 127.4, 127.5,

127.6, 131.9, 132.0, 132.5, 133.9, 134.5, 142.9, 143.9, 144.0, 149.7, 149.9, 150.2,

150.6, 154.6, 155.0, 157.8, 157.9 ppm; UV/vis (CH2 CI2 ): /.max (log e) = 420 (5.32), 455 

(5.14), 558 (4.36) nm; HRMS (MALDI) m/z calcd. for [C74H 5oNg0 4 Zn2 ](M^): 

1242.2538, found 1242.2524.
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{5-(10',20'-Bis(4-methyIphenyl)porphyrin-15'-ylato)-10,20-bis(l-ethylpropyl)-15- 

phenylporphyrinato}zinc(II) (207):

Produced from bromoporphyrin 113 (76 mg, 0.114 mmol), borylated porphyrin 130 (78 

mg, 0.114 mmol), CS2CO3 (78 mg, 0.239 mmol) and Pd(PPh3)4 (13 mg, 0.011 mmol), 

DMF (3 mL) and toluene (10 mL) following general procedure H. After 20 h at 90 °C, 

the solvents were removed and the residue was filtered through short plug o f silica 

using CH 2CI2 as eluent. Solvents were removed in vacuo and the residue was subjected 

to column chromatography (silica, CH 2CI2 : «-hexane, 1 :2 , v/v) to give three fractions. 

Fraction three yielded the desired dimer. Solvents were removed in vacuo to give a 

purple solid 207 (69 mg, 0.060 mmol, 53%). M.p. >300 °C; R{ = 0.45 (CH2CI2 : n- 

hexane = 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3): S = 0.89-0.93 (t, Vh-h = 14.7 Hz, 

12H, C //3), 2.66 (s, 6 H, tolyl-C/Zs), 2.80 (m, 8 H, CHi), 5.03 (m, IH, CH), 5.14 (m, IH, 

CH), 7.51-7.53 (d, Vh-h = 7.9 Hz, 4H, CeH4-H), 7.84 (m, 3H, Ph-//), 8.10 (m, 2H, //p), 

8.17-8.18 (d, Vh-h = 7.7 Hz, 6 H, Ph/C6H4-//), 8.31-8.33 (d, Vh-h = 7.3 Hz, 2H, Hp), 

8.77-8.78 (d, Vh-h = 8.2 Hz, 2H, //p), 9.03-9.05 (d, ^Jh-h = 8.2 Hz, 2H, //p), 9.22-9.23 

(d, Vh-h = 4.6 Hz, 2H, //p), 9.39-9.43 (d, Vh-h = 17.0 Hz, 2H, //p), 9.52-9.54 (d, Vh-h = 

4.5 Hz, 2H, //p), 9.76-9.79 (d, Vh-h = 15.1 Hz, 2H, //p), 10.60 (s, IH, //meso) Ppm; '^C 

NMR (100 MHz, CDCI3): d = 14.1, 14.4, 21.5, 22.7, 29.7, 31.6, 34.7, 50.6, 106.5, 

121.5, 125.0, 126.5, 127.3, 127.5, 130.0, 131.8, 131.9, 132.5, 134.0, 134.4, 137.1, 

139.7, 143.5, 139.8, 150.0, 150.8, 154.6 ppm; UV/vis (CH2CI2): (log e) = 416

(5.42), 454 (5.37), 560 (4.64) nm; HRMS (MALDI) m/z calcd. for [CyoHsgNgZnzKM^): 

1138.3367, found 1138.3351.
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{5-(10',20'-Bis(4-methylphenyl)porphyrin-5'-ylato)-10,20-bis(3-methoxyphenyl)- 

15-phenyl)porphyrinato}zinc(II) (208):

Produced from bromoporphyrin 111 (98 mg, 0.132 mmol), borylated porphyrin 130 (90 

mg, 0.132 mmol), CS2CO3 (107 mg, 0.330 mmol) and Pd(PPh3)4 (23 mg, 0.020 mmol), 

DMF (3 mL) and toluene (12 mL) following general procedure H. The residue was 

subjected to column chromatography to give three fractions. Fraction one was starting 

material 111, fraction two was dimer 211 (2 0 %) and fraction three yielded the desired 

dimer. Solvents were removed in vacuo to give a purple solid 208 (97 mg, 0.080 mmol, 

61%). M.p. >300 °C; R{ = 0.54 (CH2CI2 : «-hexane = 2 : 1 ,  v/v); 'H  NM R (400 MHz. 

CDCI3): 5 = 2.65 (s, 6 H, tolyl-C/Zs), 3.88 (s, 6 H, OC//3), 7.21-7.23 (dd, Vh-h = 8 .6 , 2.1 

Hz, 2H, C6H4-//), 7.51-7.53 (d, Vh-h = 7.6 Hz, 4H, C6H4(to ly l)-/^ , 7.54-7.58 (t, Vh-h = 

16.0 Hz, 2H, C6H4-//), 7.78 (m, 7H, Ph/C6H4-//), 8.11-8.12 (d, Vh-h = 4.7 Hz. 2H, //p) 

8.14-8.16 (d, Vh-h = 7.6 Hz, 6H, C6H4(tolyl)///p), 8.32-8.34 (d, Vh_h = 6.6 Hz, 2H, Ph- 

H), 8.71-8.72 (d, % .u  = 4.4 Hz, 2H, //p), 8.77-8.78 (d, Vh-h = 4.4 Hz, 2H, Hp), 9.05 

(m, 4H, //p), 9.19-9.20 (d, Vh_h = 4.4 Hz, 2H, //p), 9.48-9.50 (d, Vh-h = 4.3 Hz, 2H, 

//p), 10.37 (s, IH, //meso) ppm; ‘̂ C NMR (150 MHz, C D C ypyridine-dj): S = 21.5, 55.4,

106.6, 113.4, 120.2, 120.4, 126.5, 127.3, 127.5, 127.6, 131.8, 133.8, 134.0, 134.3,

134.5, 137.1, 139.6, 143.7, 144.0, 149.7, 149.8, 149.9, 150.3, 150.5, 150.7, 150.8,

154.5, 155.0, 157.8, 157.9, 127.6, 131.9, 132.0, 132.2, 132.9, 134.0, 134.4, 134.5,

142.7, 142.9, 143.9, 149.7, 149.8, 149.9, 150.2, 150.6, 150.7, 154.7, 155.0, 157.8 ppm; 

UV/vis (CH2CI2): 2max (log s) = 415 (5.54), 454 (5.32), 550 (4.68) nm; HRMS 

(MALDI) m/z calcd. for [C74H5oN802Zn2](M"‘): 1210.2640, found 1210.2672.
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{5-(10',20'-Bis(3-methoxyphenyl)porphyrin-15 □-phenyl-5'-ylato)-10,15,20- 

triphenyl)porphyrinato}zinc(II) (209)

ZnZn

Produced from bromoporphyrin 111 (102 mg, 0.137 mmol), borylated porphyrin 129 

(100 mg, 0.137 mmol), CS2CO3 (98 mg, 0.301 mmol) and Pd(PPh3 )4  (24 mg, 0.021 

mmol), DMF (3 mL) and toluene (12 mL) following general procedure H. The residue 

was subjected to column chromatography (silica, CH 2CI2 : «-hexane, 5 : 4, v/v) to give 

two fractions. Fraction one consisted o f debrominated starting material 111 and 

homocoupled dimer 210 (18%). The red second fraction yielded dimer 209. Solvents 

were removed in vacuo to give a purple solid (120 mg, 0.095 mmol, 69%). M.p. >300 

T ;  = 0.36 (CH2CI2 : «-hexane = 3 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3): 5̂ = 3.89 (d, 

Vh-h = 1.8 Hz, 6 H, O C //3 ), 7.23-7.25 (dd, Vh_h = 11.2 Hz, 2H, 7.52-7.56 (t,

Vh-h = 15.2 Hz, 2H, Ce¥i.4 -H), 7.70-7.85 (m, 16H, ?hJCeU4 -H), 8.22-8.23 (d, Vh.h = 4.8 

Hz, 2H, //p) 8.28-8.29 (d, Vh-h = 4.7 Hz, 2H, Hp), 8.25 (m, 6 H, ?h-H), 8.35 (m, 2H, 

8.73-8.74 (d, Vh-h = 4.6 Hz, 2H, Hp), 9.02-9.03 (d, Vh-h = 4.7 Hz, 2H, //p), 

9.08-9.10 (d, Vh-h = 4.8 Hz, 2H, //p), 9.21-9.22 (d, Vh-h = 4.6 Hz, 2H, Hp), 9.50-9.51 

(d, Vh-h = 4.7 Hz, 2H, //p), 9.75-9.77 (d, Vh-h = 4.8 Hz, 2H, Hp) ppm; ’^C NM R (100 

MHz, CDCI3): (5 = 55.4, 113.4, 113.5, 120.2, 120.4, 126.5, 126.6, 127.4, 128.3, 131.0, 

131.9, 132.0, 133.9, 134.4, 142.7, 142.9, 143.8, 144.0, 149.7, 150.2, 150.3, 150.6, 

150.7, 154.9, 155.0, 157.8, 157.9 ppm; UV/vis (CH 2CI2 ): ;.max (log e) = 420 (5.20), 455 

(5.02), 559 (4.41) nm; HRMS (MALDI) m/z calcd. for [C7gH5oN8 0 2 Zn2 ](M^); 

1258.2640, found 1258.2618.
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Bis{5,15-bis(4-methylphenyl)porphyrin-15-ylato)zinc(II)} (211):

Produced as side product in the synthesis o f 207. Dimer 211 was isolated following 

column chromatography (silica, CH 2 CI2 ; «-hexane, 2 : 3, v/v) as the second fraction. 

Solvents removed to give red solid 211 (31 mg, 0.028 mmol, 20%). M.p. >300 °C; Rf = 

0.45 (CH 2 CI2 : «-hexane = 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCb/pyridine-Ds, 20:1): S 

= 2.58 (s, 12H, to ly l-C //3 ), 7.42-7.44 (d, Vh-h = 7.8 Hz, 8H, C 6 H4 -//), 7.79-7.SO (d, Vh- 

H = 4.6 Hz, 4H, Hp), 8.07-8.09 (d, Vh-h = 7.8 Hz, 8H, C6 H4 -//), 8.54-8.55 (d, Vh_h = 4.6 

Hz, 4H, //p), 9.06-9.07 (d, Vh-h = 4.4 Hz, 4H, //p), 9.36-9.37 (d, Vh-h = 4.3 Hz, 4H, 

//p), 10.2 (s, 2H, //meso) ppm; '^C NMR (150 MHz, CDCls/pyridine-ds): S = 22.7, 105.8, 

120.2, 120.8, 127.0, 131.2, 131.3, 132.0, 133.5, 134.5, 136.5, 140.5, 149.5, 149.6, 

150.6, 154.6 ppm; UV/vis (CH 2 CI2 ): (log e) = 415 (5.29), 446 (5.32), 552 (4.69)

nm; HRMS (MALDI) m/z calcd. for [C6 8 H4 6NgZn2 ](M^): 1102.2428, found 1102.2433.



C h a p t e r  7 ;  E x p e r i m e n t a l  | 202

7.4.2. Sonogashira coupling for the synthesis of tetramer 212 and dimer 213

Bis {5-[(10',20'-bis(3-methoxyphenyl)porphyrinato-15'-yl)zinc(II]ethynyl-10,15,20- 

triphenyl}porphyrin-15'-ylato}zinc(II) (212):

Produced from alkynyl porphyrin 152 (65 mg, 0.104 mmol), bromoporphyrin dimer 202 

( 6 6  mg, 0.049 mmol), AsPhs (32 mg, 0.104 mmol) and Pd2 (dba)a (7 mg, 0.007 mmol) 

following procedure J. After 48 h reaction time, solvents were removed, the residue was 

redissolved in CH2CI2 and filtered through plug o f silica using CH2CI2 : ethyl acetate (9 

: 1, v/v) as eluent. Solvents were removed and the residue was subjected to column 

chromatography (silica, «-hexane : ethyl acetate, 6 : 1 , v/v) to give four fractions, the 

first three containing undesireable dimeric and trimeric products and the fourth o f 

which contained the desired tetramer 212. Solvents were removed in vacuo to give dark 

green solid 212 (34 mg, 0.011 mmol, 27%). M.p. >300 °C; = 0.27 (hexane : ethyl

acetate = 3 : 2 ,  v/v); 'H  NM R (600 MHz, CDCI3, TMS): d = 3.93 (m, 12H, OC//3), 7.26 

(m, 4H, C 6H4 -//), 7.62 (m, 4H, C6H4 -//), 7.84 (m, 22H, Ph/C6H4 -//), 8.19 (m, 4H, //p) 

8.25-8.27 (d, Vh-h = 6.4 Hz, 8H, C6H4 -//), 8.32 (m, 8H, 8.73 (m, 4H, //p), 8.95-

8.96 (d, Vh-h = 6.5 Hz, 8H, //p), 9.24-9.25 (d, Vh-h = 4.1 Hz, 4H, //p), 9.28 (m, 4H, 

//p), 10.55-10.56 (d, Vh-h = 4.3 Hz, 8H, //p) ppm; '^C NM R (150 MHz, CDCI3): 8 = 

55.4, 55.5, 101.0, 102.4, 113.6, 120.3, 122.5, 123.0, 126.7, 126.8, 127.4, 127.6, 127.7, 

131.0, 132.1, 132.3, 133.2, 133.4, 134.2, 134.3, 134.5, 142.5, 142.6, 143.6, 150.1,

150.3, 150.4, 150.7, 152.9, 153.0, 155.0, 157.9 ppm; UV/vis (CH2 CI2 ): (log e) =

411 (5.31), 498 (5.54), 564 (4.61), 700 (5.07) nm; HRMS (MALDI) m /z calcd. for 

[Ci48H9oNi604Zn4](M^): 2410.4497, found 2410.4441.
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{5-[(10’,20’-bis(3-methoxyphenyl)porphyrinato-5-yl)zinc(II]ethynyl-10,15,20- 

triphenylporphyrinato}zinc(II) (213):

Produced from alkynyl porphyrin 152 (56 mg, 0. 089 mmol), bromoporphyrin 110 (60 

mg, 0.089 mmol), AsPhs (57 mg, 0.185 mmol) and Pd2(dba)a (8 mg, 0.008 mmol) 

following procedure 1. After 22 h, solvents were removed, the residue was redissolved 

in CH2 CI2 and filtered through plug of silica using CH2CI2 as eluent. Solvents were 

removed and the residue was subjected to column chromatography (silica, n-hexane : 

ethyl acetate, 4 : 1 ,  v/v) to give four fractions, fraction one being monomer 152 with 

fractions two and three containing mixtures of undersired oligomers. The fourth fraction 

contained the desired dimer 213. Solvents were removed in vacuo to give dark green 

solid 213 (46 mg, 0.038 mmol, 43%). M.p. >300 °C; R^= 0.35 («-hexane: EtOAc, 3 : 2, 

v/v); 'H NMR (400 MHz, CDCls/pyridine-ds, 20 : 1, TMS): 6 = 4.07 (s, 6H, O C//3), 

7.37-7.40 (dd, Vh-h = 7.3, 2.4 Hz, 2H, 7.78 (m, I IH,  Ph/C6H4 -/^ , 7.89 (m,

2H, C6H4 -//), 8.23 (m, 6H, Ph-//), 8.30 (m, 2H, 9.01-9.02 (d, Vh-h = 4.6 Hz,

2H, //p), 9.04-9.05 (d, V h-h = 4.4 Hz, 2H, //p), 9.11-9.12 (d, V h-h = 4.5 Hz, 2H, //p), 

9.20-9.22 (d, V h-h = 4.5 Hz, 2H, //p), 9.30-9.31 (d, V h-h = 4.4 Hz, 2H, //p), 9.96-9.97 

(d, V h-h = 4.6 Hz, 2H, //p), 10.11 (s, IH, //meso), 10.46-10.47 (d, V h-h = 4.6 Hz, 2H, 

//p), 10.49-10.50 (d, V h-h = 4.6 Hz, 2H, //p) ppm; '^C NMR (100 MHz, 

CDCls/pyridine-Ds 20:1): (5= 55.6, 100.7, 107.2, 113.1, 120.1, 120.8, 121.1, 122.0,

122.1, 122.4, 126.3, 126.4, 127.3, 127.4, 128.0, 120.6, 131.5, 131.6, 131.8, 132.0,

132.2, 132.7, 132.8, 133.1, 134.4, 134.5, 134.6, 143.0, 143.2, 143.3, 144.5, 149.6, 

149.7, 149.8, 150.0, 150.4, 150.7, 152.6, 153.0 153.5, 157.9 ppm; UV/vis (CH2CI2 ):
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Arnax (log e) = 452 (5.06), 481 (5.22), 568 (4.08), 696 (4.64) nm; HRMS (MALDI) m/z 

calcd. for [C74H46N802Zn2](M^): 1206.2327, found 1206.2341.

7.4.3 Symmetric fused dimers

General procedure K: Oxidative coupling o f  5,10,15 trisubstituted porphyrins using 

DDQ/Sc(OTf)s

Metallatoporphyrin (1 equiv.) was charged to a 100 mL Schlenk tube and dissolved in 

dry toluene. Solution degassed via three freeze-pump-thaw cycles. DDQ (5 equiv.) and 

Sc(0Tf)3 (5 equiv.) added and the reaction heated to 50 °C under argon for 3-18 h. THF 

added and reaction stirred at room temperature for a further 1 h. The reaction mixture 

was then passed through a short plug o f  alox or silica gel, using CH 2 CI2 then THF as 

eluent and the solvent was removed in vacuo. The residue was then purified using 

column chromatography on silica gel to yield the desired triply-fused dimer.

General procedure L: Oxidative coupling using PIFA.

Trisubstituted metalloporphyrin (1 equiv.) was charged to a 100 mL Schlenk tube and 

dissolved in dry CH 2 CI2 . Solution degassed via vacuum and cooled to -78 °C. PIFA (2.5 

equiv.) added and the reaction allowed to warm to rt and stirred at this temperature for 3 

h. NaBH 4  (10 equiv.) in MeOH added and reaction stirred at room temperature for a 

further 1 h. The reaction mixture was then passed through a short plug o f alox or silica 

gel, using DCM then THF as eluent and the solvent was removed in vacuo. The residue 

was then purified using column chromatography on silica gel to yield the desired singly 

or triply-fused dimer.

Bis{5,10,15-triphenylporphyrin-13,15,17-triylato)zinc(II)} (214):̂ '̂ '*̂

Zn
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Synthesised according to general procedure K from (5,10,15- 

triphenylporphyrinato)zinc(II) 116 (60 mg, 0.010 mmol), DDQ (113 mg, 0.498 mmol), 

Sc(OTf) 3  (245 mg, 0.498 mmol) in dry toluene (60 mL), heated at 50 °C for 3.5 h. THF 

(15 mL) added and the reaction was stirred for a further 1 h at room tempertaure. The 

reaction mixture was filtered through a short plug o f alox using CH2 CI2 : THF ( 1 : 1 ,  

v/v) as eluent. Solvents were removed and 214 was isolated as a dark solid (48 mg, 

0.040 mmol, 79 %). M.p. > 300 °C; ’H NM R (600 MHz, CDCb/pyridine-Ds, 10:1, 

TMS): S = 6.99 (s, 4H, //p), 7.53 (m, 30H, Ph-//), 7.74 (m, 12H, //p) ppm; '^C NMR 

(150 MHz, CDCb/pyridine-Ds, 10:1): S = 117.5, 124.3, 124.9, 126.3, 126.4, 126.7, 

126.9, 127.1, 130.3, 130.5, 132.6, 132.9, 135.8, 141.4, 141.7, 154.3 ppm; UV/vis 

(CH2CI2 ): ;.max (log e) = 421 (5.62), 468 (4.40), 560 (4.71), 817 (3.46), 963 (3.82), 1097 

(4.06) nm; HRMS (MALDl) m/z calcd. for [C 76H42NgZn2 ](M^): 1194.2115, found 

1194.2141. Spectroscopica data were in agreement with the literature.

Bis{(5-(4-nitrophenyl)-10,20-diphenylporphyrin-13,15,17-triylato)zinc(II)} (215):

NOZn

Synthesised according to general procedure K from 137 (40 mg, 0.062 mmol), DDQ 

(70 mg, 0.309 mmol), Sc(0Tf)3 (152 mg, 0.309 mmol) in dry toluene (40 mL), heated 

at 50 °C for 4.5 h. THF (8 mL) added and the reaction was stirred for a further 1 h at 

room tempertaure. The reaction mixture was filtered through a short plug o f alox using 

CH 2CI2 : THF ( 1 : 1 ,  v/v) as eluent. Solvents were removed in vacuo and the residue 

was subjected to column chromatography using CH2CI2 as eluent giving one main 

fraction. Solvents were removed in vacuo to yield 215 as a dark solid (29 mg, 0.040 

mmol, 74%). M.p. >300 °C; 'H  NMR (400 MHz, CDCb/pyridine-Ds 10:1): (5 = 6.98 (s, 

4H, //p), 7.44-7.45 (d, Vh-h = 4.6 Hz, Hp), 7.54 (m, 18H, Ph-/// //p), 7.71-7.72 (d, Vh-h
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= 6.0 Hz, 8 H, Ph-//), 7.89-7.92 (d, Vh-h = 8 . 6  Hz, 4H, C6H4 -//), 8.39-8.41 (d, Vh-h = 

8 . 6  Hz, 4H, C6H4 -//) ppm; UV/vis (THF): 2max (log e) = 421 (5.07), 460 (4.76), 563 

(5.18), 963 (4.31), 1105 (4.58) nm; HRMS (MALDI) m/z calcd. for

[C76H4oNio04Zri2](M^): 1284.1817, found 1284.1824.

