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Abstract

Photodynamic therapy (PDT) has received considerable attention in recent years as it 

could present a valuable alternative to conventional cancer treatment. Promising in vitro 

and in vivo tests have already been carried out and the first photo sensitisers have been 

approved for clinical applications. Nevertheless, it is evident that the photosensitisers 

currently in use are not optimal and that more suitable sensitisers are required. The 

development of new sensitisers with improved properties for photodynamic therapy is 

therefore indispensable and a great deal of research is being carried out in this area.

This thesis is concerned with the synthesis and the evaluation of novel, acetylenic NIR- 

chromophores which are expected to have a potential as photosensitisers in 

photodynamic therapy applications.

The synthetic strategy employed is to utilise vicinally dialkynylated 1,2-diones as 

versatile building blocks for the rapid assembly of the targeted acetylenic dyes. It is 

demonstrated that octaalkynylated tetrapyrazinoporphyrazines, phthalocyanines, and 

tetra- [6,7]-quinoxalinoporphyrazines are synthetically accessible in few steps using this 

methodology.

All of the novel dyes exhibit strong absorptions with high extinction coefficients in the 

red or NIR region and significantly bathochromically shifted absorption maxima 

compared to those of their non-acetylenic counterparts, rendering them interesting as 

sensitisers in the photodynamic treatment of cancer.

Ideally, a suitable sensitiser for photodynamic therapy should be soluble in bodily fluids, 

i.e. in aqueous media. Since the initially prepared new chromophores are highly 

lipophilic, the second part of this work deals with the synthesis and the photophysical 

assessment of more hydrophilic derivatives of these dyes.

It is also established qualitatively that the new chromophores possess the ability to 

generate singlet oxygen upon irradiation with light, which is an essential prerequisite for 

a useful PDT-agent.
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Introduction

A. INTRODUCTION

1. NIR-Chromophores

Organic chromophores with sizeable absorptions at the far red end of the visible spectrum 

and/or the near infrared region of the electromagnetic spectrum (NIR-chromophores) 

have received considerable interest as functional dyes in a range of distinct areas.

NIR-dyes are used as effective photoreceivers in laser diodes, which are employed, for 

instance, in laser optical recording systems, thermal writing displays, laser printing 

applications and laser filter systems.

NIR-chromophores are also employed in biomedical applications such as fluorescent 

probes, sterilisation, fluorescence imaging and, with particular relevance to this work, as 

agents in photodynamic therapy (see section 2 .2 .).

For these reasons, much research is currently being carried out in order to design and 

synthesise NIR-chromophores which exhibit additional characteristics as required by the 

specific application. '̂

Some of the chromophores with absorptions in the red/NIR-region that pertain to this 

thesis are discussed in the following sections.

1.1. Porphyrins

Porphyrin 1 consists of four pyrrole rings linked by four methine bridges (Fig. 1). The 

basic chromophore is an 18-centre macrocyclic ring with an 18 Ti-electron system. The 

longest wavelength absorption band (the g-band) of porphyrin is at X,max =619 nm (e = 

4570 NT'

Porphyrins play a crucial role in many biological systems. The prosthetic groups of 

chlorophyll and haemoglobin are porphyrin derivatives, and it also occurs in various 

enzymes (for example cytochromes) and vitamin
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Moreover, some porphyrin derivatives have received attention as photosensitisers in 

photodynamic therapy (see section 2 .2 .).

Tetraazaporphyrin (so-called porphyrazine) 2 is an aza-analogue of 1 in which the 

methine groups in the meso-positions are replaced by nitrogen atoms.