Bis{(5,15-bis(3,5-dW er/-butylphenyl)-10-(4-nitrophenyl)porphyrin-13,15,17- 

triylato)zinc(II)} (216):

NOZn

Synthesised according to general procedure K from {5,15-bis(3,5-di-/‘er/-butylphenyl)- 

10-(4-nitrophenyl)porphyrinatozinc(Il)} 140 (20 mg, 0.023 mmol), DDQ (26 mg, 0.115 

mmol), Sc(0Tf)3 (57 mg, 0.115 mmol) in dry toluene (20 mL), heated at 50 °C for 3 h. 

THF (5 mL) added and the reaction was stirred for a further 1 h at room tempertaure. 

The reaction mixture was filtered through a short plug o f alox using CH 2CI2 then 

CH2 CI2 : THF ( 1 : 1 ,  v/v) as eluent to give intense purple fraction. Solvents were 

removed and the residue was filtered through a second plug o f alox using CH 2CI2 as 

eluent. Solvents were removed in vacuo and 216 was isolated as a dark solid (13 mg, 

0.007 mmol, 64%). M.p. >300 °C; ’H NM R (400 MHz, CDCI3, TMS): d = 1.48 (s, 72H, 

/-butyl-//), 7.37 (s, 4H, //p), lM -1 .6 2  (d, Vh-h = 4.5 Hz, 4H, //p), 7.67 (m, 12H, Ax-H), 

7.75-7.76 (d, Vh_h = 4.6 Hz, 4H, //p), 8.00-8.02 (d, Vh-h = 8.2 Hz, 4H, C6H 4 -//), 8.11- 

8.13 (d, Vh-h = 8.2 Hz, 4H, C^Ua-H) ppm; '^C NM R (150 MHz, CDCI3): 8 = 31.5,

106.2, 107.5, 120.9, 122.2, 124.2, 127.7, 128.1, 130.1, 131.9, 133.4, 135.9, 139.5,

147.3, 147.8, 151.6, 153.5, 153.9, 154.1 ppm; UV/vis (THF): /.max (log s) = 423 (5.12i, 

566 (5.17), 886 (4.00), 967 (4.33), 1110 (4.63) nm; HRMS (MALDI) m /z calcd. for 

[C,o8Hio4N,o0 4 Zn2 ](M^): 1732.6825, found 1732.6816.
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Bis{(5-butyl-10,20-bis(4-methoxyphenyi)porphyrin-13,15,17-triylato)zinc(II)}

(217):

Synthesised from 120 (20 mg, 0.031 mmol), DDQ (35 mg, 0.156 mmol), Sc(0Tf)3 (77 

mg, 0.156 mmol) in dry toluene (20 mL), heated at 50 °C for 3 h, according to general 

procedure K. THF (6 mL) was added and reaction stirred for a further 1 h at room 

tempertaure. The reaction mixture was filtered through a short plug o f alox using 

CH2CI2 as eluent to give side product 226 and using CH 2CI2 : THF ( 1 : 1 ,  v/v) as eluent 

to give fraction containg dimer 217. Solvents were removed in vacuo and the residue 

was subjected to column chromatography using CH 2CI2 as eluent to give two fractions, 

the first being side product 226, the second being desired dimer 217. Solvents were 

removed and 217 isolated as a dark solid (14 mg, 0.011 mmol, 70%). M.p. >300 °C; 'H 

NMR (400 MHz, CDCb/pyridine-D,, 10:1, TMS): d = 0.82 (m, 6H, C//3), 1.46 (m, 4H, 

CH2), 1.95 (m, 4H, C //2 ), 3.78 (s, 12H, O C //3), 5.17 (m, 4H, CHi), 6.99 (m, 6H, 

//(3/C 6H4 -//), 7.14 (m, 8H, C6H4 -//), 7.32 (m, 4H, C6 H4 -//), 7.53 (m, 8H, //p), 8.15 (m, 

2H, C6H4 -//) ppm; UV/vis (THF): (log e) = 422 (5.20), 459 (4.89), 559 (4.95), 949

(4.14), 1092 (4.41), 1094 (4.41) nm; HRMS (MALDI) m/z calcd. for

[Cv6H58N804Zn2](M^): 1274.3164, found 1274.3123.
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B is{(5,10,15-bis(4-m ethoxyphenyl)porphyrin-13,15,17-triylato)zinc(II)} (218):

Synthesised according to general procedure K, from  119 (40 mg, 0.058 m m ol), DDQ 

(6 6  m g, 0.289 m m ol), Sc(0 T f )3 (142 mg, 0.289 m m ol) in dry toluene (40 m L), heated 

at 50 °C for 4.5 h. THF (8  mL) was added and the reaction w as stirred for a further 0.8 

h at room  tem pertaure. The reaction m ixture was filtered through a short plug o f  silica 

gel using C H 2CI2 as eluent giving one fraction w hich w as discarded as no fusing 

product was detected via U V /vis/N lR  analysis. U sing C H 2CI2 : THF ( 1 : 1 ,  v/v) as 

eluent a second (m ain) fraction containing 218 was isolated. Solvents were rem oved in 

vacuo and 218 was isolated as a dark purple solid (33 m g, 0.024 m mol, 83%). M .p. 

>300 °C; 'H  N M R  (400 M Hz, C D C b/pyrid ine-D s, 10 : 1, TM S): S = 3.88 (s, 12H, 

O C//3), 3.94 (s, 6 H, O C//3), 7.01 (s, 4H, //p), 7.02 (d, V h-h = 8.3 Hz, 6 H, C6H4-//), 

7.08-7.10 (dd, Vh-h = 8.3, 2.4 Hz, 4H , C 6H4- //) , 7.27-7.28 (m , 2H, C 6H4- //) , 7.29 (m, 

2H, C 6H4- //) , 7.37-7.42 (t, Vh-h = 15.6 Hz, 6 H, C 6H 4- //) , 7 .51-7.52 (d, Vh-h = 4.6 Hz, 

4H, //p), 7.55-7.57 (d, V „.h = 4.6 Hz, 4H, //p), 7.62-7.64 (d, Vh-h = 8.3 Hz, 4H, C6H4- 

H) ppm ; '^C N M R  (150 M Hz, C D C b/pyrid ine-D j, 10 : 1): S = 55.4, 112.3, 112.9,

118.8, 124.1, 124.8, 126.1, 126.5, 127.3, 130.3, 130.7, 133.8, 134.2, 135.9, 142.9,

152.8, 153.1, 154.4, 157.8, 158.9 ppm ; U V /vis (EtOAc): /.max (log e) = 420 (4.91), 471 

(4.52), 562 (4.86), 584 (4.82), 820 (4.62), 952 (4.00), 1092 (4.23) nm; HRM S (M A LDI) 

m/z calcd. for [C82H 54Ng0 6 Zn2](M^): 1374.2749, found 1374.2723.
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Bis{(5-(4-ethynylphenyl)-10,20-diphenylporphyrin-13,15,17-triylato)zinc(II)} (219)

Synthesised following general procedure K from 117 (60 mg, 0.010 mmol), DDQ (113 

mg, 0.498 mmol), Sc(0Tf)3 (245 mg, 0.498 mmol) in dry toluene (60 mL), 50 °C for 

3.5 h. THF (15 mL) was added and the reaction was stirred for a further 1 h at room 

tempertaure. The reaction mixture was filtered through a short plug o f alox using 

CH2 CI2 : THF ( 1 : 1 ,  v/v) as eluent. Solvents were removed and 219 was isolated as a 

dark solid (48 mg, 0.040 mmol, 79%). M.p. >300 °C; 'H NMR (600 MHz, 

CDClj/pyridine-Ds, 1 0 : 1 ,  TMS); (5 = 3.22 (s, 2H, C=C-H), 6.98 (s, 4H, //p), 7.50 (m, 

20H, Ph-/i), 7.66-7.67 (d, Vh-h = 8.0 Hz, 8H, //p), 7.71 (m, 8H, //p) ppm; '^C NMR 

(150 MHz, CDCb/pyridine-Ds, 10:1): S = 77.7, 83.7, 126.4, 126.5, 127.0, 130.6, 132.9, 

135.9, 139.4 ppm; UV/vis (CH2CI2 ): /.max (log s) = 421 (5.01), 563 (4.85), 586 (4.85), 

671 (4.83), 968 (4.01), 1096 (4.27) nm; HRMS (M ALDl) m/z calcd. for 

[C8oH42NgZn2 ](M^): 1242.2115, found 1242.2145.

Bis{5-hexyl-10,20-diphenylporphyrin-13,15,17-triylato)zinc(II)} (220):
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Synthesised from {5-hexyl-10,20-diphenylporphyrinato}zinc(II) 115 (60 mg, 0.098 

mmol), DDQ (112 mg, 0.492 mmol), Sc(0 Tf)3 (242 mg, 0.492 mmol) in dry toluene 

(60 mL), following general procedure K. The reaction was heated at 50 °C for 4 h. 

THF (12 mL) was added and the reaction was stirred for a further 1 h at room 

tempertaure. The reaction mixture was filtered through a short plug o f alox using 

CH2CI2 as eluent to give dimer 227 as a side product and using CH2CI2 : THF ( 1 : 1 ,  

v/v) as eluent a section fraction containing 220 was removed. Solvents were removed 

and 220 was isolated as a dark solid (35 mg, 0.025 mmol, 51%). M.p. >300 °C; Rf = 

0.42 (CH2CI2 : CH3OH, 40:1, v/v); 'H  NM R (600 MHz, CDCI3, TMS): S = 0.90 (t, Vh- 

H = 13.4 Hz, 6 H, CH 3 ), 1.58 (m, 4H, CH2) 1.84 (m, 4H, C //2), 1.98 (m, 4H, C //,), 2.07 

(m, 4H, CH2 ), 3.98 (t, V h - h  = 14.3 Hz, 4H, CH2 ), 7.00 (s, 4H, / / p ) ,  7.56 (m, 20H, Ar-H), 

7.74 (m, 4H, / / p ) ,  8.23 (m, 4H, / / p ) ,  ppm; UV/vis (THF): ;.max (log e) = 423 (5.13), 468 

(4.98), 599 (4.96), 817 (4.25), 1055 (4.35) nm; HRMS (MALDI) m/z calcd. for 

[C76Hs8N 8Zn2](M^): 1210.3367, found 1210.3319.

Bis{(5-but>i-10,20-bis(4-methylphenyl)porphyrin-13,15,17-triylato)zinc(II)} (221):

ZnZn

Synthesised according to general procedure K from 124 (30 mg, 0.049 mmol), DDQ 

(56 mg, 0.246 mmol), Sc(0 T f )3 (121 mg, 0.246 mmol) in dry toluene (30 mL), heated 

at 50 °C for 3.5 h. THF (7 mL) was added and the reaction was stirred for a further 0.5 

h at room tempertaure. The reaction mixture was filtered through a short plug o f alox 

using CH2CI2 as eluent to give side product 228 and using THF as eluent to give a 

second fraction containing dimer 221. Solvents were removed in vacuo and the residue 

was subjected to column chromatography (silica gel, CH2CI2 : «-hexane, 9 : 1  + 1%



C h a p t e r  7 :  E x p e r i m e n t a l  | 211

TEA) to give 221 as the main fraction. Solvents were removed and 221 was isolated as 

a dark purple solid (16 mg, 0.013 mmol, 54%). M.p. >300 °C; 'H  NM R (400 MHz, 

CDCVpyridine-Ds, 10 : 1, TMS): S = 0.96-0.99 (t, Vh-h = 14.6 Hz, 6 H, C //3 ), 1.47 (m, 

4H, CH2 ), 2.04 (m, 4H, C //2 ), 2.57 (s, 12H, tolyl-C/Za), 3.89 (m, 4H, CH2 ), 7.01 (s, 4H, 

//p), 7.31-7.33 (d, Vh-h = 7.2 Hz, 8 H, CeH4 -H), 7.59-7.60 (m, 4H, C 6 H4 -//), 7.59-7.61 

(m, 4H, //p), 8.21-8.22 (d, Vh-h = 4.3 Hz, 4H, //p) ppm; '^C NMR (150 MHz, CDCI3/ 

pyridine-D 5 , 10 : 1): d' = 14.0, 20.9, 22.7, 35.0, 40.7, 117.5, 122.3, 126.8, 127.5, 135.7, 

139.9, 148.4, 154.9 ppm; UV/vis (CH 2 CI2 ); w  (log e) = 406 (4.99), 460 (4.70), 555 

(4.89), 976 (4.16), 1044 (4.22) nm; HRMS (MALDI) m/z calcd. for

[C7 6 H 58NgZn2 ](M^): 1210.3367, found 1210.3375.

Bis{5-bromo-10,20-bis(3-methoxyphenyl)porphyrin-13,l5,17-triylato)z,inc(II)}

(225):

Synthesised according to general procedure L from {5-bromo-10,20-(3- 

methoxyphenyl)porphyrinato}zinc(II) 110 (20 mg, 0.030 mmol) in CH 2 CI2 (60 mL). 

PIFA (32 mg, 0.075 mmol) was added at -78 °C, the reaction mixture was warmed to rt 

and stirred at this temperature for 2 h. NaBH 4 (12 mg, 0.305 mmol) in MeOH (5 mL) 

was added and the reaction stirred for a further 45 min. The reaction mixture was added 

to H2 O (100 mL) and organic layer extracted using CH 2 CI2 : THF (1 : 1, v/v). The 

organic layer was then washed with NaHCOs (2 x 50 mL), H2 O (30 mL) and dried over 

Na2 S0 4 , which was then filtered and solvents were removed in vacuo. The dark residue 

was redissolved and filtered through short plug o f  silica using CHCI3 : THF ( 1 : 1 ,  v/v) 

as eluent to give a green fraction. Solvents were removed in vacuo and the residue was
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recrystallised from CH2Cl2/«-hexane to give a dark purple solid (3 mg, 0.002 mmol, 

14%). M.p. >300 °C; ’H NMR (400 MHz, CDCI3 , TMS): S = 3.93 (s, 12H, OCH3 ), 7.04 

(s, 4H, //p), 7.16 (m, 4H, CeVU-H), 7.70 (m, 6 H, CeH4 -H), 7.73 (m, lOH, C6H4- // / / / 3), 

8.45 (m, 2H, //p), 8.61 (m, 2H, //p) ppm; UV/vis (CH2CI2 : THF , 1 : 1 ,  v/v): n̂iax (log e) 

= 425 (5.01), 459 (4.66), 566 (4.68), 871 (3.98), 1110 (4.17) nm; HRMS (MALDI) m/z 

calcd. for [C6gH4oBr2N 8 0 4 Zn2](M^): 1318.0122, found 1318.0150.

Bis{(5-rt-butyl-10,20-bis(3-methoxyphenyl)porphyrin-15-ylato)zinc(II)} (226):

Zn

Isolated as as side product from the synthesis o f 217. The reaction mixture was filtered 

through a short plug of alox using CH2CI2 as eluent to give a fraction containg 226. 

Solvents were removed in vacuo yielding a red-purple solid (4 mg, 0.003 mmol, 19%). 

M.p. >300 °C; = 0.53 (CH2CI2 : «-hexane = 2 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3,

TMS): d’ = 0.89-0.93 (m, 6 H, C //3), 1.19 (m, 4H, CH2 ), 1.93 (m, 4H, CH2 ), 3.93 (s, 

12H, OC//3), 5.18-5.22 (t, Vh-h = 15.9 Hz, 4H, CHi), 12A-12 1  (d, Vh_h = 8 . 6  Hz, 4H, 

C6H4 -//), 1.56-1 M  (t, Vh-h = 15.8 Hz, 4H, C6H4-//), 7.82 (m, 8 H, C6H4 -//), 8.08 (m, 

4H, //p), 8.67 (m, 4H, //p), 9.12-9.13 (d, Vh-h = 4.8 Hz, 4H, //p) 9.71-9.72 (d, Vh-h = 

4.8 Hz, 4H, //p) ppm; '^C NMR (150 MHz, CDCI3): 5 = 14.0, 22.5, 29.6, 41.0, 55.8, 

109.9, 112.6, 119.6, 120.9, 127.9, 128.9, 131.7, 133.5, 142.5, 149.2, 154.9, 157.6 ppm; 

UV/vis (CH2CI2 ): 2max (log s) = 424 (5.35), 457 (5.27), 568 (4.59) nm; HRMS 

(MALDI) m/z calcd. for [C76H62N 8 0 4 Zn2 ](M^): 1278.3477, found 1278.3438.
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Bis{(5-hexyl-10,20-diphenylporphyrin-15-ylato)zinc(II)} (227):

Isolated from  as s side product from  the synthesis o f  220. The reaction m ixture was 

filtered through a short plug o f  alox using C H 2 CI2 as eluent to give the first fraction 

containing 227. Solvents were rem oved in vacuo and 227 was isolated as a red-purple 

solid (18 mg, 0.015 m m ol, 29% ). M.p. >300 °C. 7?f =  0.55 («-hexane : C H 2 CI2 = 1 : 2 ,  

v/v); 'H  N M R  (400 M Hz, CDCI3): S = 0.98-1.01 (t, Vh-h = 14.4 Hz, 6H, CH3 ), 1.44 (m, 

4H, CH2 ) 1.64 (m, 4H, CH 2 ), 1.92 (m, 4H , C //2 ), 2.66 (m, 4H, C // 2), 5.15-5.18 (t, Vh-m 

= 15.3 Hz, 4H, C / / 2), 7.70 (s, 12H, P h -//) , 8.08-8.09 (d, J  = V,i-h = 4.5 Hz, 4H, //p), 

8.25 (m, 8H, Ph-/7), 8.62-8.63 (d, Vh-h = 4.5 Hz, 4H, //p), 9.07-9.08 (d, Vh_h = 4.6 Hz, 

4H, //p), 9.69-9.70 (d, V h-h = 4.7 Hz, 4H , //p) ppm ; '^C N M R  (150 M Hz, CDCI3): d = 

13.7, 22.3, 29.2, 29.9, 31.5, 38.6, 120.8, 125.9, 126.9, 128.6, 131.4, 131.6, 133.2, 133.8, 

142.3, 148.9, 149.6, 154.5 ppm ; U V /vis (CH 2 CI2): /.max (log e) = 421 (5.48), 454 (5.41), 

561 (4.88) nm; HRM S (M A LD I) m/z calcd. for [C 76H 62N 8Zn2 ](M^): 1214.3680, found 

1214.3661.
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Bis{(5-w-butyl-10,20-bis(4-methylphenyl)porphyrin-15-ylato)zinc(II)} (228)

Synthesised as a side product o f  221, 228 was isolated as the first fraction from 

filtration through a plug o f alox using CH 2CI2 as eluent. Sovlents were removed to give 

a red-pui-ple solid 228 ( 8  mg, 0.007 mmol, 27%) M.p. >300 °C; Rf=  0.45 (CH2 CI2 : n- 

hexane = 3 : 2 ,  v/v); 'H  NM R (400 MHz, CDCI3 , TMS): S = 0.89-0.93 (t, Vh-h = 16.2 

Hz, 6 H, C //3), 1.19 (m, 4H, CHj), 1.97 (m, 4H, CH 2), 2.64 (s, 12H, tolyl-C/Za), 5.15- 

5.19 (t, Vh-h = 15.6 Hz, 4H, CH 2), 7.49-7.51 (d, Vh-h = 7.8 Hz, 8 H, CeU4 -H), 8.07-8.08 

(d, Vh-h = 4.9 Hz, 4H, //p), 8.11-8.13 (d, Vh-h = 7.8 Hz, 8 H, C6H4 -//), 8.65-8.66 (d, Vh- 

H = 8.7 Hz, 4H, //p), 9.09-9.11 (d, Vh-h = 4.7 Hz, 4H, //p), 9.68-9.69 (d, Vh-h = 4.7 Hz, 

4H, //p) ppm; '^C NM R (150 MHz, CDCI3 ): S = 14.2, 21.3, 23.7, 35.6, 41.1, 118.7, 

121.2, 122.1, 127.0, 128.8, 131.7, 131.9, 133.4, 134.1, 136.8, 139.7, 149.4, 149.9, 

150.1, 154.9 ppm; UV/vis (CH 2CI2 ): ;.max (log e) = 423 (5.54), 456 (5.45), 566 (4.80) 

nm; HRMS (MALDI) m/z calcd. for [C76H 62NgZn2](M^): 1214.3680, found 1214.3663.
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{(5,10,15-TrihexyI-20-(10',20'-diphenylporphyrin-5'-yl)-13,15,17-triylato}zinc(II)

(229):

Synthesised from directly linked dimer 203 (20 mg, 0.019 mmol), DDQ (22 mg, 0.096 

mmol), Sc(0Tf)3 (47 mg, 0.096 mmol) in dry toluene (20 mL), heated at 50 °C for 3 h. 

THF (6 mL) was added and the reaction was stirred for a further 1 h at room 

temperature. The reaction mixture was filtered through a short plug of alox using 

CH2 CI2 : THF (1 : 1, v/v) as eluent. Solvents were removed and the residue was 

subjected to column cliromatography (CH2 CI2 : ^-hexane, 5 : 1 ,  v/v) to give three 

fractions, the first being unreacted starting material 203, the second of which contained 

229 and the third was oligomerised product. Solvents were removed and 229 was 

isolated as a dark solid (3 mg, 0.002 mmol, 15 %). UV/vis (THF): (log = 416

(4.97), 578 (4.70), 672 (4.56), 987 (3.87), 1106 (4.09) nm; HRMS (MALDI) m/z calcd. 

for [C7oH6 2NgZn2 ](M^); 1142.3680, found 1142.3625.
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{5-(5'-Phenyl-10',20'-bis(4-methoxyphenyl)porphyrin-13',15',17'-triylato)- 

10,15,20-triphenylporphyrinato}zinc(II) (233);

Synthesised from dimer 209 (40 mg, 0.032 mmol), DDQ (36 mg, 0.158 mmol), 

Sc(OTf)3 (78 mg, 0.158 mmol) in toluene (50 mL). The reaction was heated to 80 °C 

and stirred at this temperature for 3 h. THF (8 mL) was added and the reaction was 

stirred for a further 1 h at room tempertaure. The reaction mixture was filtered through 

plug of alox using CH2CI2 , then CH2 CI2 : THF (1 : 1, v/v) as eluent. Solvents were 

removed in vacuo to give a dark residue which was redissolved in CH2CI2 and subjected 

to column chromatography («-hexane : ethyl acetate, 6 : 1 ,  v/v) to give two fractions, 

the first yielding unreacted starting material 209 and the second containing desired 

fused dimer 233. Solvents were removed in vacuo to yield a dark coloured solid (21 

mg, 0.017 mmol, 52%). M.p. >300 °C; ‘H NMR (400 MHz, CDClj/pyridine-Ds, 20 : 1, 

TMS): (5 = 3.93 (s, 6H, O C//3), 7.03 (m, 4H, //p), 7.13 (m, 4H, C6 H4-//), 7.23 (m, 2H, 

C6H4 -//), 7.43 (m, 2H, CeW^-H), 7.49-7.62 (m, 20H, Vh-H! //p), 7.70-7.83 (m, 8H, Ph- 

/////p) ppm; '^C NMR (100 MHz, CDCb/pyridine-Ds, 20 : 1): J  = 55.4, 112.9, 126.5, 

126.9, 127.3, 128.8, 130.6, 130.9, 157.8 ppm; UV/vis (CH2CI2): A.„ax (log e) = 422 

(5.15), 455 (4.11), 556 (4.53), 579 (4.50), 917 (3.66), 1039 (3.90) nm; HRMS (MALDI) 

m/z calcd. for [C7gH46N802Zn2](M^); 1254.2327, found 1254.2286.



C h a p t e r  7 :  E x p e r i m e n t a l  | 217

B is{5 -|( l O ',20'-bis(3-m ethoxyphenyl)porphyrinato-l 5 '-y l)zinc(II]ethynyl-10,15,20- 

triphenyl} porphyrin-13',15',17'-triylato}zinc(II) (234):

, N = -

Synthesised from dim er 213 (20 mg, 0.017 m m ol), DDQ (19 mg, 0.083 m m ol), 

Sc(OTf ')3  (41 mg, 0.083 m m ol) in toluene (30 mL). The reaction was heated to 50 °C 

and stirred at this tem perature for 3 h. THF (10 mL) was added and the reaction was 

stirred for a further 45 m in at room  tem pertaure. The reaction m ixture was filtered 

through plug o f  silica using C H 2CI2 , then C H 2 CI2 : THF ( 2 : 1 ,  v/v) as eluent. Solvents 

were rem oved to give a dark green residue w hich was subjected to colum n 

chrom atoagraphy (silica, C H 2 CI2 : THF, 4 : 1 ,  v/v) to give fused tetram er 234 as the 

m ain fraction. Solvents were rem oved in vacuo to yield a dark brow n solid 234 (12 mg, 

0.005 m m ol, 59%). M .p. >300 °C; 'H  N M R  (400 M Hz, CDCI3, TM S): 6 = 3.97 (m, 

12H, OC//3), 6.82-6.84 (d, V h-h = 8 . 6  Hz, 8 H, 6.92 (s, 4H, //p), 7.12-7.14 (d,

Vh-h = 8 . 6  Hz, 8 H, P h-//), 7.43 (m, lOH, Ph-/////p ), 7.54-7.56 (t, Vh-h = 14.6 Hz, 12H, 

C 6H 4 - //) , 7.65 (t, Vh-h = 14.6 Hz, 8 H, C 6 H 4 -//), 7.73-7.90 (m, 24H, Ph-/////p ), 7.95- 

7.96 (d, Vh-h = 7.5 Hz, 8 H, P h -//)  ppm ; ‘^C N M R  (150 M Hz, CDCI3): =  54.4, 106.1, 

107.5, 113.2, 114.4, 118.3, 127.1, 127.9, 128.4, 128.6, 128.9, 130.7, 132.5, 133.9, 143.5 

ppm ; UV /vis (EtOAc): A^ax (log e)  = 427 (4.89), 573 (4.43), 714 (4.13) nm; HRM S 

(M A LD I) m/z calcd. for [C ,4 8H 88N i6 0 4 Zn4 ](M + 2 H)^: 2408.4340, found 2408.4282.
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7.5 Reactivity of porphyrin arrays

{5-(5'-Bromo-10',20'-bis(3-methoxyphenyl)porphyrin-15'-ylato)-10,20-bis(4- 

methoxy)-15-phenyl)porphyrinato}zinc(II) (235):

Produced from dimer 206 (150 mg, 0.120 mmol), NBS (32 mg, 0.180 mmol), CHCI3 

(50 mL) and pyridine (0.1 mL) following general procedure B. After 2.5 h at room 

temperature, solvents removed and the residue was filtered through plug o f  silica using 

CH 2 CI2 as eluent. Solvents were removed in vacuo to give a purple solid 235 (120 mg, 

0.091 mmol, 76%). M.p. >300 °C; Rf = 0.54 (CH2CI2); 'H  NM R (400 MHz, CDCI3, 

TMS): (5 = 3.91 (s, 12H, O C //3 ), 7.23 (m, 4H, C 6H4 -//), 7.56 (m, 4H, C6H 4 -//), 7.80 (m, 

1IH , Ph/C 6H4 -//), 8.03 (m, 4H, //p), 8.11-8.13 (d, Vh-h = 5.3 Hz, 2H, Ph-//), 8.64 (m, 

2H, //p), 8 . 6 8  (m, 2H, //p), 9.02-9.06 (q, Vh-h =12.1 Hz, 4H, //p), 9.08-9.09 (d, Vh-h = 

4.7 Hz, 2H, //p), 9.84-9.86 (d, Vh-h = 4.7 Hz, 2H, //p) ppm; '^C NM R (100 MHz, 

CDCI3 ): (5 = 55.4, 113.3, 120.2, 120.3, 121.6, 122.6, 126.6, 127.2, 127.5, 131.8, 132.8, 

133.7, 134.1, 134.5, 143.0, 143.4, 143.9, 144.1, 149.9, 150.2, 150.5, 150.9, 155.3, 157.7 

ppm; UV/vis (CH2 CI2): Amax (log e; = 418 (5.21), 450 (5.17), 558 (4.55) nm.^^^^’
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{5-(5'-Bromo-10',20'-bis(4-methylphenyl)porphyrin-15'-ylato)-10,20-bis(l- 

ethylpropyl)-15-phenylporphyrinato}zinc(II) (236):

Produced from  dim er 207 (30 mg, 0.026 m m ol), NBS (5 mg, 0.026 m m ol), CHCI3 (40 

mL) and pyridine (0.1 mL) follow ing general procedure B. A fter 1.5 h at room  

tem pertaure, solvents rem oved and the residue w as filtered through plug o f  silica using 

CH 2 CI2 as eluent. Solvents were rem oved in vacuo to give a purple solid 236 (29 mg, 

0.024 m m ol, 91%). M.p. >300 °C; = 0.48 (CH 2 CI2 : 77-hexane = 1 : 1 ,  v/v); 'H  NMR

(400 MHz, CDCI3 , TMS): S = 0.97-1.00 (t, ^h-h  = 13.9 Hz, 12H, C //3 ), 2.66 (s, 6 H, 

to ly l-//), 2.80 (m, 8 H, CH2), 5.05 (m, IH, CH), 5.16 (m, IH , CH), 7.50-7.52 (d, Vh-h =

7.6 Hz, 4H, C6 H4 -//), 7.83 (m, 3H, P h -/^ , 8.08 (m, 4H, Ph-/////p), 8.12-8.14 (d, Vh_h =

7.6 Hz, 4H, C6 H4 -//), 8.32-8.33 (d, Vh-h = 6 . 6  Hz, 2H, //p), 8.66-8.67 (d, Vh-h = 4.6 

Hz, 2H, Hp), 9.04 (m, 2H, //p), 9.10-9.11 (d, Vh-h = 4.5 Hz, 2H, //p), 9.39-9.43 (d, Vh-h 

= 17.3 Hz, 2H, //p), 9.76-9.79 (d, W h = 12.8 Hz, 2H, //p), 9.87-9.88 (d, Vh-h = 4.5 Hz, 

2H, //p) ppm; '^C NM R (100 MHz, CDCI3 ): S = 14.4, 21.5, 22.7, 29.7, 34.8, 50.5, 

105.0, 113.5, 121.1, 122.5, 124.9, 126.4, 127.2, 127.4, 130.1, 132.1, 132.8, 133.1, 

134.2, 134.3, 137.2, 139.6, 143.5, 143.6, 149.6, 150.3, 151.2, 155.3 ppm; UV/vis 

(CH 2 CI2 ): ;.max (log e) = 414 (5.32), 450 (5.27), 554 (4.54) nm; HRMS (MALDI) m/z 

calcd. for [C7oH5 7N 8Zn2 Br](M^): 1216.2472, found 1216.2509.
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{10,20-b is(3-m ethoxyphenyl)-5-phenyl-20-(10',20'-bis(4- 

m ethoxyphenyl)porphyrin-5'-yl)-13,15,17-triylato}zinc(II) (237):

Synthesised from  brom o-dim er 235 (20 mg, 0.038 m m ol), PIFA (35 mg, 0.094 m m ol) 

in C H 2 CI2 (60 mL). The reaction was stirred at room  tem perature for 3 h. N aB H 4 (7 mg, 

0.190 m m ol) in M eOH (5 m L) was added and the reaction was stirred for a further 1 h 

at room  tem pertaure. The reaction m ixture was poured on H 2 O (50 m L) and extracted 

w ith C H 2 CI2 . The organic layer was washed with NaHCOa (2 x 50 m L) and H2 O (50 

m L), dried over N a 2 S 0 4  and filtered. Solvents were rem oved to give a dark green 

residue which w as redissolved in C H 2 CI2 and filtered through a short plug o f  alox. 

Solvents were rem oved in vacuo  to yield a dark green solid 237 (22 m g, 0.011 m mol, 

44% ). M.p. >300 °C; 'H  N M R  (600 M Hz, C D C b/pyridine-ds, 10 : 1, TM S): 6 = 3.86- 

3.93 (m, 12H, OC//3), 6.55 (d, V h-h =  4.3 Hz, 2H, //p), 6.95 (m, 2H, ary l-//), 7.04 (m, 

4H, C 6 H 4 - //) , 7.12 (d, Vh-h = 4.3 Hz, 2H, //p), 7.16 ( m, 4H, C 6H 4 - //) , 7.35 (m, 2H, 

a ry l-//), 7.45 (m, 4H , ary l-//), 7.64 (d, Vh-h = 4.3 Hz, 2H, //p), 7.75 (m, 4H, CeW^-H), 

8.44 (d, Vh-h = 4.3 Hz, 2H , //p), 9.09-9.11 (d, Vh-h = 4.7 Hz, 4H , //p), 9.68-9.69 (d, Vh- 

H = 4.7 Hz, 4H, //p) ppm ; ‘^C N M R  (C-H CO SY  150 M Hz, CDCI3): S = 54.4, 112.7, 

113.1, 114.7, 119.4, 120.2, 122.2, 123.0, 123.8, 127.3, 128.9, 131.2, 132.0, 133.2, 136.0 

ppm ; UV /vis (THF): ;.„ax (log e) = 423 (5.10), 562 (4.64), 1037 (3.94)
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{5-(5'-Bromo-10',20'-bis(4-methylphenyl)porphyrin-13',15',17'-ylato)-10,20-bis(l- 

ethylpropyl)-15-phenylporphyrinato}zinc(II) (238):

Synthesised from bromodimer 236 (20 mg, 0.016 mmol), DDQ (19 mg, 0.082 mmol), 

Sc(0 Tf) 3  (40 mg, 0.082 mmol) and toluene (25 mL). The reaction was heated to 60 °C 

and stirred at this temperature for 3 h. THF ( 8  mL) was added and the reaction was 

stirred for a further 0.5 h at room tempertaure. The reaction mixture was filtered 

through a short plug o f alox using CH 2CI2 as eluent to give fraction one, which 

contained starting material 236 and CH2CI2 : THF ( 1 : 1 ,  v/v) as eluent to give fused 

dimer 238. Solvents were removed in vacuo to give a dark green solid 238 (12 mg, 

0.010 mmol, 65%). M.p. >300 °C; 'H  NM R (400 MHz, CDCI3, TMS): 6 = 0.92 m, 12H, 

C //3 ), 2.31 (m, 8 H, CH2 ), 2.53 (s, 6 H, tolyl-C/Zs), 5.44 (m, 2H, CH2 ), 6.84 (m, 2H, //p), 

7.16 (m, 2H, //p), 7.39-7.87 (m, 21H, Ph-/////p) ppm; UV/vis (THF): ;.max (log e) = 422 

(5.18), 565 (5.04), 965 (4.32) nm; HRMS (M ALDl) m/z calcd. for

[C7oH53NgZn2Br](M^): 1212.2159, found 1212.2200.
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Bis{(5,10-(4-nitrophenyl)-20-phenyl-porphyrin-15-yl} (240):

NO2

0,N

Dimer 194 (50 mg, 0.047 mmol) was dissolved in TFA (10 mL). NaN02 (300 mg, 

4.347 mmol) was added and the reaction was stirred for 1 h at room tempertaure. H2 O 

(70 mL) was added and extracted with CH 2 CI2 . The organic layer was washed with sat. 

NaHCOs and H2O, dried over Na2 S0 4  and filtered. The solvents were removed and the 

residue was redissolved in CH 2CI2 and filtered through a plug of silica. Solvents 

removed to give a purple solid 240 (22 mg, 0.018 mmol, 38%). M.p. >300 °C; Rf = 0.29 

(CH2CI2 ); 'H  NM R (600 MHz, CDCI3, TMS): ^ = -2.13 (s, 4H, N //), 7.72 (m, 6H, Ph- 

/y), 8.12 (m, 4H, //p), 8.23-8.24 (d, 4H, Vh_h = 6.8 Hz, Ph-/:0, 8.42-8.44 (d, 4H, Vh-h = 

7.7 Hz, C 6 H 4 - / / ) ,  8.50-8.52 (m, 4H, N p ) ,  8.59-8.61 (d, 4H, V h -h  = 7.7 Hz, C 6 H 4 - / / ) ,  

8.72-8.73 (d, 4H, Vh-h = 7.7 Hz, C6H4 -//), 8.95-8.88 (m, 8H, Hp) ppm; UV/vis 

(CH2CI2 ): ;.max (log ej = 424 (5.34), 458 (5.19), 532 (4.54), 590 (4.12), 656 (3.97) nm; 

HRMS (MALDI) m/z calcd. for [C76H46N,208](M^): 1254.3562, found 1254.3580.
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7,8-dehydropurpurin (245) and

{3,5-Diphenylmethanone-10,20-bis(3-methoxy)phenylporphyrinato}zinc(II) (249):

Ph
Ph

245 249

Bromoporphyrin 110 (25 mg, 0.038 mmol), diphenylacetylene 243 (10 mg, 0.056 

mmol) and (o-Tol)P3 (2.5 mg, 0.008 mmol) were charged to a 25 mL Schlenk tube and 

dried under high vacuum for 20 min. Toluene (2.5 mL) was added and the solution was 

degassed via three freeze-pump-thaw cycles. Pd2 (dba) 3  (2 mg, 0.002 mmol) and N-N- 

dicyclohexylmethylamine (37 mg, 0.165 mmol) were added and the reaction was heated 

to 110 °C and stirred at this temperature for 19 h, shielded from ambient light. 

Reaction mixture filtered through short plug of silica using CH2 CI2 as eluent. Solvents 

were removed to yield a crude dark orange solid containing 245 confirmed by UV-vis 

and HRMS analysis. UV/vis (CH2 CI2): /Imax (log e) = 414, 537, 571 nm; HRMS 

(MALDI) m/z calcd. for [C4 8 H3 2N 4 0 2 Zn](M^): 760.1817; found 760.1853. Compound 

245 (25 mg) was dissolved in CHCI3 (3000 mL) and was stirred, open to the air at room 

temperature, for 20 h. The transformation was monitored via UV-vis analysis, and the 

purpurin changed to porphyrin 249. Upon completion, solvents were removed in vacuo 

and the residue was purified via a short column of silica (CH2 CI2 : n-hexane, 4 : 1 ,  v/v). 

Solvents were removed to yield porphyrin 249 (24 mg, 0.030 mmol, 80%). M.p. >300 

°C; 7?f = 0.37 (?7-hexane : EtOAc, 3 : 1, v/v); 'H NMR (400 MHz, CDCI3 , TMS); <5 =

3.91 (s, 3H, O C//3 ), 3.96 (s, 3H, OC//3 ), 7.04-7.08 (t, Vh-h = 15.2 Hz, 2H, CeU^-H), 

12A-121 (t, Vh-h = 13.5 Hz, 2H, C6 H4 -//), 7.33 (m, 4H, Ph-//), 7.49 (m, IH, C6 H4 -//), 

7.59 (m, IH, C6 H4 -//), 7.63 (m, 2H, C6H4 -//), 7.74 (m, 4H, Ph-//), 7.79 (m, 2H, Ph-//),

8.91 (m, 3H, //p), 9.09 (m, 2H, //p), 9.38 (m, 2H, //p), 10.28 (s, IH, H„„,„) ppm; ’^C
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NMR (100 MHz, CDCI3): S = 55.4, 55.5, 108.0, 113.5, 120.5, 122.3, 127.4, 127.6, 

127.7, 128.0, 130.4, 131.6, 132.2, 132.4, 132.7, 132.8, 135.5, 138.0, 141.1, 142.8, 

143.3, 143.6, 144.2, 144.9, 148.8, 150.3, 150.4, 151.0, 151.8, 157.8, 157.9, 194.4, 198.9 

ppm; UV/vis (CH2CI2): 2max (log e) = 4 \5  (5.47), 479 (4.15) 543 (4.15) nm; HRMS 

(MALDI) m/z calcd. for [C48H32N4 0 4 Zn](M^): 792.1715, found 792.1732.

7,8-dehydropurpurin (246) and

3,5-Diphenylmethanone-10,20-bis(3-methoxy)phenyl-15-phenyl- 

porphyrinato}zinc(II) (250):

Ph
Ph

Zn

246 250

Bromoporphyrin 111 (70 mg, 0.094 mmol), diphenylacetylene 243 (25 mg, 0.142 

mmol) and (o-ToI)P3 ( 6  mg, 0.021 mmol) were charged to a 10 mL Schlenk tube and 

dried under high vacuum for 20 min. Toluene (3 mL) was added and the solution was 

degassed via three freeze-pump-thaw cycles. Pd2(dba)s (4 mg, 0.005 mmol) and N,N- 

dicyclohexylmethylamine (85 mg, 0.470 mmol) were added and the reaction was heated 

to 120 °C and stirred at this temperature for 24 h, shielded from ambient light. The 

reaction mixture was filtered through a short plug of silica using CH2CI2 as eluent. 