1.2. Phthalocyanines

The four-fold benzo-annelation of porphyrin 1 leads to tetrabenzoporphyrin 3. Its 

tetraaza-analogue again, with nitrogen atoms in the four we^o-positions, is named 

phthalocyanine (Pc) 4a (Fig. 1).̂ ’̂

HNNH

Porphyrin 1

n' - ' V ^ n

NH HN
N M

Porphyrazine 2

HNNH

Tetrabenzoporphyrin 3

HNNH

Phthalocyanine 4a

Fig. 1: Porphyrin and Porphyrin Analogues
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Although there are earlier reports of phthalocyanine formation, its structure was first 

determined by Linstead in 1934,̂ ^̂  after the discovery of the dark blue substance by 

chance during the synthesis of phthalimide fi*om phthalic anhydride and ammonia in an 

iron vessel. One year later, the structure was confirmed through X-ray analyses by 

Robertson.

The extended conjugated Ti-electron system of phthalocyanine 4a compared to that of 

porphyrin gives rise to a bathochromic shift of the longest wavelength absorption 

maximum to A,max= 698 nm (e = 162200 M'  ̂cm'^). The increase of the molar extinction 

coefiScient is also remarkable.^*^

Phthalocyanines are nowadays extensively employed as colorants, for example in paints, 

inks and textiles. The unique electronic features of phthalocyanines and its metal 

complexes have also led to a variety of applications as functional dyes, for example as 

photoconducting agents in photocopiers and as optical data storage d e v i c e s . T h e  

semiconductivity of some phthalocyanines, which was discovered in 1948,̂ ^̂  has also led 

to their employment in diodes and the catalytic activity of selected members of this class 

of compounds makes them useful for photovoltaic cells and chemical sensors. 

Phthalocyanines are also currently being explored as photosensitisers for photodynamic 

therapy (see section 2.2.3.).

1.2.1. Synthesis

Although various routes for the synthesis of phthalocyanines are known, only three 

methods are generally used (Scheme 1).

In the first approach, phthalic anhydride is reacted with urea, a metal salt and an 

ammonium molybdate catalyst at 200 °C. In this reaction, ammonia, liberated fi*om the 

urea, converts the phthalic anhydride into a diiminoisoindoline via phthalimide and 

mono iminophthalimide, which then spontaneously “tetramerises” and oxidises to the 

phthalocyanine in the presence of a metal salt.̂ *®̂  In the second approach, phthalonitrile is 

heated with a base with or without a metal salt in the solid state or in solution.^**’
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Under certain conditions this reaction can even be performed at room tem perature.T he 

third method is a modification of the first one, in which the diiminoisoindoline is 

prepared independently from phthalonitrile and ammonia and then “tetramerised” with a 

metal salt.̂ *'* ' The described methods for Pc-formation are most commonly applied due 

to their brevity and since they offer the possibility to introduce different metals as well as 

different peripheral substituents. Metal-free phthalocyanines (M = HH) can be obtained 

by a variation of the second method: heating phthalonitrile in a solution of a lithium 

alkoxide in a high boiling alcohol affords dilithium phthalocyaninato complexes (M = 

2Li), which can be easily demetallated by treatment with mineral acid.̂ ^̂ ^

urea, MX
method 1 P

molybdate-catalyst, 
solvent, 200°CO

base, MX 
(solvent).CN

method 2
or MOR, ROMCN

NH
MX2 , solvent

method 3 NH

N— — N

NH

Scheme 1: Methods for the Synthesis ofPcs

In the case of method 2, the reaction mechanism of the formation of Pc has been 

investigated in more detail (Scheme 2). ’̂̂  ̂ Starting with phthalonitrile and a metal- 

alkoxide as base, the first step is the formation of an l-imido-3-alkoxyisoindoline A by
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nucleophilic attack of the alkoxide on the nitrile. The next step is thought to be the 

dimérisation of A with another phthalonitrile molecule to give intermediate B. Further 

reaction of B with phthalonitrile leads to intermediate C

CN CcCN

metal-tem plate

OR

D CN

-RQ-
CN

N—M—N N- -M ■ -N

RO

[Ox]

aldehyde 04b

Scheme 2: Mechanism for Phthalocyanine Formation
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Presumably, the metal supports the formation of C by forming a metal-coordination- 

intermediate such as D, thereby acting as a template. In the last step, the ring closure 

leading to metal-phthalocyanine 4b, the alkoxide anion plays another significant role. 