Solvents were removed to yield a dark orange solid 246, confirmed by UV/vis and 

HRMS analysis. UV/vis (CH2CI2): 2max (log e) = 416 (5.33), 489 (5.18), 619 (4.02) nm; 

HRMS (MALDI) m/z calcd. for [C54H36N4 0 2 Zn](M^): 836.2130, found 836.2136. A 

solution o f crude 246 (65 mg) in CHCI3 (3000 mL) was stirred, open to the air at room 

temperature, for 20 h. The transformation was monitored via UV-vis analysis, with the 

formation porphyrin 250. Upon completion, solvents were removed in vacuo and the
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residue was purified via a short colum n o f  silica (CH 2 CI2 : w-hexane, 4 : 1 ,  v/v) to give 

two fractions, the first o f  w hich was debrom inated starting m aterial and the second 

contained 250. Solvents were rem oved to yield porphyrin 250 (62 mg, 0.066 m m ol, 

76%). M .p. >300 °C; R f =  0.32 (^-hexane : EtOAc = 3 : 1 ,  v /v ) ; ' H  N M R  (400 M Hz, 

CDCI3, TM S): S = 3.97 (s, 3H, O C //3), 3.99 (s, 3H, OC//3), 7.10 (m, 2H, CeH4 -H), 7.25 

(m, 2H, Celi 4 -H), 7.37 (m, 2H, Ph-/7), 7.56 (m, 4H , C 6 H 4 - //) , 7.63 (m , 2H , P h-//), 7.75 

(m, 7H, P h -//) , 7.97 (d, ^Jh-h = 7.9 Hz, 2H, P h -//) , 8.20 (d, Vh_h = 8.0 Hz, 2H, Ph-/7), 

8.87 (m, 5H, //p), 8.96 (d, Vh-h =  2.1 Hz, IH , //p), 9.09-9.07 (dd, Vh-h = 4.7 Hz, IH , 

//p) ppm ; '^C N M R  (100 M Hz, CDCI3): S =  55.4, 55.5, 113.1, 113.2, 120.6, 120.9,

122.5, 122.9, 123.1, 123.4, 126.4, 127.1, 127.2, 127.5, 127.6, 127.8, 128.0, 130.5,

131.5, 131.7, 132.0, 132.1, 132.6, 132.7, 132.8, 134.4, 135.2, 135.5, 135.7, 135.9,

141.8, 142.9, 143.3, 143.9, 144.2, 145.7, 145.8, 148.9, 149.1, 149.3, 150.2, 150.4,

150.6, 151.0, 151.5, 157.7, 157.8, 194.8, 199.3 ppm ; U V /vis (CH 2 CI2 ): ;.max (log e) = 

428 (5.22), 553 (4.07), 596 (3.64) nm; HRM S (M ALDI) m/z  calcd. for 

[C 54H 36N 4 0 4 Zn](M ^): 868.2028, found 868.1988.

5,15-Bis(3-methoxyphenyl)-10-phenyl-18,20-diphenyldiazepine (252):

Zn

Porphyrin 250 (20 m g, 0.023 m m ol), hydrazine hydrate (0.1 mL) m m ol, acetic acid (1 

m L) and toluene (1 m L) were charged to an 5 mL open flask and the m ixture was 

irradiated under m icrow ave conditions at 375 W  for 7 m ins. A fter com pletion, the 

reaction m ixture was allowed to cool and was diluted w ith C H 2CI2 . The solution was 

w ashed with H 2 O ( 2 x 1 0  m L), extracted w ith C H 2 CI2 , dried over N a 2 S0 4  and filtered. 

The solvents were rem oved to yield a green solid which was redissolved in C H 2 CI2 and
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filtered through a short plug o f  silica. Solvents were removed to give green solid 252 

(17 mg, 0.020 mmol, 8 6 %). M.p. >300 °C; i?f = 0.27 (CH2CI2 : EtOAc 10 : 1, v/v); ‘H 

NMR (400 MHz, CDCI3): S = 3.93 (s, 3H, O C //3), 3.95 (s, 3H, O C //3 ), 7.16-7.18 (d, 

Vh-h = 15.7 Hz, 2H, Celi4-H), 12A -12 1  (dd, Vh-h = 8.7, 2.5 Hz, 2H, Ck\U-H), 7.35 (m, 

2H, C6H4 -//), 7.38-7.42 (t, Vh-h = 15.5 Hz, 2H, 7.55-7.58 (t, ^Jh-h = 13.7 Hz,

2H, C 6H4 -//), 7.63 (m, 2H, Ph-//), 7.75 (m, 2H, Ph-//), 7.82 (m, 5H, Ph-//), 7.93-7.94 

(d, Vh-h = 8.0 Hz, 2H, Ph-//), 8.23 (m, 2H, Ph-//), 8.90-8.91 (d, Vh-h = 4.8 Hz, 2H, 

//p), 8.96 (m, 5H, //p) ppm; '^C NM R (100 MHz, CDCI3): ^ = 55.4, 55.5, 113.5, 113.7,

120.4, 122.8, 123.2, 126.7, 127.4, 127.5, 127.8, 128.1, 129.3, 130.5, 130.9, 132.4,

132.5, 132.9, 134.3, 135.6, 138.2, 141.7, 142.3, 142.9, 143.4, 143.5, 145.6, 146.0, 

149.0, 150.4, 150.6, 150.8, 150.9, 151.6, 157.8, 157.9 ppm; UV/vis (CH2CI2 ): Amax (log 

e) = 428 (5.01), 555 (3.95), 703 (3.80) nm; HRMS (MALDl) m/z calcd. for 

[C54H36N 6 0 2 Zn](M^): 864.2191, found 864.2222.

Bis-dehydropurpurin (254):

Bromoporphyrin dimer 202 (30 mg, 0.023 mmol), diphenylacetylene 243 (12 mg, 0.068 

mmol) and (o-Tol)P3 (3 mg, 0.009 mmol) were charged to a 25 mL Schlenk tube and 

dried under high vacuum for 20 min. Toluene (3 mL) was added and the solution was 

degassed via three freeze-pump-thaw cycles. Pd2 (dba)3  (2 mg, 0.002 mmol) and N,N- 

dicyclohexylmethylamine (45 mg, 0.230 mmol) were added and the reaction was heated 

to 110 °C and stirred at this temperature for 24 h, shielded from ambient light. The 

reaction mixture was filtered through short plug o f  silica using CH 2 CI2 as eluent. 

Solvents were removed and the residue was subjected to column chromatography
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(silica, CH2CI2 : w-hexane, 2  : 1 , 4 :  1 , v/v) to yield one main fraction, orange in colour. 

Solvents were removed to give dark solid 254 (28 mg, 0.018 mmol, 78%).M.p. > 300 

°C; Rf = 0.21 (CH2CI2 : «-hexane = 3 : 1 ,  v/v); 'H  NM R (600 MHz, CDCI3 , TMS): S = 

3.81 (s, 6 H, OC//3), 3.85 (s, 6 H, O C //3), 6.93 (s, IH, //p), 6.97 (s, IH , //p), 7.07-7.08 (d, 

Vh-h = 8.2 Hz, 2H, CeH4-H), 7.12-7.13 (d, Vh-h = 8.2 Hz, 2H, 7.23-7.27 (m,

4H, aryl-//), 7.38-7.41 (m, 24H, aryl-/////p), 7.59-7.60 (d, Vh-h = 7.2 Hz, 6 H, aryl-//), 

7.69-7.71 (m, 2H, //p), 7.79-7.81 (d, Vh-h = 6 . 8  Hz, 4H, aryl-//), 7.86-7.88 (m, 2H, 

aryl-//), 8.06-8.07 (d, Vh-h = 4.8 Hz, 2H, //p) ppm; '^C NM R (150 MHz, CDCI3): S = 

55.2, 55.3, 113.1, 113.3, 119.1, 119.2, 119.5, 120.0, 123.9, 124.9, 125.5, 126.4, 126.6, 

126.9, 127.3, 127.4, 127.5, 127.6, 127.9, 128.1, 128.3, 128.5, 128.7, 128.8, 130.1,

130.4, 134.2, 134.3, 134.5, 135.7, 137.1, 141.2, 142.7, 143.4, 149.7, 150.3, 150.7,

151.5, 152.7, 153.1, 153.8, 154.4, 157.7, 157.9, 163.9 ppm; UV/vis (CH2CI2): .̂ ,a.x (log 

£) = 410 (5.46), 513 (5.54) nm; HRMS (M ALDl) m/z calcd. for [C96H62Ng0 4 Zn2](M^): 

1518.3477; found 1518.3505.

{2-Butyl-5-(5',10',20'-triphenyIporphyrin-13',15',17'-ylato)-10,15,20- 

triphenyl}chlorinzinc(II) (258):

Zn

Porphyrin 214 (40 mg, 0.033 mmol) and THF (30 mL) were charged to a 100 mL 

Schlenk tube. Solution degassed via three freeze-pump-thaw cycles and vessel cooled to 

-78 °C using a cool bath. «-BuLi (0.1 mL, 0.200 mmol, 2.5 M solution in hexane) was 

added dropwise over 10 mins. Cool bath was removed and the reaction was allowed to 

warm to room temperature and stirred for a further 3 h. THF : H2 O (5 mL, 2 ; 3, v/v) 

added and the reaction was stirred for 0.5 h. DDQ (75 mg, 0.330 mmol) in THF (10 

mL) was added and the reaction was stirred for 1 h. The reaction mixture was filtered 

through plug o f silica and solvents were removed in vacuo. The residue was redissovled



C h a p t e r  7 :  E x p e r i m e n t a l  | 2 2 8

in CH2 CI2 and filtered through a second plug o f silica to give two fractions, the first o f 

which contained desired dimer 257 ( 6  mg, 0.005 mmol, 15%). M.p. >300 °C; 'H  NM R 

(400 MHz, CDCls/pyridine-Ds, 1 0 : 1 ,  TMS): S = 0.68-0.73 (t, Vh-h = 15.2 Hz, 3H, 

C //3), 1.60 (m, 2H, CH2 ), 2.02 (m, 2H, CH2 ), 3.95 (m, 2H, CH2 ), 4.06 (m, IH, pyrrole- 

CH), 4.15-4.18 (dd, Vh-h =11-0  Hz, 2H, pyrrole-C //2 ), 6.82 (m, 2H, //p), 7.13 (m, 2H, 

//p), 7.20 (m, 2H, //p), 7.40-7.81 (m, 32H, Ph///p), 8.25 (d, Vh-h = 6.9 Hz, 2H, Ph-//) 

ppm; '^C NMR (150 MHz, CDCW pyridine-Dj, 10 : 1): ^ '= 13.9, 22.5, 29.5, 44.6, 61.8, 

6 8 .6 , 113.8, 113.9, 120.9, 126.4, 127.0, 127.1, 127.6, 128.2, 130.6, 130.8, 131.8, 132.6, 

132.7, 134.3, 140.9, 142.6, 150.1, 153.4, 156.2 ppm; UV/vis (CH2 CI2 ); (log e) = 

418 (5.21), 564 (5.05), 808 (3.89), 910 (4.22), 1027 (4.41) nm; HRMS (MALDl) m/z 

calcd. for [C8oH5oN8Zn2 ][M-2 H ]^ 1250.2741; found 1252.2770.

7.5 Porphyrin-carbazole conjugates 

7.5.1 Carbazole synthesis

Carbazoles 264-266 were synthesised according to standard procedures via methods 

developed by Tavasli et Carbazoles 269-273 were synthesised via methods

developed by Tang et and spectroscopic data agreed with those in the literature.

9-Hexyicarbazol-2-[4’,4’,5’,5’-tetram ethyl(l’,3 ’,2’)dioxaborolan-2-yl) (266);

«-BuLi (2.5 M in hexanes, 1.9 mL, 4.6 mmol) was added dropwise to a solution o f 2- 

bromo-9-hexylcarbazole (1.3g, 3.8 mmol) in dry THF (25 mL) at -78 °C over 0.5 h. 

The reaction mixture was stirred at -78 °C for 2 h, then 2-isopropoxy-4,4,5,5- 

tetramethyl-l,3,2-dioxaborolane (7.5 mmol, 1.5 mL) was added and the reaction was 

allowed stir at RT for 18 h. The milky solution was then poured onto ice water and 

extracted using diethylether. The organic layer was then washed with sat. NaCl and 

dried over N a2 S0 4 ,. Solvents were removed in vacuo and the yellow oily residue was 

recrystallised from ethanol to give white crystals (1.01 g, 2.7 mmol, 71%). M.p. = 8 6  

°C; Rf=  0.37 (tt-hexane : EtOAc = 20 : 1, v/v); 'H  NM R (400 MHz, CDCI3, TMS): S =
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0.90-0.94 (t, V h-h  = 13.8 Hz, 3H, CH3), 1.31 (m, 6 H, CH2), 1.45 (s, 12H, C //3 ), 1.92 

(m, 2H, CH2I  4.36-4.40 (t, Vh-h = 14.6 Hz, 2H, CH2), 7.25-7.29 (t, Vh-h = 14.5 Hz, 

IH, carbazole-//), 7.44-7.46 (d, Vh-h = 8.2 Hz, IH, carbazole-//), 7.51-7.55 (t, Vh-h = 

15.1 Hz, IH, carbazole-//), 7.73-7.75 (d, IH, Vh-h = 7.8 Hz, IH, carbazole-//), 7.93 (s, 

IH, carbazole-//), 8.15-8.16 (d, Vh-h = 3.0 Hz, IH, carbazole-//), 8.17-8.18 (d, Vh-h = 

3.0 Hz, IH, carbazole-//) ppm; '^C NM R (100 MHz, CDCI3 ): S=  13.6, 22.1, 24.5, 26.5, 

28.6, 31.2, 42.5, 83.3, 108.4, 114.6, 118.2, 119.2, 120.1, 124.5, 125.7, 139.5, 140.5 

ppm; HRMS (ESI) m/z calcd. for [C24H33BN02](M+H)^ 378.2604, found 378.2606.

7.5.2 Porphyrin-carbazole conjugates

2-(5',10',15'-Triphenylporphyrin-20'-yl)-9-hexyI-carbazole (274):

HN

Porphyrin 83 (50 mg, 0.08 mmol), borylated carbazole 266 (61 mg, 0.16 mmol) and 

K3 PO 4 (210 mg, 0.97 mmol) were charged to a 50 mL Schlenk tube and dried under 

high vacuum for 20 mins. THF (10 mL) was added and the solution was degassed via 

three freeze-pump-thaw cycles. Pd(PPh3 ) 4  (9 mg, 0.01 mmol) was added, the reaction 

heated to 80 °C under argon and left to stir at this temperature for 18 hrs. Solvents were 

removed in vacuo, the residue was dissolved in CH 2 CI2 and washed with saturated 

NaHC 0 3 , brine and H2 O. The organic layers were dried over MgS0 4  and solvents were 

removed in vacuo. The residue was subjected to column chromatography (CH 2 CI2  : n- 

hexane 1 : 1) to yield purple product 274 (49 mg, 0.06 mmol, 75%,). M.p. = 201 °C; 7?f 

= 0.68 (CH 2 CI2 : tt-hexane = 1 : 1 ,  v/v); 'H  NM R (400 MHz, CDCI3 , TMS): S = -2.68 

(s, 2H, NH),  0.76-0.80 (t, Vh-h = 14.0 Hz, 3H, C //3), 0.91 (m, 2H, C //2 ), 1.26 (m, 2H, 

C //2 ), 1.43 (m, 2H, CH2), 1.97 (m, 2H, C //2 ), 4.43-4.46 (t, Vh-h = 14.0 Hz, 2H, C //2),
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7.40-7.43 (t, Vh-h = 1 5 .0  Hz, IH, carbazole-//), 7.60 (m, 2H, carbazole-//), 7.79 (m, 

9H, Ph-//), 8.14-8.17 (d, Vh-h = 9.4 Hz, IH, carbazole-//), 8.24-8.28 (d, Vh-h = 6 . 6  Hz, 

6 H, Ph-//), 8.28 (s, IH, carbazole-//), 8.37-8.39 (d, Vh-h = 7.6 Hz, IH, carbazole-//), 

8.44-8.45 (d, Vh-h = 7.6 Hz, IH, carbazole-//), 8.87 (m, 6 H, //p), 8.92-8.93 (d, Vh-h = 

4.7 Hz, 2H, //p) ppm; ’̂ C NMR (150 MHz, CDCI3): S = 13.9, 22.5, 26.9, 29.1, 31.5, 

43.3, 109.1, 115.7, 117.9, 119.2, 120.1, 127.7, 131.2, 134.5, 139.3, 139.7, 141.2, 142.2 

ppm; UV/vis (CH2CI2): ;.max (log e) = 422 (5,40), 517 (4.43), 522 (4.31) 591 (4.28), 646 

(4.23) nm; HRMS (MALDI) m/z calcd. for [C56H45N 5](M^) 787.3675, found 787.3652.

2-(5',15'-Diphenylporphyrin-10'-yl)-9-hexyl-carbazole (275):

HN

Porphyrin 94 (50 mg, 0.09 mmol), borylated carbazole 266 (35 mg, 0.09 mmol) and 

K3PO4 (197 mg, 0.92 mmol) were charged to a 50 mL Schlenk tube and dried under 

high vacuum for 20 mins. THF (10 mL) was added and the solution was degassed via 

three freeze-pump-thaw cycles. Pd(PPh3 )4  (10.7 mg, 0.01 mmol) was added, the 

reaction heated to 80 °C under argon and left to stir at this temperature for 18 hrs. The 

solvents were removed in vacuo, the residue dissolved in CH2CI2 and washed with 

saturated NaHCOs, brine and H2O. The organic layers were dried over MgS0 4  and 

solvents were removed in vacuo. The residue was subjected to column chromatography 

(CH2CI2 : «-hexane 1 : 1 )  and the product recrystallised from CH2Cl2/MeOH to give 

purple crystals 275 (38 mg, 0.05 mmol, 61%). M.p. = 182 °C; /?f = 0.54 (CH2CI2 : n- 

hexane = 1 : 1 ,  v/v); 'H  NMR (400 MHz, CDCI3, TMS): 3 = -2.91 (s, 2H, N //), 0.75- 

0.79 (t, V h-h =13.4  Hz, 3H, C //3), 1.24 (m, 4H, C //2), 1.41 (m, 2 H, CHj), 1.96 (m, 2 H, 

C //2), 4.41-4.45 (t, Vh-h = 14.0 Hz, 2H, C //2), 7.39-7.43 (t, Vh-h = 12.8 Hz, IH, 

carbazole-//), 7.61 (m, 2H, carbazole-//), 7.80 (m, 6 H, Ph-//), 8.15-8.17 (d, Vh-h = 7.6 

Hz, IH, carbazole-//), 8.27 (m, 4H, Ph-//), 8.30 (m, IH, carbazole-//), 8.38-8.39 (d, Vh-
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H = 7.6 Hz, IH, carbazole-//), 8.43-8.45 (d, Vh-h = 7.6 Hz, IH, carbazole-//), 8.91-8.92 

(d, Vh-h = 4.6 Hz, 2H, H^), 8.95-8.96 (d, Vh-h = 4.6 Hz, 2H, //p), 9.06-9.07 (d, Vh-h = 

4.6 Hz, 2H, //p), 9.06-9.07 (d, Vh-h = 4.7 Hz, 4H, //p) 10.27 (s, IH, //meso) Ppm; ’̂ C 

NMR (100 MHz, CDCI3): d = 13.9, 22.5, 27.1, 29.1, 31.5, 43.3, 109.1, 115.8, 117.9,

119.2, 119.7, 120.7, 121.6, 122.2, 122.8, 125.9, 126.7, 126.8, 126.9, 127.7, 130.7,

131.3, 131.4, 131.8, 134.6, 134.7, 136.6, 139.2, 140.1, 141.2, 141.8, 147.5 ppm; UV/vis 

(CH2CI2 ): 2max (log e) = 424 (5.43), 518 (4.48), 524 (4.33) 590 (4.30), 647 (4.26) 11m; 

HRMS (MALDI) m/z calcd. for [C5oH4 iN 5](M^) 711.3362, found 711.3362.