Ring closure is initiated by the intramolecular nucleophilic attack of the imide group on 

the alkoxy-substituted imino carbon followed by the expulsion of the alkoxide ion which 

is then oxidised to the aldehyde. The transfer of two electrons to the initially generated 

macrocycle generates a [4n+2] aromatic 7i-electron system and can therefore be regarded 

as the driving force for the reaction.

1.3. Tetrapyrazinoporphyrazines

Tetrapyrazinoporphyrazines (Tpypors) 5 are octaaza-analogues of Fes, in which the 

porphyrazine core of the former is pyrazino-anellated instead of benzo-annelated as in the 

latter (Fig. 2). o
N— M —N I I

5

Fig. 2: Tetrapyrazinoporphyrazine (Tpypor)

Although they have been known since 1937,̂ **̂  much less attention has been drawn to 

Tpypors than to Pcs. This is probably due to the fact that the absorption maxima of 

Tpypors are generally hypsochromically shifted compared to those of the Pcs.̂ ^̂  ̂

However, in recent years, aza-analogues of Pcs have received more attention in various
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fields.^’̂  “ They can be used as materials for electrochromic displays,̂ ^̂  ̂ as 

electrocatalysts for oxygen reduction^^^  ̂and for optical data storage 

The main advantages of the Tpypors compared to the Pcs are the possibility to obtain a 

large number of peripherally substituted derivatives relatively easily (see following 

section) and their increased solubility.

1.3.1. Synthesis

Tpypors are generally prepared starting from a 1,2-dione, from which a 2,3- 

dicyanopyrazine is formed by the condensation with diaminomaleonitrile. The dinitrile is 

then further converted to the Tpypor applying the same methods as discussed for Pc- 
formation (Scheme 3 ) 119,20,22,24]

o

R = alkyl, aryl

HaN^CN

H2 N CN method 2 or 3

AcOH R N CN

Scheme 3: Synthesis of Tetrapyrazinoporphyrazines

1.4. Naphthalocyanines

A further four-fold benzo-annelation of the Pc macrocycle 4 leads to compounds 6 , which 

are conventionally called naphthalocyanines (Ncs). There are two major isomeric classes 

of Ncs that differ in the fiision pattern of the naphthalo-units onto the porphyrazine core: 

[1,2]-Ncs 6 a and [2,3]-Ncs 6 b (Fig. 3). In addition, [1,2]-Ncs can occur as four 

regioisomers.

The first [1,2]-naphthalocyanines were reported by Linstead et al. in 1936̂ ^̂  ̂ but [2,3]- 

naphthalocyanines were only systematically studied by Luk’yantes in the 1960’s.̂ *̂̂  The
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further extended conjugated 7i-system of Ncs compared to that of the Pcs leads to a 

substantial bathochromic shift of their g-bands, particularly in the case of the [2,3]-Ncs 

(cf. ^max[6b, M = HH] = 780 nm).P*>

This unique NIR-absorption makes them interesting as recording media in laser optical 

recording systems and many Nc derivatives have been patented as NIR-absorbing dyes 

for these purposes. It has also been shown that certain Ncs can play an effective catalytic 

role in the electrolysis of water.

Furthermore, selected Nc-derivatives have gained attention as photosensitisers in 

photodynamic therapy (see section 2.2.3).

N— M— N

[1,2]-Naphthalocyanine 6 a

N— M— N

[2,3]-Naphthalocyanine 6 b

Fig. 3: Naphthalocyanines (Ncs)

1.4.1. Synthesis

Naphthalocyanines can be synthesised in the same fashion as phthalocyanines, mostly 

starting from 1,2-dicyanonaphthalene or 2,3-dicyanonaphthalene, respectively. 

Substituted [2,3 ] -naphthalocyanines are generally prepared from a substituted ortho- 
xylene as outlined in Scheme 4  ^*2 ,28,29]
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CH. NBS ► rr'ruD r fumaro- CHBrg nitrile

R

method 
2 or 3

6b

Scheme 4: Synthesis of [2,3]-Ncs

1.5. Tetraquinoxalinoporphyrazines

T etraquinoxalinoporphyrazines 7 are octaaza-analogues of the naphthalocyanines and are 

formally derived from the cyclotetramerisation of dicyanoquinoxalines. In principle, 

there are two isomeric classes of tetraquinoxalinoporphyrazines: tetra-[2,3]-quinoxalino- 

porphyrazines (7a) and tetra-[6 ,7]-quinoxalinoporphyrazines (7b) (Fig. 4). From another 

viewpoint, 7a can also be considered as a tetra-benzo-annelated tetrapyrazinopor

phyrazine derivative whereas 7b can be considered as a tetra-pyrazino-annelated 

phthalocyanine derivative.

N— M---- N

Tetra-[2,3]-quinoxalinoporphyrazine 7a

( N— M---- N
N

Tetra-[6,7]-quinoxalinoporphyrazine 7b

Fig. 4: Tetraquinoxalinoporphyrazines 7

Only a few examples of tetra-[2,3]-quinoxalinoporphyrazines have been reported in the 

literaturê ^® “ and a number of fiirther aryl-annelated derivatives of 7a have also been
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described.^^’ ' However, to the best of our knowledge, no syntheses of tetra-[6,7]- 

quinoxalinoporphyrazines appear to have been reported so far.

By comparing the absorption maxima of tetraquinoxalinoporphyrazines in relation to 

those of the Ncs, the same trend can be observed as in the Pc/Tpypor relationship: the 

octa-aza-substitution leads to a blue shift of the g-band absorption maximum. For 

instance, 7a (M = HH) has a Imax at 720 nm,̂ ®̂̂  compared to a Xmax at 780 nm̂ *̂̂  for the 

corresponding naphthalocyanine 6 b (M = HH). On the other hand, the absorption 

maximum of 7a is bathochromically shifted compared to that of the Tpypor 5 (M = HH, 

X,max = 660 nm),̂ ®̂̂  due to the enlarged Ti-system of the former.

The interest in tetraquinoxalinoporphyrazines 7 has mainly been to elucidate the electron 

absorption properties'^® “ and to tune the absorptions for effective use in the 

applications described above. In other cases, such Tpypor analogues were prepared 

to trigger the formation of nonracemic helical stackinĝ ^̂  ̂ and to study their liquid crystal 

behaviour.

1.5.1. Synthesis

Tetra-[2,3]-quinoxalinoporphyrazines can be prepared in accordance to the general 

Tpypor-synthesis outlined in Scheme 5. An appropriately functionalised ortho- 

benzoquinone is condensed with diaminomaleonitrile, leading to a substituted 2,3- 

dicyanoquinoxaline, which is then cyclotetramerised using one of the various methods 

described before.

H2 N ^C N

i ' 1H2N CN R2 'y - '^ ^ N ^ ^ C N  method 2 or 3

R 3 ' " \ ^ 0  AcOH R j- ' - ' ^ Y ^ n^ c n

R 4  R21

Scheme 5: Synthesis of Tetra-[2,3]-quinoxalinoporphyrazines
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1.6. Acetylenic Phthalocyanines and Phthalocyanine Analogues

Porphyrins bearing peripheral alkynyl substituents have been extensively studied for 

various reasons, such as the development of novel light-harvesting molecules and the 

construction of molecular AviresĴ *̂  In recent years, several research groups have also 

invoked peripherally alkynyl-substituted phthalocyanine systems. Since acetylenic

phthalocyanine analogues are the main topic of this work, they will be discussed here in 

more detail.