2-(5',10',15'-Triphenylporphyrinato(zinc)(II)-20'-yl)-9-hexyl-carbazole (276):

Porphyrin 274 (27 mg, 0.03 mmol) was dissolved in CHCI3 (10 mL) and heated to 70 

°C. Zn(0 Ac )2  (26 mg, 0.34 mmol) in MeOH (0.5 mL) was added and the reaction was 

stirred for 30 mins. Solvents were removed and the residue was redissolved in CH 2 CI2 

and filtered through a plug o f silica. Solvents were removed in vacuo to yield a bright 

purple solid 276 (24 mg, 0.03 mmol, 74%). M.p. = 182 °C; 7?f = 0.53 (CH 2CI2 : n- 

hexane = 1 : 1, v/v); ’H NM R (400 MHz, CDCI3 , TMS): <5 = 0.78-0.82 (t, Vh-h = 14.0 

Hz, 3H, C //3 ), 1.27 (m. 4H, CH 2 ), 1.42 (m, 2H, CH2 ), 1.98 (m, 2H, CH2 ), 4.42-4.46 (t, 

Vh-h = 14.6 Hz, 2H, CH2 I  7.38-7.42 (t, Vh_h = 14.6 Hz, IH, carbazole-//), 7.61 (m, 

2H, carbazole-//), 7.80 (m, 9H, Ph-//), 8.17-8.19 (d, Vh-h = 7.6 Hz, IH, carbazole-//), 

8.27 (d, Vh-h = 6.0 Hz, 6 H, Ph-//), 8.30 (m, IH, carbazole-//), 8.36-8.38 (d, Vh-h = 7.6 

Hz, IH, carbazole-//), 8.44-8.46 (d, Vh-h = 7.6 Hz, IH, carbazole-//), 8.95 (m, 8 H, //p), 

9.00 (m, 6 H, //p), 9.06-9.07 (d, Vh-h = 4.7 Hz, 2H, //p) ppm; '^C NMR (100 MHz, 

CDCl3):(5= 13.9, 22.6, 27 .1 ,29 .2 ,31 .6 , 43.3, 109.1, 115.6, 117.9, 119.2, 120.7, 121.1,

121.2, 122.1, 122.9, 125.9, 126.5, 126.6, 127.5, 131.9, 132.3, 134.4, 139.2, 140.3,

141.2, 142.8, 150.2, 150.6 ppm; UV/vis (CH2CI2 ): /^ax (log s) = 423 (5.42), 549 (4.45),
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587 (4.28) nm; HUMS (MALDI) m/z calcd. for [Cs6H43N 5Zn](M^) 849.2810, found 

849.2801.

2-(5',10',15'-Tris(4-methylphenyl)porphyrin-20'-yl)-9-hexyl-carbazole (277):

NH

HN

Porphyrin 93 (50 mg, 0.08 mmol), borylated carbazole 266 (60 mg, 0.16 mmol) and 

K3 PO4 (194 mg, 0.91 mmol,) were charged to a 50 mL Schlenk tube and dried under 

high vacuum for 20 mins. THF (10 mL) was added and the solution was degassed via 

three freeze-pump-thaw cycles. Pd(PPh3 )4  (9 mg, 0.01 mmol) was added, the reaction 

was heated to 80 °C under argon and left to stir at this temperature for 18 hrs. Solvents 

were removed in vacuo, the residue was dissolved in CH2 CI2 and washed with saturated 

NaHCOs, brine and H2O. The organic layers were dried over MgS0 4  and solvents were 

removed in vacuo. The residue was subjected to column chromatography (CH2 CI2 : n- 

hexane, 1 : 1 ,  v/v) to yield purple product 277 (54 mg, 0.07 mmol, 8 6 %). M.p. = 184 

°C; = 0.58 (CH2CI2 : n-hexane = 1 : 1, v/v); 'H NMR (400 MHz, CDCI3 , TMS): S = -

2.66 (s, 2H, N//), 0.76-0.81 (t, Vh-h = 13.9 Hz, 3H, C //3 ), 0.91 (m, 2H, C //2 ), 1.26 (m, 

2H, CHi), 1.43 (m, 2H, C //2 ), 1.96 (m, 2H, CHi), 2.73 (s, 6 H, tolyl-C/Zs), 2.75 (s, 3H, 

tolyl-C//3), 4.42-4.46 (t, Vh-h = 13 .9  Hz, 2H, CH2), 7.40-7.43 (t, Vh-h = 14.0 Hz, IH, 

carbazole-//), 7.57 (m, 6 H, 7.60 (m, 2H, carbazole-//), 8.13-8.15 (d, Vh-h =

7.0 Hz, 6 H, C6H4 -//), 8.17 (m, IH, carbazole-//), 8.29 (s, IH, carbazole-//), 8.37-8.39 

(d, Vh-h = 7.6 Hz, IH, carbazole-//), 8.44-8.45 (d, Vh-h = 7.6 Hz, IH, carbazole-//), 

8.91 (m, 8 H, //p) ppm; '^C NMR (150 MHz, CDCI3): 5 = 11.0, 13.9, 14.1, 21.6, 22.6, 

29.1, 30.4, 38.7, 43.3, 68.2, 109.1, 115.8, 117.9, 119.2, 125.9, 127.4, 128.8, 130.9, 

134.5, 137.3, 139.3, 139.4 ppm; UV/vis (CH2 CI2): /max (log e) = 423 (5.50), 518 (4.61),
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554 (4.50), 591 (4.41), 650 (4.39) nm; HRMS (MALDI) m/z calcd. for [CjgHjiNsKM^) 

828.4144, found 828.4121.

2-(5',10',15'-Tris(4-methylphenyl)porphyrinato(zinc)(II)-20'-yl)-9-hexyl-carbazole

(278):

Porphyrin 277 (50 mg, 0.06 mmol) was dissolved in CHCI3 (10 mL) and heated to 70 

°C. Zn(0 Ac) 2  (54 mg, 0.30 mmol) in MeOH (0.5 mL) was added and the reaction 

stirred for 30 min. Solvents were removed and the residue was redissolved in CH2 CI2  

and filtered through a plug of silica. Solvents were removed in vacuo to yield a bright 

purple solid 278 (43 mg, 0.05 mmol, 81%). M.p. = 144 °C; Rf = 0.53 (CH2 CI2  ; n- 

hexane = 1 : 1 ,  v/v); 'H NMR (400 MHz, CDCI3 , TMS): S = 0.77-0.80 (t, Vh-h = 14.4 

Hz, 3H, C //3), 0.89 (m, 4H, C //2 ), 1.19 (m, 2H, CN2 ), 1.98 (m, 2H, C //2 ), 2.74 (s, 6 H, 

tolyl-CT/a), 2.75 (s, 3H, tolyl-C/Za), 4.43-4.45 (t, Vh-h = 14.4 Hz, 2H, C //2 ), 7.40-7.42 

(t, Vh-h = 13.8 Hz, IH, carbazole-//), 7.58 (m, 6 H, Ph-//), 7.60 (m, 2H, carbazole-//), 

8.14 (m ,6 H, Ph-//), 8.17 (m, IH, carbazole-//), 8.29 (s, IH, carbazole-//), 8.37-8.39 (d, 

^H-H = 7.5 Hz, IH, carbazole-//), 8.44-8.45 (d, Vh-h = 7.5 Hz, IH, carbazole-//), 9.00 

(m, 8 H, Np) ppm; '^C NMR (150 MHz, CDCI3 ): S = 13.9, 21.5, 21.9, 22.7, 27.1, 31.6,

53.4, 112, 109.0, 115.6, 117.8, 119.2, 120.6, 125.9, 127.3, 127.4, 131.9, 132.1, 134.3,

134.4, 134.5, 147.9 ppm; UV/vis (CH2 CI2 ): /.max (log e) = 422 (5.52), 547 (4.63), 588 

(4.40) nm; HRMS (MALDI) m/z calcd. for [C5 9H4 9 NsZn](M^) calcd. 891.3279, found 

891.3237.
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2-[5',10',15'-T ris(4-m ethylphenyl)porphyrinato(palladium )(II)-20'-yl)J-9-hexyl- 

carbazole (279):

Porphyrin 277 (30 m g, 0.04 m m ol), Pd(0A c)2 (24 mg, 0.11 m m ol) and toluene (20 mL) 

w ere placed in a tw o-necked round bottom ed flask and heated to 110 °C. Upon reaction 

com pletion, the solvent was rem oved in vacuo and the residue was redissolved in 

C H 2 CI2 . The crude product was filtered through a plug o f  silica, solvents w ere rem oved 

in vacuo to yield a red coloured solid 279 (30 m g, 0.03 m m ol, 89%). M .p. = 130 °C; Rf 

= 0.78 (CH2CI2 : n-hexane, 1 : 1 ,  v/v); ’H N M R  (400 M Hz, CDCI3, TM S): <5 = 0.77- 

0.81 (t, Vh-h = 14.4 Hz, 3H, C//3), 1-29 (m, 4H, C//2), 1.65 (m, 2H, C//2), 1.96 (m, 2H, 

C//2), 2.71 (s, 6H, to ly l-C //3 ), 2.73 (s, 3H, tolyl-C/Zs), 4.40-4.44 (t, Vh-h = 14.4 Hz, 2H, 

CH 2 ), 7.41 (m, IH , carbazo le-//), 7.47-7.49 (m, IH , carbazole-//), 7.57 (m, 6H, C 6 H 4 - 

H), 8.08-8.09 (d, Vh-h = 7.8 Hz, 6H, 8.12 (m, IH , carbazo le-//), 8.24 (s, IH ,

carbazole-/:/), 8.36-8.38 (d, Vh-h = 7.8 Hz, IH , carbazo le-//), 8.42-8.44 (d, Vh-h = 7.8 

Hz, IH , carbazole-//), 8.87 (m, 8H, //p) ppm ; ‘^C N M R  (100 M H z, CDCI3): 8 = 13.9,

21.6, 22.6, 24.9, 27.1, 29.1, 29.6, 31.6, 34.2, 43.3, 66.7, 109.1, 115.3, 118.1, 119.2,

120.6, 121.8, 122.2, 122.5, 125.9, 126.1, 127.4, 128.2, 128.6, 129.7, 130.9, 131.1, 

134.1, 137.4, 138.9, 139.3, 139.4, 141.2, 141.7, 141.9 ppm ; U V /vis (C H 2 CI2 ); (log 

e) = 421 (4.42), 526 (3.53) nm; HRM S (M A LD I) m/z calcd. for [C 5 9H 4 9N 5?d](M ^) 

933.3023, found 933.3058.
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2-[5',10',15'-T ris(4m ethylphenyl)porphyrinato(indium chloride)-20'-yl]-9-hexyl- 

carbazole (280):

Porphyrin 111 (33 mg, 0.04 m m ol), InCls ( 8 8  mg, 0.40 m m ol), CH aCOO Na (298 mg, 

4.25 m m ol) and glacial acetic acid (15 m L) were placed in a round bottom ed flask and 

heated to 110 °C and left stir for 18 h. Upon reaction com pletion, the solvent was 

rem oved in vacuo and the residue was redissolved in in C H 2CI2. The crude product was 

extacted from  saturated NaHCOa, organic phases w ashed with brine and dried over 

M gS0 4 . Solvents were rem oved in vacuo to yield a purple-green coloured solid 280 (23 

mg, 0.02 m m ol, 59%). M .p. =  141 °C; R f=  0.27 (CH2CI2 : ^-hexane = 2 : 1 ,  v/v); 'H  

N M R (400 M H z, CDCI3, TM S): d = 0.81-0.85 (t, Vh-h = 12.9 Hz, 3H, C//3), 0.91 (m, 

2H, C//2), 1.28 (m, 4H, CHj),  1.48 (m, 2H, C//2), 2.06 (m, 2H, C//2), 2.74 (s, 6 H, tolyl- 

C//3), 2.75 (s, 3H, tolyl-C/Zs), 4.45-4.49 (t, Vh-h = 13.8 Hz, 2 H, CH2), 7.40-7.44 (t, V „. 

H = 14.0 Hz, IH , carbazo le-//), 7.58 (m, 4H, C 6H4-//) , 7.64 (m, 2H, carbazo le-//), 8.03- 

8.05 (d, Vh-h = 7.6 Hz, 4H, 8.27-8.29 (d, Vh-h = 7.6 Hz, 4H, C 6H4-//) , 8.37-

8.39 (d, Vh-h = 7.6 Hz, IH , carbazo le-//), 8.44 (s ,2 H , carbazole-//), 8.49-8.50 (d, Vh-h 

= 7.6 Hz, IH , carbazo le-//), 9.12 (m, 8 H, //p) ppm; '^C N M R  (150 M Hz, CDCI3): S = 

13.8, 21.4, 22.4, 24.8, 26.9, 28.9, 31.4, 43.4, 109.0, 115.3, 116.4, 117.9, 118.0, 119.2, 

120.5, 121.7, 122.3, 126.2, 127.4, 127.5, 132.5, 134.1, 134.8, 137.6, 138.8, 139.1, 

141.2, 149.5, 149.7 ppm ; U V /vis (C H 2CI2): inm  (log e) = 431 (5.45), 562 (4.47), 603 

(4.32) nm ; HRM S (M A LDI) m/z calcd. for [C59H 49N 5lnCl](M ^) 977.2715, found 

977.2671.
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Bis-(2,2'-{5',15'-diphenyl)porphyrin-10',20'-yl}-9-hexyl-carbazole) (281):

NH

HN

Porphyrin 98 (50 mg, 0.08 mmol), borylated carbazole 266 (303 mg, 0.81 mmol) and 

K3PO4 (345 mg, 1.62 mmol) were charged to a 50 mL Schlenk tube and dried under 

high vacuum for 20 min. THF (10 mL) was added and the solution was degassed via 

three freeze-pump-thaw cycles. Pd(PPh3 ) 4  (9 mg, 0.01 mmol) was added , the reaction 

heated to 80 °C under argon and left to stir at this temperature for 18 hrs. Solvents were 

removed in vacuo, the residue dissolved in CH2CI2 and washed with saturated NaHCOs, 

brine and H2O. The organic layers were dried over MgS0 4  and solvents were removed 

in vacuo. The crude product was redissolved and filtered through a plug o f silica gel 

using CH2 CI2 as eluent. Solvents were removed and the purple solid was recrystallised 

from CH 2 Cl2/MeOH to yield purple crystals 281 (58 mg, 0.06 mmol, 76%). M.p. = 283- 

285 °C; R(=  0.57 (CH 2CI2 : «-hexane = 1 : 1 ,  v/v); 'H  NMR (600 MHz, CDCI3 , TMS): 

S = -2.61 (s, 2H, N //), 0.77-0.80 (t, Vh-h = 14.0 Hz, 6 H, C //3 ), 0.89 (m, 4H, C //2 ), 1.26 

(m, 4H, CH 2 ), 1.98 (m, 4H, CH2 ), 4.43-4.47 (t, Vh-h = 14.0 Hz, 4H, C //2), 7.42 (m, 2H, 

carbazole-//), 7.62 (m, 4H, carbazole-//), 7.77 (m, 6 H, Ph-//), 8.16-8.18 (d, Vh-h = 7.6 

Hz, 2H, carbazole-//), 8.25-8.26 (d, Vh-h = 7.6 Hz, 4H, Ph-//), 8.29-8.30 (d, Vh-h = 1-8 

Hz, 2H, carbazole-//), 8.37-8.40 (d, Vh-h = 7.7 Hz, 2H, carbazole-//), 8.44-8.46 (d, Vh- 

H = 7.7 Hz, 2H, carbazole-//), 8 .8 6 -8 . 8 8  (d, Vh-h = 4.7 Hz, 4H, //p), 8.93-8.94 (d, Vh-h 

= 4.7 Hz, 4H, //p) ppm; '^C NM R (150 MHz, CDCI3 ): 8 -  13.8, 22.4, 24.8, 26.9, 28.9, 

31.4, 4.2, 108.9, 115.6, 117.8, 119.1, 120.0, 120.5, 120.9, 122.1, 122.7, 125.8, 126.5, 

127.5, 134.4, 139.2, 139.6, 141.1, 142.1 ppm; UV/vis (CH2CI2 ): (log e) = 426

(5.49), 518 (4.47), 554 (4.36), 592 (4.30), 648 (4.29) nm; HRMS (MALDI) m/z calcd. 

for [C68H 6oN6](M^) 960.4879, found 960.4841.
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Bis-(2,2'-{5',15'-diphenyl)porphyrinato(zinc)II-10',20'-yl}-9-hexyl-carbazole)

(282):

Porphyrin 281 (50 mg, 0.05 mmol) was dissolved in CHCI3 (10 mL) and heated to 70 

°C. Zn(0Ac)2 (56 mg, 0.26 mmol) in MeOH (0.5 mL) was added and the reaction 

stirred for 30 mins. Solvents were removed and the residue was redissolved in CH 2CI2 

and filtered through a plug o f silica. Solvents were removed in vacuo to yield a bright 

purple solid 282 (42 mg, 0.04 mmol, 81%). M.p. = 251-253 °C; = 0.45 (CH 2CI2 : n-

hexane, 1 : 1 ,  v/v); 'H  NM R (600 MHz, CDCI3, TMS): d = 0.78-0.80 (t, Vh-h = 13.2 

Hz, 6H, CHi), 1.26 (m, 8H, C //2), 1.43 (m, 4H, C //2), 1.99 (m, 4H, C //2 ), 4.44-4.46 (t, 

Vh-h = 13.9 Hz, 4H, CH2 ), 7.40-7.42 (t, Vh-h =1 3 . 9  Hz, 2H, carbazole-//), 7.60 (m, 

4H, carbazole-//), 7.78 (m, 6H, Ph-//), 8.18-8.19 (d, Vh-h = 7.3 Hz, 2H, carbazole-//), 

8.27-8.28 (d, Vh-h = 6.6 Hz, 4H, Ph-//), 8.31 (s, 2H, carbazole-//), 8.38-8.39 (d, V h  = 

7.4 Hz. 2H, carbazole-//), 8.45-8.46 (d, Vh-h = 7.4 Hz, 2H, carbazole-//), 8.97-8.98 (d, 

Vh-h = 4.4 Hz, 4H, //p), 9.04-9.05 (d, Vh-h = 4.4 Hz, 4H, //p) ppm; '^C NM R (150 

MHz, CDCI3): d =  13.8, 22.4, 26.9, 28.9, 31.4, 43.2, 108.9, 115.5, 117.7, 119.0, 120.5, 

121.9, 122.8, 125.7, 126.4, 126.5, 127.4, 131.8, 132.1, 134.2, 139.1, 140.2, 141.1, 

142.7, 150.1, 150.5 ppm; UV/vis (CH 2 CI2): /.max (log e) = 424 (5.52), 548 (4.51), 590 

(4.38) nm; HRMS (MALDI) m/z calcd. for [C68H 58N 6Zn](M'^) 1022.4014, found 

1022.4061.
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2-(5',10',15’-triphenylporphyrin-20'-yl)-7-[4’,4',5',5'-tetram ethyl(l',3',2') 

dioxaborolan-2'-yl)-9-hexyl-carbazole (283):

Porphyrin 83 (50 mg, 0.08 mmol), borylated carbazole 273 (90 mg, 0.18 mmol) and 

K3 PO 4 (343 mg, 1.62 mmol) were charged to a 50 mL Schlenk tube and dried under 

high vacuum for 20 mins. THF (10 mL) was added and the solution was degassed via 

three freeze-pump-thaw cycles. Pd(PPh3 ) 4  (9 mg, 0.01 mmol) was added, the reaction 

was heated to 80 °C under argon and left to stir at this temperature for 18 h. Solvents 

were removed in vacuo, the residue was dissolved in CH 2 CI2 and washed with saturated 

NaHCOs, brine and H2 O. The organic layers were dried over MgS0 4  and the solvents 

were removed in vacuo. The residue was subjected to column chromatography (CH 2 CI2 

: ^-hexane, 1 : 1 , v/v) to yield purple product which was recrystallised from 

CH2 Cl2 /MeOH to give purple crystals 283 (46 mg, 0.05 mmol, 62%). M.p. = 231-234 

°C; i?f = 0.26 (CH 2 CI2 : /7-hexane = 1 : 1 ,  v/v); 'H  NM R (600 MHz, CDCI3 , TMS): S = - 

2.65 (s, 2H, N //), 0.77-0.79 (t, Vh-h = 13.6 Hz, 3H, C //3 ), 0.89 (m, 2H, C //2 ), 1.26 (m, 

2H, CH 2 ), 1.56 (s, 12H, C //3 ), 2.01 (m, 4H, C //2 ), 4.49 (m, 2H, CHj),  7.62-7.63 (d, Vh- 

H = 7.8 Hz, IH , carbazole-//), 7.78 (m, 9H, Ph-//), 7.87-7.88 (d, Vh-h = 7.8 Hz, IH, 

carbazole-//), 8.16-8.18 (d, Vh-h = 7.8 Hz, 2H, carbazole-//), 8.26 (d, Vh-h = 7.6 Hz, 

6 H, Ph-//), 8.38-8.39 (d, Vh-h = 7.8 Hz, IH , carbazole-//), 8.45-8.47 (d, Vh-h = 7.8 Hz, 

IH, carbazole-//), 8.87 (m, 6 H, //p), 8.93-8.94 (d, Vh-h = 4.0 Hz, 2H, //p) ppm; '^C 