The interest in these particular phthalocyanines arises primarily from two factors: firstly, 

the acetylene moieties extend the conjugated Ti-electron system of the macrocycle. This 

gives rise to a red shift of the g-band absorption maximum, combined with an increased 

extinction coefficient. Hence, the introduction of acetylene groups to the periphery of 

phthalocyanines can be utilised for the fine-tuning of the photophysical properties of 

these molecules. For instance, Zn-2,3,9,10,16,17,23,24-octaalkynylphthalocyanines 8, 

prepared by Leznoff and co-w orkers,possess an absorption maximum at ^max = 708 

nm, red-shifted by approximately 30 nm compared to those of their corresponding non- 

acetylenic analogues.
R R

% #

N—  N

f  %

8: X = CH, R = alkyl, M = Zn 

9a: X = N, R = Si(/-Pr)3 , M = Mg

Fig. 5: Acetylenic Pcs and Tpypors
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Our group has reported the synthesis of Mg-2,3,9,10,16,17,23,24-octaalkynyl- 

tetrapyrazinoporphyrazine 9a with an absorption maximum at Xmax = 676 nm, likewise 

bathochromically shifted by approximately 40 nm compared to that of a non-acetylenic 

counterpart (Fig.

This means that the contribution of each ethynyl substituent to the bathochromic shift is 

approximately 4 - 5  nm. Mono-, "̂̂ ®’ .̂ [46 - 48] tetraalkynyl-substituted^"^^  ̂Pcs 

have also been synthesised, in the case of the mono- and tetra-substituted examples 

normally as mixtures of regioisomers. However, a systematic comparison of the 

absorption maxima appears to be inappropriate at this point since the compounds contain 

different metals and the spectra were recorded in different solvents, both factors that can 

considerably affect the respective absorption maxima.

The second interest in alkynyl-substituted Pcs lies in their potential to serve as precursors 

for the assembly of highly conjugated, hi- and oligonuclear acetylenic organic 

networks. ~ The synthesis of these systems normally involves the oxidative

coupling of two terminal acetylene units to generate a butadiyne-bridge.

For example, Torres and co-workers have reported the synthesis bmuclear Pcs tethered 

by a butadiyne-linker (Scheme

Oxidative 
Coupling

Pc ] —  =

Scheme 6 : Synthesis of Butadiyne-linked Binuclear Pcs

Independently from one another, the groups of Cook and Torres recently reported the 

synthesis of Pc-fused dehydroannulenes from vicinally dialkynylated Pcs using oxidative 

coupling reactions (Scheme
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n +1

H
Oxidative
Coupling

PcPc

H

n = 1,2

Scheme 7: Synthesis of Pc-fused Dehydroannulenes

Ali of the new dimeric and trimeric dyads exhibit red-shifted 0-band absorption maxima 

compared to those of the monomeric species as a result of the enlarged 7i-system.

In addition to being aesthetically pleasing, these intriguing phthalocyanine-chromophores 

have attracted attention since the acetylene-linkages should provide a facile electronic 

communication pathway between the different chromophore s u b u n i t s T h e s e  

electronic exchanges could give rise to unprecedented optoelectronic properties which 

might be exploited for a number of applications.

However, recent electrochemical studies on ferrocenylethynyl-substituted

phthalocyanines and naphthalocyanines indicate that the redox-active centres of these 

molecules act largely independently from one another,suggesting that no significant 

electronic communication between the metal centres takes place in these particular 

systems.

Thus, it is clear that only little is currently known about this class of phthalocyanine 

compounds and further investigations are required to elucidate their real potential.
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2. Photodynamic Therapy (PDT)

Cancer is one of the main causes of death in western civilisations. For instance, in the 

United Kingdom, one in four people die from cancer. It is therefore essential that 

research continues to find efficient medical therapies for this dreadful disease. 

Conventional methods for cancer treatment are surgery, chemotherapy and radiotherapy. 

Whilst the prospects for cancer patients have significantly increased with the 

development of these therapies, combating cancer has by no means become an 

unproblematic task. For this reason, much research is committed to find new, alternative 

forms to treat cancer.

Photodynamic therapy (PDT) is the treatment of cancer by virtue of a unique 

combination of light, a photo sensitising agent and molecular oxygen.

Although the therapeutic use of light began more than a century ago,̂ ^ ’̂ the systematic 

study of photodynamic therapy was only sparked in the 1960’s, when Lipson et al. 

introduced a sufficiently hydrophilic haematoporphyrin derivative and could show that it 

accumulates in tumour t i s s u e . So o n  after, it was demonstrated that haematoporphyrin 

(and haematoporphyrin derivatives) could be used as photosensitisers to destroy tumour 

tissue.^^ ’̂ PDT has since advanced to a stage where, for certain types of cancer, it 

can offer a serious alternative to more traditional forms of treatment. As PDT could 

provide a number of advantages over the established therapeutic methods, a great deal of 

research is being undertaken to develop this kind of tumour therapy further and to 

evaluate its potential. This will be discussed here in more detail.

2.1. Principle of PDT

The basic principle of PDT lies in the administration of a photosensitiser to the patient, 

where it preferentially accumulates in tumour tissue. After an equilibrium distribution is 

attained, the tumour tissue is irradiated with external light of an appropriate wavelength 

to suit the absorption profile of the sensitiser. The light energy will trigger the generation
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of highly reactive oxygen species which react with a variety of biomolecules in the cell, 

ultimately inducing cell death (Scheme 8).

ïtemic
ninistration
)hotosensitiser

tumour

Drug- light 
interval

3 - 9 6 h

tumour
irradiation

necrosed
tumour

2.1.1. Mechanism

Scheme 8: Principle of PDT; after R. Bonnett̂ ^̂ ^

Irradiation with light of a suitable wavelength promotes the photosensitiser fi'om its 

singlet ground state (So) to its first excited singlet state (S i). The excited singlet state can 

convert to the first excited triplet state (Ti) via intersystem crossing (ISC). The excited 

sensitiser can undergo two types of reactions involving molecular oxygen:

The type 1 mechanism proceeds via the generation of a radical species by electron- or 

hydrogen atom transfer to or fi’om a substrate. This radical in turn can react with oxygen, 

leading to an autooxidative propagation reaction. In the type 11 mechanism, the T] state 

relaxes back to the So state by transferring its energy to molecular triplet oxygen (̂ 0%), 

thereby generating highly reactive singlet oxygen (̂ 0%), as depicted in Scheme 9.

Although tests for radical intermediates (type 1 mechanism) and singlet oxygen (type 11 

mechanism) are available, it is difficult to distinguish unequivocally between the two 

mechanisms experimentally as both can be operational simultaneously in vitro. 

Nonetheless, the type 11 mechanism is thought to be the predominant mode of action and 

thus singlet oxygen is considered to be the major cytotoxic species in PDT.^^ '̂ 5 5 ,5 7  -61]
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hv

Reaction with 
Biomolecules

(Type II)
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Dye S(

Photobleaching 
(Type I)

Scheme 9: Generation of Singlet Oxygen (Type II mechanism); after L. Milgrom,

S. MacRobert^^*^

The cytotoxicity of singlet oxygen is mainly based on its high reactivity towards 

unsaturated carbon systems. For instance, it reacts readily with unsaturated lipids and 

with cholesterol in an ene-reaction (Scheme 10).