NMR (150 MHz, CDCI3): 6 = 13.9, 22.4, 24.8, 26.8, 29.0, 31.4, 43.1, 83.7, 107.7, 

114.9, 115.3, 115.8, 118.3, 118.9, 119.5, 120.0, 120.9, 121.7, 121.8, 125.0, 125.3, 

126.5, 127.5, 131.1, 134.4, 139.7, 140.1, 140.6, 140.7, 142.1 ppm; UV/vis (CH 2 CI2 ): 

;.n,ax (log e) = 422 (5.13), 515 (4.22), 552 (4.17), 592 (4.15), 655 (4.09) nm; HRMS 

(MALDI) [C6 2 H 57N 5 0 2 B](M+H)^ 914.4605, found 914.4604.
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2-(5',10',15'-tri(4-methylphenyl)-20'-yl)-7-[4',4',5’,5'-tetram ethyl(r,3',2') 

dioxaborolan-2'-yl)-9-hexyI-carbazoIe (284):

NH

HN

Porphyrin 93 (50 mg, 0.08 mmol), borylated carbazole 273 (190 mg, 0.38 mmol) and 

K3PO4 (322 mg, 1.52 mmol) were charged to a 50 mL Schlenk tube and dried under 

high vacuum for 20 min. THF (10 mL) was added and the solution was degassed via 

three freeze-pump-thaw cycles. Pd(PPh3 )4  (9 mg, 0.01 mmol) was added, the reaction 

was heated to 80°C under argon and left to stir at this temperature for 18 h. Solvents 

were removed in vacuo, the residue was dissolved in CH 2 CI2 and washed with saturated 

NaHCOs, brine and H2O. The organic layers were dried over M gS0 4  and solvents were 

removed in vacuo. The residue was filtered through a plug o f silica using CH 2CI2 : n- 

hexane ( 1 : 1 ,  v/v) and CH 2CI2 as eluent to give three fractions. Solvents were removed 

to yield purple product 284 (40 mg, 0.04 mmol, 55%). M.p. = 220-223 °C; Ri = 0.61 

(CH2 CI2 : 77-hexane = 2 : 1 ,  v/v); ‘H NMR (400 MHz, CDCI3, TMS): 6 = -2.67 (s, 2H, 

N //), 0.77-0.80 (t, V h -h  = 14.2 Hz, 3H, C//3), 0.91 (m, 2H, CH 2 ), 1.29 (m, 4H, C//2), 

1.49 (s, 12H, C//3), 2.00 (m, 2H, C //2 ), 2.73 (s, 6H, tolyl-C/Zs), 2.75 (s, 3H, tolyl-C//3), 

4.48-4.51 (t, Vh-h = 14.2 Hz, 2H, CH 2 ), 7.58 (m, 6H, CeYl^-H), 7.87-7.89 (d, Vh_h = 7.8 

Hz, IH, carbazole-//), 8.07 (s, IH, carbazole-//), 8.13-8.15 (d, Vh-h = 8.3 Hz, 6H, 

C6H4 -//), 8.29 (s, IH, carbazole-//), 8.36-8.40 (d, Vh-h = 7.8 Hz, IH, carbazole-//), 

8.45-8.47 (d, Vh_h = 7.8 Hz, IH, carbazole-//), 8.90 (s, 8H, //p) ppm; '^C NM R (100 

MHz, CDCI3): 6 = 13.9, 21.6, 22.6, 25.0, 27.1, 29.7, 31.6, 43.2, 83.9, 115.6, 115.9, 

118.4, 119.9, 120.2, 120.8, 121.9, 125.4, 126.7, 127.4, 130.9, 134.5, 137.3, 139.3, 

139.9, 130.4, 140.7 ppm; UV/vis (CH2CI2): Amax (log £) = 424 (5.60), 518 (4.49), 553
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(4.36), 592 (4.27), 649 (4.26) nm; HRMS (ESI) m/z calcd. for [CesHssNjOiBKM+H)^ 

calcd. 956.5075, found 956.5072.

2,7-Bis[5',10',15'-triphenylporphyrin-20'-yl]-9-hexyl-carbazole (285):

NH

HN
HN

Porphyrin 283 (20 mg, 0.02 mmol), bromoporphyrin 83 (14 mg, 0.02 mmol) and K3PO4 

(37 mg, 0.18 mmol) were charged to a 50 mL Schlenk tube and dried under high 

vacuum for 20 min. THF (10 mL) was added and the solution was degassed via three 

freeze-pump-thaw cycles. Pd(PPh3)4 (5 mg, 0.04 mmol) was added , the reaction was 

heated to 80 °C under argon and left to stir at this temperature for 18 h. Solvents were 

removed in vacuo, the residue was dissolved in CH2CI2 and washed with saturated 

NaHCOs, brine and H2O. The organic layers were dried over MgS0 4  and solvents were 

removed in vacuo. The residue was subjected to column chromatography (CH2CI2 : n- 

hexane, 2 : 1 , v/v), giving three fractions, the first of which was debrominated 

porphyrin 4 and the second of which was the desired product 285 as a purple solid (22 

mg, 0.02 mmol, 75%). M.p. >300 °C; Ri = 0.53 (CH2CI2 : «-hexane = 2 : 1 ,  v/v); 'H 

NMR (600 MHz, CDCI3): S = -2.55 (s, 2H, N /^ , 0.69-0.71 (t, Vh-h = 13.9 Hz, 3H, 

C //3), 0.95 (m, 2H, CHi), 1 .2 2  (m, 4H, CH2), 2.08 (m, 2H, C//2), 4.56 (m, 2 H, C //2), 

7.81 (m, 18H, Ph-//), 8.24-8.25 (d, Vh-h = 7.9 Hz, 2H, carbazole-//), 8.32 (m, 12H, Ph- 

H), 8.47 (s, 2H, carbazole-//), 8 .6 6 -8 . 6 8  (d, Vh-h = 7.9 Hz, 2H, carbazole-//), 8.95 (m, 

8 H, //p), 8.97-8.98 (d, Vh-h = 4.5 Hz, 4H, //p), 9.08-9.09 (d, Vh-h = 4.5 Hz, 4H, //p) 

ppm; '^C NMR (150 MHz, CDCI3): (5 = 13.7, 22.4, 27.1,29.6,31.4, 43.5, 108.0, 116.0, 

118.2, 120.1, 120.9, 122.1, 126.6, 127.0, 127.6, 131.1, 134.5, 139.9, 140.0, 142.1 ppm; 

UV/vis (CH2CI2): A m a x  (log s) = 423 (5.60), 517 (4.61), 554 (4.43), 592 (4.38), 647

(4.37) nm; HRMS (MALDI) m/z calcd. for [C94H69N9](M^) 1323.5676, found 

1323.5653.
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2,7-Bis[5',10',15'-tri(4-methylphenyl)porphyrin-20'-yl]-9-hexyl-carbazole (286):

N - NH

HN
HN

Porphyrin 284 (30 mg, 0.03 mmol), bromoporphyrin 93 (21 mg, 0.03 mmol) and K 3 PO 4 

(53 mg, 0.25 mmol) were charged to a 50 mL Schlenk tube and dried under high 

vacuum for 20 min. THF (10 mL) was added and the solution was degassed via three 

freeze-pump-thaw cycles. Pd(PPh3 ) 4  ( 1 1  mg, 0 . 0 1  mmol) was added, the reaction was 

heated to 80 °C under argon and left to stir at this temperature for 18 h. Solvents were 

removed in vacuo, the residue was dissolved in CH 2 CI2 and washed with saturated 

NaHC 0 3 , brine and H2 O. The organic layers were dried over MgS0 4  and solvents were 

removed in vacuo. The residue was subjected to column chromatography (CH 2 CI2 : n- 

hexane, 1 : 1 ,  v/v) to yield purple product 286 (17 mg, 0.01 mmol, 40%). M.p. >300 °C; 

Rf=  0.76 (CH 2 CI2 : «-hexane = 2 : 1 ,  v/v); ‘H NMR (400 MHz, CDCI3 , TMS): S = -2.63 

(s, 2H, N //), 0.67-0.70 (t, Vh-h = 14.1 Hz, 3H, C//3), 0.89 (m, 2H, CH2), 1.19 (m, 2H, 

C //2 ), 1.44 (m, 2H, CH2), 2.04 (m, 2H, CH2), 2.75 (s, 18H, tolyl-C //3 ), 4.51-4.54 (t, Vh- 

H -  14.1 Hz, 2H, CH 2 ), 7.60-7.61 (d, Vh-h = 6.2 Hz, 12H, 8.16-8.17 (d, V h

= 6.2 Hz, 12H, C6 H4 -//), 8.30-8.32 (d, Vh-h = 8.2 Hz, 2H, carbazole-//), 8.44 (s, 2H, 

carbazole-//), 8.68-8.70 (d, Vh-h = 8.2 Hz, 2H, carbazole-//), 8.92 (m, 12H, //p), 9.02- 

9.03 (d, V h-h = 4.4 Hz, 4H, / /p )  ppm; '^C-NMR (100 MHz, CDCI3): S = 13.9, 21.5, 

22.9, 29.7, 31.6, 43.2, 115.6, 120.6, 123.8, 124.7, 127.7, 129.1, 135.0, 139.8, 142.4, 

143.6, 149.3, 150.3, 155,8, 156.6 ppm; UV/vis (CH2 CI2 ): /.max (log e) = 428 (5.47), 518 

(4.32), 556 (4.25), 594 (4.07), 649 (4.07) nm; HRMS (MALDI) m/z calcd. for 

[CiooHgiNgKM^) 1407.6615, found 1407.6569.



References and notes



R e f e r e n c e s  | 243

References and notes

[1] L. R. Milgrom, The Colours o f  Life: An Introduction to the Chemistry o f

Porphyrins and Related Compounds, Oxford University Press, 1997.

[2] W. Kiister, 5er. Dtsch. Chem. Ges. 1912, 45, 1935-1946.

[3] K. M. Smith, Porphyrins and Metalloporphyrins, Elsevier Scientific Publishing

Company, Amsterdam, 1975.

[4] H. Fischer, J. Klarer, Liebigs Ann. Chem. 1926, 450, 181-201.

[5] E. Huckel, Zeitschrift fuer Physik 1931, 70, 204-286.

[6] H. B. F. C.-B. Dixon, A.; Liebecq, C.; Loening, K. L.; Moss, G. P.; Reedijk, J.;

Velick, S. F.; Venetianer, P.; Vliegenthart, J. F. G., Pure Appl. Chem. 1987, 59, 

779-832.

[7] G. P. Moss, Eur. J. Biochem. 1988, 178, 277-328.

[8] J. W. Buchler, The Porphyrins: Structure and Synthesis Part A, Vol. 1,

Academic Press, New York, 1978.

[9] R. K. Pandey, Zheng, G. K., in The Porphyrin Handbook, Vol. 6 (Ed.; K. M.

Kadish, Smith, K. M., Guilard, R.), Academic Press, San Diego, 2000, pp. 157- 

230.

[10] D. L. Nelson, Cox, M. M. , Lehninger Principles o f  Biochemistry: Third 

Edition, Worth Publishers, New York, 2000.

[11] G. D. Scholes, G. R. Fleming, A. Olaya-Castro, R. van Grondelle, Nat. Chem. 

2011, 3, 763-774.

[12] U. Erniler, G. Fritzsch, S. K. Buchanan, H. Michel, Structure 1994, 2, 925-936.

[13] G. McDermott, S. M. Prince, A. A. Freer, A. M. Hawthomthwaite-Lawless, M. 

Z. Papiz, R. J. Cogdell, N. W. Isaacs, Nature 1995, 374, 517-521.

[14] A. Zouni, H.-T. Witt, J. Kern, P. Fromme, N. Krauss, W. Saenger, P. Orth, 

Nature i m i ,  409, 739-743.

[15] P. Jordan, P. Fromme, H. T. Witt, O. Klukas, W. Saenger, N. Krausz, Nature 

2001,^77,909-917.

[16] V. Sundstrom, .4/272W. Rev. Phys. Chem. 2008, 59, 53-77.

[17] M.-S. Choi, T. Yamazaki, I. Yamazaki, T. Aida, Angew. Chem. Int. Ed. 2004, 

43, 150-158.

[18] M.-S. Choi, T. Yamazaki, I. Yamazaki, T. Aida, Angew. Chem. 2004, 116, 152- 

160.



R e f e r e n c e s  | 244

[19] M. R. Wasielewski, Chem. Rev. 1992, 92, 435-461.

[20] Y. Nakamura, N. Aratani, A. Osuka, Chem. Soc. Rev. 2007, 36, 831-845.

[21] H. Kurreck, M. Ybiber, Angew. Chem. 1995, 107, 929-947.

[22] H. Kurreck, M. Huber, Angew. Chem. Int. Ed. 1995, 34, 849-866.

[23] P. Rothemund, J. Am. Chem. Soc. 1935, 57, 2010-2011.

[24] P. Rothemund, J. Am. Chem. Soc. 1936, 58, 625-627.

[25] A. D. Adler, F. R. Longo, J. D. Finarelli, J. Goldmacher, J. Assour, L. 

Korsakoff, J. Org. Chem. 1967, 32, 476-476.

[26] J. S. Lindsey, I. C. Schreiman, H. C. Hsu, P. C. Kearney, A. M. Marguerettaz, J. 

Org. Chem. 1987, 52, 827-836.

[27] J. S. Lindsey, yicc. Chem. Res. 2009, 43, 300-311.

[28] G. P. Arsenault, E. Bullock, S. P. MacDonald, J. Am. Chem. Soc. 1960, 82, 

4384-4389.

[29] C.-H. Lee, J. S. Lindsey, Tetrahedron 1994, 50, 11427-11440.

[30] B. J. Littler, M. A. Miller, C.-H. Hung, R. W. Wagner, D. F. O'Shea, P. D. 

Boyle, J. S. Lindsey,/. Org. Chem. 1999, 64, 1391-1396.

[31] J. K. Laha, S. Dhanalekshmi, M. Taniguchi, A. Ambroise, J. S. Lindsey, Org. 

Process Res. Dev. 2003, 7, 799-812.

[32] S. H. H. Zaidi, K. Muthukumaran, S.-i. Tamaru, J. S. Lindsey, J. Org. Chem. 

2004, 69, 8356-8365.

[33] P. D. Rao, B. J. Littler, G. R. Geier, 111, J. S. Lindsey, J. Org. Chem. 2000, 65, 

1084-1092.

[34] P. D. Rao, S. Dhanalekshmi, B. J. Littler, J. S. Lindsey, J. Org. Chem. 2000, 65, 

7323-7344.

[35] D. K. Dogutan, S. H. H. Zaidi, P. Thamyongkit, J. S. Lindsey, J. Org. Chem. 

2007, 72, 7701-7714.

[36] D. K. Dogutan, J. S. Lindsey, J. Org. Chem. 2008, 73, 6728-6742.

[37] W. W. Kalisch, M. O. Senge, Angew. Chem. Int. E d  1998, 37, 1107-1109.

[38] W. W. Kalisch, M. O. S>QX\ge, Angew. Chem. 1998, 110, 1156-1159.

[39] M. O. Senge, Acc. Chem. Res. 2005, 38, 733-743.

[40] M. O. Senge, Y. M. Shaker, M. Pintea, C. R^/ppa, S. S. Hatscher, A. Ryan, Y. 

Sergeeva, Eur. J. Org. Chem. 2010, 2010, 237-258.

[41] W. M. Sharman, L. J. E. Van, J. Porphyrins Phthalocyanines 2000, 4, 441-453.

[42] H. Shinokubo, A. Osuka, Chem. Commun. 2009, 1011-1021.



R e f e r e n c e s  | 245

[43] M. O. Senge, J. Richter, J. Porphyrins Phthalocyanines 2004, 8, 934-953.

[44] D. P. Arnold, R. C. Bott, H. Eldridge, F. M. Elms, G. Smith, M. Zojaji, Aust. J. 

Chem. 1997, 50, 495-504.

[45] R. W. Boyle, C. K. Johnson, D. Dolphin, J. Chem. Soc., Chem. Commun. 1995, 

527-528.

[46] D. P. Arnold, R. D. Hartnell, G. A. Heath, L. Newby, R. D. Webster, Chem. 

Commun. 2002, 754-755.

[47] H. Hata, H. Shinokubo, A. Osuka, J. Am. Chem. Soc. 2005, 127, 8264-8265.

[48] A. K. Burrell, D. L. Officer, P. G. Plieger, D. C. W. Reid, Chem. Rev. 2001, 

707,2751-2796.

[49] J. A. A. W. Elemans, H. R. van, R. J. M. Nolte, A. E. Rowan, Adv. Mater. 2006, 

18, 1251-1266.

[50] T. S. Balaban, M. Linke-Schaetzel, A. D. Bhise, N. Vanthuyne, C. Roussel, C. 

E. Anson, G. Buth, A. Eichhofer, K. Foster, G. Garab, H. Gliemann, R. 

Goddard, T. Javorfi, A. K. Powell, H. Rosner, T. Schimmel, Chemistry -  A 

European Journal 2005, 11, 2267-2275.

[51] J. L. Soret, Compt. Rend  1883, 97, 1267.

[52] G. Martin, J. Mol. Spectrosc. 1961, 6, 138-163.

[53] M. Gouterman, G. H. Wagniere, L. C. Snyder, J. Mol. Spectrosc. 1963, 11, 1 OS- 

127.

[54] W. S. Caughey, R. M. Deal, C. Weiss, M. Gouterman, J. Mol. Spectrosc. 1965, 

16, 451-463.

[55] M. Kasha, H. R. Rawls, M. A. El-Bayoumi, Pure Appl. Chem. 1965, 11, 371- 

392.

[56] M. Kasha, Radiat. Res. 1963, 20, 55-70.

[57] H. S. Cho, D. H. Jeong, S. Cho, D. Kim, Y. Matsuzaki, K. Tanaka, A. Tsuda, A. 

Osuka, J. Am. Chem. Soc. 2002 ,124, 14642-14654.

[58] H. L. Anderson, Chem. Commun. 1999, 2323-2330.

[59] Y. H. Kim, H. S. Cho, D. Kim, S. K. Kim, N. Yoshida, A. Osuka, Synth. Met. 

2001, 777, 183-187.

[60] E. G. A. Notaras, M. Fazekas, J. J. Doyle, W. J. Blau, M. O. Senge, Chem. 

Commun. 2007, 2166-2168.

[61] M. O. Senge, M. Fazekas, E. G. A. Notaras, W. J. Blau, M. Zawadzka, O. B. 

Locos, E. M. Ni Mhuircheartaigh, v4<iv. Mater. 2007, 19, 2737-2774.



R e f e r e n c e s  | 246

[62] T. E. O. Screen, K. B. Lawton, G. S. Wilson, N. Dolney, R. Ispasoiu, T. 

Goodson lii, S. J. Martin, D. D. C. Bradley, H. L. Anderson, J. Mater. Chem. 

2001, 77,312-320.

[63] K. J. McEwan, P. A. Fleitz, J. E. Rogers, J. E. Slagle, D. G. McLean, H. Akdas, 

M. Katterle, I. M. Blake, H. L. Anderson, Adv. Mater. 2004, 16, 1933-1935.

[64] M. Zawadzka, J. Wang, W. J. Blau, M. O. Senge, Chem. Phys. Lett. 2009, 477, 

330-335.

[65] The Porphyrin Handbook: Electron Transfer, Vol. 8, Academic Press, San 

Diego, 2000.

[66] N. Aratani, D. Kim, A. Osuka, ^cc. Chem. Res. 2009, 42, 1922-1934.

[67] T. S. Balahan, Acc. Chem. Res. 2005, 38, 612-623.

[68] R. Bonnett, Chemical Aspects o f  Photodynamic Therapy, Vol. 1, Gordon and 

Breach Science Publishers, Amsterdam, 2000.

[69] M. M. Mathews, Nature 1964, 203, 1092-1092.

[70] A. E. O'Connor, W. M. Gallagher, A. T. Byrne, Photochem. Photobiol. 2009,

85, 1053-1074.

[71] M. Ethirajan, Y. Chen, P. Joshi, R. K. Pandey, Chem. Soc. Rev. 2011 , 40, 340- 

362.

[72] R. K. Pandey, A. B. Sumlin, S. Constantine, M. Aoudia, W. R. Potter, D. A. 

Bellnier, B. W. Henderson, M. A. Rodgers, K. M. Smith, T. J. Dougherty, 

Photochem. Photobiol. 1996, 64, 194-204.

[73] E. D. Sternberg, D. Dolphin, C. Briickner, Tetrahedron 1998, 54, 4151-4202.

[74] M. J. Garland, C. M. Cassidy, D. Woolfson, R. F. Donnelly, Future Med. Chem. 

2009, 7,667-691.

[75] O. Martin, J. Photochem. Photobiol. B: Biol. 1996, 32, 3-9 .

[76] E. Dahlstedt, H. A. Collins, M. Balaz, M. K. Kuimova, M. Khurana, B. C.

Wilson, D. Phillips, H. L. Anderson, Org. Biomol. Chem. 2009, 7, 897-904.

[77] K. Ogawa, Y. Kobuke, Anti-Cancer Agents in Medicinal Chemistry 2008, 8, 

269-279.

[78] R. W. Waynant, M. N. Ediger, Electro-Optics Handbook (2nd Edition), 

McGraw-Hill, 2000.

[79] R. Weissleder, Nat. Biotechnol. 2001 , 19, 316-317.

[80] K. Ogawa, Y. Kobuke, Org. Biomol. Chem. 2009, 7, 2241-2246.



R e f e r e n c e s  | 247

[81] M. K. Kuimova, H. A. Collins, M. Balaz, E. Dahlstedt, J. A. Levitt, N. Sergent, 

K. Suhling, M. Drobizhev, N. S. Makarov, A. Rebane, H. L. Anderson, D. 

Phillips, Org. Biomol. Chem. 2009, 7, 889-896.

[82] M. K. Kuimova, S. W. Botchway, A. W. Parker, M. Balaz, H. A. Collins, H. L. 

Anderson, K. Suhling, P. R. Ogilby, Nat Chem 2009, 7, 69-73.

[83] O. B. Locos, C. C. Heindl, A. Corral, M. O. Senge, E. M. Scanlan, Eur. J. Org. 

Chem. 2010, 1026-1028.

[84] V. Sol, V. Chaleix, Y. Champavier, R. Granet, Y. M. Huang, P. Krausz, Biorg. 

Med. Chem. 2006, 14, 7745-7760.

[85] J. Koivukorpi, E. Sievanen, E. Kolehmainen, V. Krai, Molecules 2007, 12, 13- 

24 .

[86] S. Achelle, P. Couleaud, P. Baldeck, M.-P. Teulade-Fichou, P. Maillard, Eur. J. 

Org Chem. 2011,2011, 1271-1279.

[87] J. Kralova, J. Koivukorpi, Z. Kejik, P. Pouckova, E. Sievaenen, E. 

Kolehmainen, V. Krai, Org. Biomol. Chem. 2008, 6, 1548-1552.

[88] B. Pegaz, E. Debefve, J. P. Ballini, G. Wagnieres, S. Spaniol, V. Albrecht, D. V. 

Scheglmann, N. E. Nifantiev, H. van den Bergh, Y. N. Konan-Kouakou, Eur. J. 

Pharm. Sci. 2006, 28, 134-140.

[89] T. Kiesslich, J. Berlanda, K. Plaetzer, B. Krammer, F. Berr, Photochemical cS: 

Photobiological Sciences 2007, 6, 619-627.

[90] J. Buchholz, B. Kaser-Hotz, T. Khan, C. Rohrer Bley, K. Melzer, R. A. 

Schwendener, M. Roos, H. Walt, Clin. Cancer. Res. 2005, 11, 7538-7544.

[91] X. Liang, X. Li, X. Yue, Z. X)a{,Angew. Chem. Int. Ed. 2011, 50, 11622-11627.

[92] X. Liang, X. Li, X. Yue, Z. Dai, Jngew. Chem. 2011, 123, 11826-11831.

[93] C. W. Tang, S. A. VanSlyke, Appl. Phys. Lett. 1987, 51, 913-915.

[94] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. 

H. Friend, P. L. Bums, A. B. Holmes, Nature 1990, 347, 539-541.

[95] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Marks, C. 

Taliani, D. D. C. Bradley, S. D. A. Dos, J. L. Bredas, M. Logdlund, W. R. 

Salaneck, Nature 1999, 397, 121-128.

[96] J. C. Ostrowski, K. Susumu, M. R. Robinson, M. J. Therien, G. C. Bazan, Adv. 

Mater. 2003, 15, 1296-1300.

[97] M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M. E. Thompson, 

S. R. Forrest, iVarwre 1998, 395, 151-154.



R e f e r e n c e s  I 248

[98]

[99]

[100] 

[101] 

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110] 

[ 1 1 1 ]

[112]

C. Adachi, J. Appl. Phys. 2001, 90, 5048.

A. C. Grimsdale, K. Leok Chan, R. E, Martin, P. G. Jokisz, A. B. Holmes, 

Chem. Rev. 2009 ,109, 897-1091.

J. He, H. Liu, Y. Dai, X. Ou, J. Wang, S. Tao, X. Zhang, P. Wang, D. Ma, J. 

Phys. Chem. C 2 0 0 9 ,113, 6761-6767.

C.-H. Tao, N. Zhu, V. W.-W. Yam, J. Photochem. Photobiol. A: Chem. 2009, 

207, 94-101.

S. Lamansky, R. C. Kwong, M. Nugent, P. I. Djurovich, M. E. Thompson, Org. 

Electron. 2001, 2, 53-62.

A. Shoustikov, Y. You, P. E. Burrows, M. E. Thompson, S. R. Forrest, Synth. 

Met. 1997, Pi, 217-221.

M. Ikai, F. Ishikawa, N. Aratani, A. Osuka, S. Kawabata, T. Kajioka, H. 

Takeuchi, H. Fujikawa, Y. Taga, Adv. Funct. Mater. 2006 ,16, 515-519.

V. A. Montes, C. Perez-Bolivar, L. A. Estrada, J. Shinar, P. Anzenbacher, J. 

Am. Chem. Soc. 2007 ,129, 12598-12599.

M. A. Baldo, Thompson, M. E., Fon'est, S. R., Pure Appl. Chem. 1999, 71, 

2095-2106.

D. F. O'Brien, C. Giebeler, R. B. Fletcher, A. J. Cadby, L. C. Palilis, D. G. 

Lidzey, P. A. Lane, D. D. C. Bradley, W. Blau, Synth. Met. 2001, 116, 379-383. 

R. C. Kwong, S. Sibley, T. Dubovoy, M. Baldo, S. R. Forrest, M. E. Thompson, 

Chem. Mater. 1999, 11, 3709-3713.

C. Borek, K. Hanson, P. L Djurovich, M. E. Thompson, K. Aznavour, R. Bau, 

Y. Sun, S. R. Forrest, J. Brooks, L. Michalski, J. Brown, Angew. Chem. Int. Ed. 

2007, ^5, 1109-1112.

C. Borek, K. Hanson, P. 1. Djurovich, M. E. Thompson, K. Aznavour, R. Bau, 

Y. Sun, S. R. Forrest, J. Brooks, L. Michalski, J. Brown, Angew. Chem. 2007, 

119, 1127-1130.

N. Aratani, Osuka, A., in Handbook o f  Porphyrin Science with Applications to 

Chemistry, Physics, Materials Science, Engineering, Biology and Medicine. 

Volume 3 Synthetic Methodology, Vol. 1 (Ed.: K. M. Kadish, Smith, K. M., 

Guilard, R.), World Scientific Publishing Co. Pte. Ltd., Singapore, 2010, pp. 2- 

132.

M. U. Winters, J. Kaembratt, M. Eng, C. J. Wilson, H. L. Anderson, B. 

Albinsson, J. Phys. Chem. C2007, 111, 7192-7199.



R e f e r e n c e s  | 249

[113]

114]

115]

116]

117]

118]

119]

120] 

121] 

122]

123]

124]

125]

126]

127]

128]

129]

130]

131]

132]

[133]

D. P. Arnold, A. W. Johnson, M. Mahendran, J. Chem. Soc., Perkin Trans. 1 

1978, 366-370.

G. Eglinton, A. R. Galbraith, J. Chem. Soc. 1959, 889-896.

H. L. Anderson, Tetrahedron Lett. 1992, 33, 1101-1104.

X. Feng, M. O. Senge, J. Chem. Soc., Perkin Trans. 1 2001, 1030-1038.

W. Zhang, H. Wu, Z. Liu, P. Zhong, L. Zhang, X. Huang, J. Cheng, Chem. 

Commun. 2006, 4826-4828.

J.-W. Seo, S. Y. Jang, D. Kim, H.-J. Kim, Tetrahedron 2008, 64, 2733-2739.

V. Lin, S. DiMagno, M. Therien, Science 1994, 264, 1105-1 111.

V. S. Y. Lin, M. J. Therien, Chem. Eur. J. 1996, 1, 645-651.

H. L. Anderson, Inorg. Chem. 1994, 33, 972-981.

T. E. O. Screen, J. R. G. Thome, R. G. Denning, D. G. Bueknall, H. L. 

Anderson,/. Am. Chem. Soc. 2002, J24, 9712-9713.

F. C. Grozema, C. Houamer-Rassin, P. Prins, L. D. A. Siebbeles, H. L. 

Anderson,/. Am. Chem. Soc. 2007, 129, 13370-13371.

I. Hisaki, S. Hiroto, K. S. Kim, S. B. Noh, D. Kim, H. Shinokubo, A. Osuka, 

Angew. Chem. Int. Ed. 2007, 46, 5125-5128.

1. Hisaki, S. Hiroto, K. S. Kim, S. B. Noh, D. Kim, H. Shinokubo, A. Osuka, 

Angew. Chem. 2007, 119, 5217-5220.

R. W. Wagner, T. E. Johnson, F. Li, J. S. Lindsey, J. Org. Chem. 1995, 60, 

5266-5273.

J. S. Lindsey, S. Prathapan, T. E. Johnson, R. W. Wagner, Tetrahedron 1994, 

50, 8941-8968.

L. Yu, J. S. Lindsey, Tetrahedron 2001, 57, 9285-9298.

K.-y. Tomizaki, A. B. Lysenko, M. Taniguchi, J. S. Lindsey, Tetrahedron 2004, 

60, 2011-2023.

A. Nakano, Y. Yasuda, T. Yamazaki, S. Akimoto, I. Yamazaki, H. Miyasaka, A. 

Itaya, M. Murakami, A. Osuka, J. Phys. Chem. A 2001, 105, 4822-4833.

D. Holten, D. F. Bocian, J. S. Lindsey, y4c c . Chem. Res. 2002, 35, 57-69.

M. del Rosario Benites, T. E. Johnson, S. Weghom, L. Yu, P. D. Rao, J. R. 

Diers, S. 1. Yang, C. Kirmaier, D. F. Bocian, D. Holten, J. S. Lindsey, J. Mater. 

Chem. 2002, 12, 65-80.

K.-i. Sugiura, Y. Fujimoto, Y. Sakata, Chem. Commun. 2000, 1105-1106.



R e f e r e n c e s  1 250

[134] A. Kato, K.-i. Sugiura, H. Miyasaka, H. Tanaka, T. Kawai, M. Sugimoto, M. 

Yamashita, Chem. Lett. 2004, 33, 578-579.

[135] R. W. Wagner, J. Seth, S. I. Yang, D. Kim, D. F. Bocian, D. Holten, J. S. 

Lindsey, J. Org. Chem. 1998, 63, 5042-5049.

[136] T. Hori, N. Aratani, A. Takagi, T. Matsumoto, T. Kawai, M.-C. Yoon, Z. S.

Yoon, S. Cho, D. Kim, A. Osuka, Chem. Eur. J. 2006 , 12, 1319-1327.

[137] L. Yu, J. S. Lindsey, J. Org. Chem. 2001, 66, 7402-7419.

[138] S. Rucareanu, A. Schuwey, A. Gossauer, J. Am. Chem. Soc. 2006, 128, 3396-

3413.

[139] S. Rucareanu, O. Mongin, A. Schuwey, N. Hoyler, A. Gossauer, W. Amrein, 

H.-U. Hediger, J. Org Chem. 2001, 66, 4973-4988.

[140] M. C. O ’Sullivan, J. K. Sprafke, D. V. Kondratuk, C. Rinfray, T. D. W.

Claridge, A. Saywell, M. O. Blunt, J. N. O’Shea, P. H. Beton, M. Malfois, H. L. 

Anderson, 2011, 469, 72-75.

[141] O. Fenwick, J. K. Sprafke, J. Binas, D. V. Kondratuk, F. Di Stasio, H. L.

Anderson, F. Cacialli, Nano Lett. 2011, 11, 2451-2456.

[142] K. Susumu, T. Shimidzu, K. Tanaka, H. Segawa, Tetrahedron Lett. 1996, 37, 

8399-8402.

[143] R. T. Holmes, J. J. Lin, R. G. Khoury, C. P. Jones, K. M. Smith, Chem. 

Commun. 1997, 819-820.

[ 144] X.-Q. Lu, Y. Guo, Q.-Y. Chen, Synlett 2011, 77-80.

[145] L.-M. Jin, J.-J. Yin, L. Chen, C.-C. Guo, Q.-Y. Chen, Synlett 2005, 2893-2898.

[146] L.-M. Jin, L. Chen, J.-J. Yin, C.-C. Guo, Q.-Y. Chen, Eur. J. Org Chem. 2005, 

3994-4001.

[147] N. Aratani, A. Tsuda, A. Osuka, Synlett 2001, 1663-1674.

[148] N. Aratani, A. Osuka, Bull. Chem. Soc. Jpn. 2001 , 74, 1361-1379.

[149] N. Yoshida, T. Ishizuka, A. Osuka, D. H. Jeong, H. S. Cho, D. Kim, Y. 

Matsuzaki, A. Nogami, K. Tanaka, Chem. Eur. J. 2003, 9, 58-75.

[150] N. Aratani, A. Osuka, Y. H. Kim, D. H. Jeong, D. Kim, Angew. Chem., Int. Ed. 

2000, 39, 1458-1462.

[151] N. Aratani, A. Osuka, Y. H. Kim, D. H. Jeong, D. Kim, Angew. Chem. 2000, 

112, 1517-1521.

[152] T. Ogawa, Y. Nishimoto, N. Yoshida, N. Ono, A. Osuka, Angew. Chem., Int. 

Ed. 1999, 38, 176-179.



R e f e r e n c e s  I 251

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160] 

[161] 

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

T. Ogawa, Y. Nishimoto, N. Yoshida, N. Ono, A. Osuka, Angew. Chem. 1999,

111, 140-142.

M. O. Senge, X. Feng, Perkin 1 2000, 3615-3621.

N. Aratani, A. Osuka, Org. Lett. 2001, 3, 4213-4216.

Y. Nakamura, S. Y. Jang, T. Tanaka, N. Aratani, J. M. Lim, K. S. Kim, D. Kim, 

A. Osuka, Chem. Eur. J. 2008 ,14, 8279-8289.

N. Yoshida, H. Shimidzu, A. Osuka, Chem. Lett. 1998, 27, 55-56.

J. H. Fuhrhop, D. Mauzerall, J. Am. Chem. Soc. 1969, 91, 4174-4181.

D. Dolphin, R. H. Felton, Acc. Chem. Res. 1974, 7, 26-32.

N. Yoshida, H. Shimidzu, A. Osuka, Chem. Lett. 1998, 55-56.

R. H. Felton, H. Linschitz, J. Am. Chem. Soc. 1966, 88, 1113-1116.

V. V. Zhdankin, P. J. Stang, Chem. Rev. 2002,102, 2523-2584.

A. Kar, N. Mangu, H. M. Kaiser, M. Seller, M. K. Tse, Chem. Commun. 2008, 

386-388.

T. Dohi, M. Ito, K. Morimoto, M. Iwata, Y. Kita, Angew. Chem. 2008, 120, 

1321-1324.

T. Dohi, M. Ito, K. Morimoto, M. Iwata, Y. Kita, Angew. Chem. Int. Ed. 2008, 

47, 1301-1304.

T. Wirth, Angew. Chem., Int. Ed. 2005, 44, 3656-3665.

T. Angew. Chem. 2005,117, 3722-3731.

T. Dohi, M. Ito, N. Yamaoka, K. Morimoto, H. Fujioka, Y. Kita, Tetrahedron 

2009, 65, 10797-10815.

A. Tsuda, H. Fuiiita, A. Osuka, Chem., Int. Ed. 2000, 39, 2549-2552.

A. Tsuda, H. Furuta, A. Osuka, Angew. Chem. 2000 ,112, 2649-2652.

A. Tsuda, A. Nakano, H. Furuta, FI. Yamochi, A. Osuka, Angew. Chem., Int. Ed.

2000, 39,558-561.

A. Tsuda, A. Nakano, H. Furuta, H. Yamochi, A. Osuka, Angew. Chem. 2000,

112, 572-575.

A. Tsuda, A. Osuka, Science 2001, 293, 79-82.

Q. Ouyang, Y.-Z. Zhu, C.-H. Zhang, K.-Q. Yan, Y.-C. Li, J.-Y. Zheng, Org. 

Lett. 2009, 11, 5266-5269.

M. Kamo, A. Tsuda, Y. Nakamura, N. Aratani, K. Furukawa, T. Kato, A. 

Osuka, Org. Lett. 2003, 5, 2079-2082.



R e f e r e n c e s  | 252

176] A. K. Sahoo, Y. Nakamura, N. Aratani, K. S. Kim, S. B. Noh, H. Shinokubo, D. 

Kim, A. Osuka, Org. Lett. 2006, 8, 4141-4144.

177] N. K. S. Davis, A. L. Thompson, H. L. Anderson, Org. Lett. 2010, 12, 2124- 

2127.

178] N. K. S. Davis, A. L. Thompson, H. L. Anderson, J. Am. Chem. Soc. 2011, 133, 

30-31.

179] V. V. Diev, K. Hanson, J. D. Zimmennan, S. R. Forrest, M. E. Thompson, 

Angew. Chem. Int. Ed. 2010, 49, 5523-5526.

180] V. V. Diev, K. Hanson, J. D. Zimmennan, S. R. Forrest, M. E. Thompson, 

Angew. Chem. 2010,122, 5655-5658.

181] C. Jiao, K.-W. Huang, Z. Guan, Q.-H. Xu, J. Wu, Org. Lett. 2010, 12, 4046- 

4049.

182] T. Tanaka, Y. Nakamura, N. Aratani, A. Osuka, Tetrahedron Lett. 2008, 49, 

3308-3311.

183] T. Tanaka, Y. Nakamura, A. Osuka, Chem. Eur. J. 2008, 14, 204-211.

184] J. Chen, N. Aratani, H. Shinokubo, A. Osuka, Chem. Asian J. 2009, 4, 1126- 

1133.

185] J. S. Manka, D. S. Lawrence, Tetrahedron Lett. 1989, 30, 6989-6992.

186] C. Bruckner, J. J. Posakony, C. K. Johnson, R. W. Boyle, B. R. James, D. 

Dolphin, J. Porphyrins Phthalocyanines 1998, 2, 455-465.

187] S. Hiroto, A. Osuka, J. Org. Chem. 2005, 70, 4054-4058.

188] A. Wiehe, C. Ryppa, M. O. Senge, Org. Lett. 2002, 4, 3807-3809.

189] A. Osuka, S. Marumo, N. Mataga, S. Taniguchi, T. Okada, I. Yamazaki, Y. 

Nishimura, T. Ohno, K. Nozaki, J. Am. Chem. Soc. 1996,118, 155-168.

190] A. Wiehe, E. J. Simonenko, M. O. Senge, B. Roder, J. Porphyrins 

Phthalocyanines 2001, 5, 758-761.

191] J. S. Lindsey, H. C. Hsu, I. C. Schreiman, Tetrahedron Lett. 1986, 27, 4969- 

4970.

192] B. J. Littler, Y. Ciringh, J. S. Lindsey, J. Org. Chem. 1999, 64, 2864-2872.

193] G. R. Geier, III, J. S. Lindsey, J. Chem. Soc., Perkin Trans. 2 2001, 677-686.

194] G. R. Geier, III, B. J. Littler, J. S. Lindsey, J. Chem. Soc., Perk. Trans. 2 2001, 

701-711.



R e f e r e n c e s  | 253

[195] A. H. Jackson, M. Artico, H. J. Anderson, C. E. Loader, A. Gossauer, P. 

Nesvadba, N. Dennis, in Chem. Heterocycl. Compd., John Wiley & Sons, Inc.,

2008, pp. 295-548.

[196] M. Balaz, H. A. Collins, E. Dahlstedt, H. L. Anderson, Org. Biomol. Chem.

2009, 7, 874-888.

[197] B. Krattinger, H. J. Callot, Tetrahedron Lett. 1996, 37, 7699-7702.

[198] B. Krattinger, H. J. Callot, Eur. J. Org. Chem. 1999, 1857-1867.

[199] M. O. Senge, W. W. Kalisch, 1. Bischoff, Chem. Eur. J. 2000, 6, 2721-2738.

[200] X. Feng, I. Bischoff, M. O. Senge, J. Org. Chem. 2001, 66, 8693-8700.

[201] C. Ryppa, M. O. Senge, S. S. Hatscher, E. Kleinpeter, P. Wacker, U. Schilde, A. 

Wiehe, Chem. Eur. J. 2005 ,11, 3427-3442.

[202] M. O. Senge, Y. M. Shaker, M. Pintea, C. Ryppa, S. S- Hatscher, A. Ryan, Y. 

Sergeeva, Eur. J. Org. Chem. 2010, 2010, 201-201.

[203] K. Ziegler, H. Zeiser, Ber. Dtsch. Chem. Ges. B 1930, 63B, 1847-1851.

[204] X. Feng, M. O. Senge, Tetrahedron 2000, 56, 587-590.

[205] M. E. Milanesio, M. G. Alvarez, E. N. Durantini, Current Bioactive Compounds

2010, 6, 97-105.

[206] R. Luguya, L. Jaquinod, F. R. Fronczek, M. G. H. Vicente, K. M. Smith, 

Tetrahedron 2004, 60, 2757-2763.

[207] M. O. Senge, X. Feng, Tetrahedron Lett. 1999, 40, 4165-4168.

[208] A. Wiehe, Y. M. Shaker, J. C. Brandt, S. Mebs, M. O. Senge, Tetrahedron 2005, 

61, 5535-5564.

[209] M. Fazekas, M. Pintea, M. O. Senge, M. Zawadzka, Tetrahedron Lett. 2008, 49, 

2236-2239.

[210] R. D. Hartnell, A. J. Edwards, D. P. Arnold, J. Porphyrins Phthalocyanines 

2002, 6, 695-707.

[211] S. Horn, M. O. Senge, Eur. J. Org. Chem. 2008, 2008, 4881-4890.

[212] J. Wojaczyhski, L. Latos-Grazyhski, P. J. Chmielewski, P. Van Calcar, A. L. 

Balch, Inorg. Chem. 1999, 38, 3040-3050.

[213] D. E. Chumakov, A. V. Khoroshutin, A. V. Anisimov, K. I. Kobrakov, Chem. 

Heterocycl. Compd. 2009, 45, 259-283.

[214] M. J. Crossley, P. L. Burn, S. S. Chew, F. B. Cuttance, 1. A. Newsom, J. Chem. 

Soc., Chem. Commun. 1991, 1564-1566.



R e f e r e n c e s  I 254

[215

[216

[217

[218

[219

[220

[221

[222

[223

[224

[225

[226

[227

[228

[229

[230

[231

[232]

S. Shanmugathasan, C. K. Johnson, C. Edwards, E. K. Matthews, D. Dolphin, 

R. W. Boyle, J. Porphyrins Phthalocyanines 2000, 4, 228-232.

S. G. DiMagno, V. S. Y. Lin, M. J. Therien, J. Org. Chem. 1993, 58, 5983-

5993.

S. Horn, N. N. Sergeeva, M. O. Senge, J. Org. Chem. 2007, 72, 5414-5417.

T. Takanami, M. Hayashi, H. Chijimatsu, W. Inoue, K. Suda, Org. Lett. 2005, 7, 

3937-3940.

K. Dahms, M. O. Senge, Tetrahedron Lett. 2008, 49, 5397-5399.

A. Kato, R. D. Hartnell, M. Yamashita, H. Miyasaka, K.-i. Sugiura, D. P. 

Arnold, J. Porphyrins Phthalocyanines 2004, 8, 1222-1227.

N. A. Cortese, R. F. Heck, J. Org. Chem. 1977, 42, 3491-3494.

J. Wojaczyhski, M. St^pien, L. Latos-Grazyhski, Eur. J. Inorg. Chem. 2002,

2002, 1806-1815.

M. B. Bakar, M. Oelgemoller, M. O. Senge, Tetrahedron 2009, 65, 7064-7078. 

T. S. Balaban, R. Goddard, M. Linke-Schaetzel, J.-M. Lehn, J. Am. Chem. Soc.

2003, J25, 4233-4239.

J. W. Buchler, in Porphyrins and metalloporphyrins (Ed.: K. M. Smith), 

Elsevier, Amsterdam, 1975, pp. 157-231.

J. W. Buchler, in The Porphyrins, Vol. 1 (Ed.: D. Dolphin), Academic, London, 

1978, pp. 389-483.

H.-e. Song, M. Taniguchi, J. R. Diers, C. Kirmaier, D. F. Bocian, J. S. Lindsey, 

D. Holten, J. Phys. Chem. B  2009, 113, 16483-16493.

R. Shediac, M. H. B. Gray, H. T. Uyeda, R. C. Johnson, J. T. Hupp, P. J. 

Angiolillo, M. J. Therien,/. Am. Chem. Soc. 2000, 122, 7017-7033.

C. Pavani, A. F. Uchoa, C. S. Oliveira, Y. lamamoto, M. S. Baptista, 

Photochem. Photobiol. Sci. 2009 , 8, 233-240.

J. W. Buchler, L. Liebigs Ann. Chem. 1970, 740, 142-163.

N. N. Sergeeva, Ryan, Aoife, Senge, Mathias O., in Handbook o f  Porphyrin 

Science with Applications to Chemistry, Physics, Materials Science, 

Engineering, Biology and Medicine. Volume 3 Synthetic Methodology (Ed.: K. 

M. Kadish, Smith, K. M., Guilard, R.), World Scientific Publishing Co. Pte. 

Ltd., 2010, pp. 325-365.

K. Sonogashira, Handbook o f  Organopalladium Chemistry fo r  Organic 

Synthesis Wiley-Interscience, New York, 2002.



R e f e r e n c e s  | 255

[233] N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457-2483.

[234] J.-i. Setsune, J. Porphyrins Phthalocyanines 2004, 8, 93-102.

[235] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 1975, 4467-4470.

[236] N. Miyaura, K. Yamada, A. Suzuki, Tetrahedron Lett. 1979, 20, 3437-3440.

[237] N. Miyaura, Top. Curr. Chem. 2002, 219, 11-59.

[238] M. Murata, S. Watanabe, Y. Masuda, J. Org. Chem. 1997, 62, 6458-6459.

[239] A. G. Hyslop, M. A. Kellett, P. M. lovine, M. J. Therien, J. Am. Chem. Soc. 

1998, 120, 12676-12677.

[240] E. M. Finnigan, R. Rein, N. Solladie, K. Dahms, D. C. G. Gotz, G. Bringmann, 

M. O. Senge, Tetrahedron 2011, 67, 1126-1134.

[241] S. Punidha, N. Agarwal, I. Gupta, M. Ravikanth, Eur. J. Org. Chem. 2007, 

2007, 1168-1175.

[242] T. Muraoka, K. Kinbara, T. Aida, J. Am. Chem. Soc. 2006 ,128, 11600-11605.

[243] M. Moreno-Manas, M. Perez, R. Pleixats, J. Org. Chem. 1996, 61, 2346-2351.

[244] G. G. Meng, B. R. James, K. A. Skov, Can. J. Chem. 1994, 72, 1894-1909.

[245] L. He, Y.-Z. Zhu, J.-Y. Zheng, Y.-F. Ma, Y.-S. Chen, J. Photochem. Photobiol. 

A: Chem. 2010,27(5, 15-23.

[246] 0 . Wennerstrom, H. Ericsson, I. Raston, s. Svensson, W. Pimlott, Tetrahedron 

Lett. 1989, 30, 1129-1132.

[247] M. Fathalla, J. Jayawickramarajah, Eur. J. Org. Chem. 2009, 2009, 6095-6099.

[248] O. B. Locos, K. Dahms, M. O. Senge, Tetrahedron Lett. 2009, 50, 2566-2569.

[249] G. S. Wilson, H. L. Anderson, Synlett 1996,1996, 1039,1040.

[250] J. Portage, A. Scarpaci, L. Viau, Y. Pellegrin, E. Blart, M. Falkenstrom, L. 

Hammarstrom, I. Asselberghs, R. Kellens, W. Libaers, K. Clays, M. P. Eng, F. 

Odobel, Chem. Eur. J. 2009, 15, 9058-9067.

[251] M. Severac, L. L. Pleux, A. Scarpaci, E. Blart, F. Odobel, Tetrahedron Lett. 

2007, 48, 6518-6522.

[252] K. Ogawa, Y. Kobuke, J. Photochem. Photobiol, C: Photochem. Rev. 2006, 7, 

1-16.

[253] T. M. Wilson, T. Flori, M.-C. Yoon, N. Aratani, A. Osuka, D. Kim, M. R.

Wasielewski, J. Am. Chem. Soc. 2010 ,132, 1383-1388.

[254] T. E. O. Screen, I. M. Blake, L. H. Rees, W. Clegg, S. J. Borwick, H. L.

Anderson, J. Chem. Soc., Perkin Trans. 1 2002, 320-329.

[255] R. W. Boyle, D. Dolphin, Photochem. Photobiol. 1996, 64, 469-485.



R e f e r e n c e s  I 256

[256

[257

[258

[259

[260

[261

[262

[263

[264

[265

[266

[267

[268

[269

[270

[271

[272

[273

[274]

A. Nakano, H. Shimidzu, A. Osuka, Tetrahedron Lett. 1998, 39, 9489-9492.

M. O. Senge, X. Feng, J. Chem. Soc., Perkin Trans. 1 2000 , 361 5-3621.

X. Zhou, K. S. Chan, J. Chem. Soc., Chem. Commun. 1994 , 2493-2494.

T. Hasobe, H. Imahori, T. Sato, K. Ohkubo, S. Fukuzumi, Nano Lett. 2003, 3, 

409-412.

K. Sonogashira, in Handbook o f  Organopalladium Chemistry fo r  Organic 

Syntheses, Vol. 1 (Ed.: E.-i. Negishi), John W iley and Sons, New York, 2002 .

A. Tougerti, S. Negri, A. Jutand, Chem. Eur. J. 2007 , 13, 666-676.

A. Soheili, J. Albaneze-W alker, J. A. Murry, P. G. Dormer, D. L. Hughes, Org. 

Lett. 2003 , 5,4191-4194.

Q. Liu, D. J. Burton, Tetrahedron Lett. 1997 , 38, 4371-4374.

P. J. Angiolillo, V. S. Y. Lin, J. M. Vanderkooi, M. J. Therien, J. Am. Chem. 

Soc. 1995 , 117, 12514-12527.

S. Anderson, H. L. Anderson, J. K. M. Sanders, J. Chem. Soc., Perkin Trans. I 

1995 , 2247-2254.

Y. Kaizu, H. Maekawa, H. Kobayashi, J. Phys. Chem. 1986, 90, 4234-4238.

A. H. Jackson, G. W. Kenner, K. M. Smith, R. T. Aplin, H. Budzikiewicz, C. 

Djerassi, Tetrahedron 1965 , 21, 2913-2924.

K. M. Smith, in Porphyrins and M etalloporphyrins (Ed.: K. M. Smith), Elsevier 

Scientific Publishing Company, Amsterdam, 1975 , pp. 381-397.

D. Fenyo, B. T. Chait, T. E. Johnson, J. S. Lindsey, J. Porphyrins 

Phthalocyanines 1997 , 1, 93-99.

N. Srinivasan, C. A. Haney, J. S. Lindsey, W. Zhang, B. T. Chait, J. Porphyrins 

Phthalocyanines 1999 , 3, 283-291.

F. Cheng, S. Zhang, A. Adronov, L. Echegoyen, F. Diederich, Chem. Eur. J. 

2006 , 12, 6062-6070.

T. Sakurai, K. Shi, H. Sato, K. Tashiro, A. Osuka, A. Saeki, S. Seki, S. Tagawa, 

S. Sasaki, H. Masunaga, K. Osaka, M. Takata, T. Aida, J. Am. Chem. Soc. 2008, 

130, 13812-13813.

J. Chen, N. Aratani, H. Shinokubo, A. Osuka, Chem. Asian J. 2009, 4, 1126- 

1133.

M. O. Senge, M. Pintea, A. Ryan, Z. Naturforsch., B: Chem. Sci. 2011 , 66, 553- 

558.



R e f e r e n c e s  [ 257

[275

[276

[277

[278

[279

[280

[281

[282

[283

[284

[285

[286

[287

[288

[289

[290

[291

[292

[293

[294]

M. Shigeiwa, S. Maeda, A. Osuka, Kyoto University, Japan; Rohm Co., Ltd.; 

Mitsubishi Chemical Corp.; Hitachi Ltd.; Pioneer Electronic Corp.; Nippon 

Telegraph and Telephone Corp. . 2005, p. 14 pp.

T. Dohi, M. Ito, K. Morimoto, M. Iwata, Y. Kita, Angew. Chem., Int. Ed. 2008, 

47, 1301-1304, S1301/1301-S1301/1309.

T. Ogawa, Y. Nishimoto, N. Ono, N. Yoshida, A. Osukua, Chem. Commun. 

1998,337-338.

A. Nakano, A. Osuka, T. Yamazaki, Y. Nishimura, S. Akimoto, 1. Yamazaki, A. 

Itaya, M. Murakami, H. Miyasaka, Chem. Eur. J. 2001, 7, 3134-3151.

G. J. Wilson, D. P. Arnold, J. Phys. Chem. A 2005, 109, 6104-6113.

N. Aratani, A. Osuka, The Chemical Record 2003, 3, 225-234.

1. M. Blake, A. Krivokapic, M. Katterle, H. L. Anderson, Chem. Commun. 2002, 

1662-1663.

N. Aratani, A. Osuka, H. S. Cho, D. Kim, J. Photochem. Photobiol., C: 

Photochem. Rev. 2002, 3, 25-52.

P. Bhyrappa, P. Bhavana, Chem. Phys. Lett. 2001, 342, 39-44.

H. J. Callot, Tetrahedron Lett. 1973, 4987-4990.

C. Liu, D.-M. Shen, Q.-Y. Chen, Chem. Commun. 2006, 770-772.

Z. Xue, P. P. S. Lee, Y. Wang, D. W. J. Kwong, J. Li, J. H. Xin, W.-K. Wong, 

K. K. L. Cheuk, Tetrahedron 2011, 67, 6030-6035.

W. J. Kruper, Jr., T. A. Chamberlin, M. Kochanny, J. Org. Chem. 1989, 54, 

2753-2756.

D.-M. Shen, C. Liu, Q.-Y. Chen, Chem. Commun. 2005, 4982-4984.

A. K. Sahoo, S. Mori, H. Shinokubo, A. Osuka, Angew. Chem. Int. Ed. 2006, 

45, 7972-7975.

A. K. Sahoo, S. Mori, H. Shinokubo, A. Osuka, Angew. Chem. 2006, 118, 8140- 

8143.

M. Mizumura, H. Shinokubo, A. Osuka, Angew. Chem. Int. Ed. 2008, 47, 5378- 

5381.

M. Mizumura, H. Shinokubo, A. OsuVa, Angew. Chem. 2008 ,120, 5458-5461.

G. Wu, A. L. Rheingold, S. J. Geib, R. F. Heck, Organometallics 1987, 6, 1941- 

1946.

R. C. Larock, M. J. Doty, Q. Tian, J. M. Zenner, J. Org. Chem. 1997, 62, 7536- 

7537.



R e f e r e n c e s  I 258

[295] C. Bauder, R. Ocampo, H. J. Callot, Tetrahedron 1992, 48, 5135-5150.

[296] M. O. Senge, Chem. Commun. 2006, 243-256.

[297] A. Nakano, N. Aratani, H. Furuta, A. Osuka, Chem. Commun. 2001, 1920-1921.

[298] V. G. Kharchenko, L. I. Markova, O. V. Fedotova, N. V. Pchelintseva, Chem. 

Heterocycl. Compd. 2003,39, 1121-1142.

[299] C. G. Overberger, J. J. Monagle, J. Am. Chem. Soc. 1956, 78, 4470-4473.

[300] S. Tokuji, Y. Takahashi, H. Shinmori, H. Shinokubo, A. Osuka, Chem. 

Commun. 2009, 1028-1030.

[301] X. Huang, J. Dou, D. Li, D. Wang, J. Chil. Chem. Soc. 2009, 54, 20-22.

[302] N. N. Sergeeva, Y. M. Shaker, E. M. Finnigan, T. McCabe, M. O. Senge, 

Tetrahedron 2007, 63, 12454-12464.

[303] H. W. Whitlock, Jr., R. Hanauer, M. Y. Oester, B. K. Bower, J. Am. Chem. Soc. 

1969, 91, 7485-7489.

[304] M. O. Senge, W. W. Kalisch, S. Runge, Tetrahedron 1998, 54, 3781-3798.

[305] L. C. Palilis, D. G. Lidzey, M. Redecker, D. D. C. Bradley, M. Inbasekaran, E. 

P. Woo, W. W. Wu, Synth. Met. 2000, 111-112, 159-163.

[306] A. A. Shoustikov, Y. Yujian, M. E. Thompson, Selected Topics in Quantum 

Electronics, IEEE Journal o/1998, 4, 3-13.

[307] J. Morgado, F. Cacialli, R. Iqbal, S. C. Moratti, A. B. Holmes, G. Yahioglu, L. 

R. Milgrom, R. H. Friend, J. Mater. Chem. 2001,11, 278-283.

[308] K. Albrecht, Y. Kasai, K. Yamamoto, Journal o f  Inorganic and Organometallic 

Polymers and Materials 2009, 19, 118-123.

[309] C. A. Barker, X. Zeng, S. Bettington, A. S. Batsanov, M. R. Bryce, A. Beeby, 

Chem. Eur. J  2007, 13, 6710-6717.

[310] Y. Li, L. Cao, Z. Ning, Z. Huang, Y. Cao, H. Tian, Tetrahedron Lett. 2007, 48, 

975-978.

[311] C. Li, Z. Bo, Polymer 2010, 51, 4273-4294.

[312] Z. Fei, B. Li, Z. Bo, R. Lu, Org. Lett. 2004, 6, 4703-4706.

[313] X. Wang, H. Wang, Y. Yang, Y. He, L. Zhang, Y. Li, X. Li, Macromolecules 

2009, 43, 709-715.

[314] M. O. Senge, Chem. Commun. 2011, 47, 1943-1960.

[315] S. Horn, B. Cundell, M. O. Senge, Tetrahedron Lett. 2009, 50, 2562-2565.

[316] P.-L. T. Boudreault, S. Beaupre, M. Leclerc, Polymer Chemistry 2010, 7, 127- 

136.



R e f e r e n c e s  | 259

[317] K. Smith, D. M. James, A. G. Mistry, M. R. Bye, D. J. Faulkner, Tetrahedron 

1992, 48, 7479-7488.

[318] P. A. S. Smith, B. B. Brown, J. Am. Chem. Soc. 1951 , 73, 2435-243 7.

[319] J.-F. Morin, M. Leclerc, Macromolecules 2001 , 34, 4680-4682.

[320] J. I. G. Cadogan, M. Cameron-W ood, R. K. Mackie, R. J. G. Searle, J. Chem. 

Soc. 1965 , 4831-4837.

[321] J. W. Benbow, B. L. Martinez, Tetrahedron Lett. 1996 , 37, 8829-8832.

[322] M. Tavasli, S. Bettington, M. R. Bryce, A. S. Batsanov, A. P. Monkman, 

Synthesis 2005 , 2005, 1619,1624.

[323] A. W. Freeman, M. Urvoy, M. E. Criswell, J. Org. Chem. 2005 , 70, 5014-5019.

[324] P. Appukkuttan, E. Van der Eycken, W. Dehaen, Synlett 2005 , 2005, 127,133.

[325] M. Sonntag, P. Strohriegl, Chem. Mater. 2004 , 16, 4736-4742.

[326] W. Tang, T. Lin, L. Ke, Z.-k. Chen, J. Polym. Sci., Part A: Polym. Chem. 2008 , 

46, 7725-7738.

[327] S. Fu, X. Zhu, G. Zhou, W.-Y. Wong, C. Ye, W.-K. Wong, Z. Li, Eur. J. Inorg. 

Chem. 2007 , 2007, 2004-2013.

[328] S. S. Eaton, G. R. Eaton, J. Am. Chem. Soc. 1975 , 97, 3660-3666.

[329] Porphyrin crystals often fonn clathrate type structures, in compacting large 

numbers o f solvent molecules. In many cases, these are so tightly bound as to 

make reliable elemental analysis impossible.

[330] B. J. Littler, M. A. Miller, C.-H. Hung, R. W. Wagner, D. F. O'Shea, P. D. 

Boyle, J. S. Lindsey, J. Org. Chem. 1999 , 64, 1391-1396.

[331] 13C NMR spectra o f 173 could not be obtained due to low solubility

[332] As a comparison for a mass spectrometry study the nickel trimer 187 was 

synthesised. Despite many attempts, purification o f  this array was unsuccessful, 

therefore a full characterisation was not obtained.

[333] HRMS was attained but value had a m/z o f approximately 0.9 higher than the 

exact mass. This could be attributed to a solubility issue o f  the dimer.

[334] HRMS was attained but value had a m/z o f approximately 0.9 higher than the 

exact mass. This could be attributed to a solubility issue o f  the dimer.