unsaturated lipid

HO’ cholesterol

'O:
OOH

HO’
OOH

Scheme 10: Ene-reaction of * 0 2  with Unsaturated Lipids
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Singlet oxygen also reacts with Tc-electron rich amino acid residues such as the indole 

moiety in tryptophan and the imidazole moiety in histidine in a [2 +2 ]-cycloaddition 

reaction (Scheme 11). Reactions with other amino acids (methionine) and other 

biomolecules are also known.^^ ’̂^̂^

H

Tryptophan

H

NH

XHO
H

N-Formylkynurenine 

Scheme 11: [2+2]-Cycloaddition of ‘O2 with Tryptophan

Since unsaturated lipids, cholesterol and proteins play a crucial role in the construction of 

cellular membranes, it is anticipated that membrane damage is an important cause for cell 

death in PDT.‘“ ’” '

2.2. PDT-Photosensitisers

2.2.1. Requirements

A suitable sensitiser for PDT must fulfil certain requirements. First of all, it must show 

some selectivity for tumour tissue. Although it is not quite understood yet why some 

photo sensitisers accumulate in tumour tissue, there are indications that the selectivity can 

be improved by introducing hydrophilic substituents to an otherwise hydrophobic dye, 

i.e. by creating an amphiphilic sensitiser.^^ ’̂^̂ ’^̂ ^

Another demand for the sensitiser is determined by the fact that both the light absorption 

and the light scattering of body tissue decrease as the wavelength increases. Accordingly, 

the most efficient photo sensitisers are those with an intense absorption at the far red end 

of the visible spectrum or preferably the NIR region. This is depicted in Fig. 7. On the 

other hand, if the longest wavelength absorption maximum it too low in energy (i.e. a
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Àmax > 800 nm), the energy of the triplet state falls below the energy required to generate 

singlet oxygen from ground state oxygen (94 kJ mol'\ corresponding to A, = 1270 nm).̂ ^̂ ’ 

55, 57,58] jYiQ difference between the energy of the maximal possible Ânax (~ 800 nm) of 

the sensitiser and the energy required to generate singlet oxygen from ground state 

oxygen (corresponding to A, = 1270 nm) arises from the fact that the absorption of light 

leads to the excitation of the sensitiser from the ground state to the first excited singlet 

state, whereas the energy transfer from the sensitiser to ground state oxygen occurs from 

the energetically lower first excited triplet state. For these reasons, ideal photosensitisers 

are expected to exhibit a strong absorbance near 800 nm, but not above.

The photosensitiser should also have a high triplet quantum yield and a long triplet 

lifetime to allow efficient singlet oxygen generation. Since singlet oxygen is regarded as 

the key species, ultimately the singlet oxygen quantum yield is the decisive figure in a 

given medium.

Furthermore, the sensitiser must be sufGciently soluble in bodily fluids, it must be non

toxic in the absence of light (no dark toxicity) and must be cleared from the body rapidly 

after it has done its work.̂ ^̂ ^

Most dyes which have so far been evaluated as sensitisers for PDT, are, in a broad sense, 

porphyrin related compounds (see following section).

2.2.2. Haematoporphyrin Derivative (HpD) and Photofrin®

Haematoporphyrin 10 (Fig. 6 ) is a substance readily available in crude form from 

slaughterhouse blood. A chemically modified form of 10, called Haematoporphyrin 

Derivative (HpD), was first introduced by Lipson et al to achieve better solubility of 

haematoporphyrin in aqueous solution at neutral pH for diagnostic purposes. In this 

work, the researchers also showed that HpD accumulates in tumour tissue and shortly 

afterwards it was demonstrated that haematoporphyrin and HpD could be used as a 

photosensitiser to destroy tumour cells.

HpD has so far been the most frequently employed sensitiser in PDT. However, due to 

the chemical properties of haematoporphyrin and the methods involved in the isolation of
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HpD, the latter is obtained as a complex mixture of different ether-, ester- and alkyl- 

linked porphyrin oligomers. A purified form of HpD, known as Photofiin®, contains 

mainly the active fraction of HpD and has until recently been the only sensitiser having 

received governmental approval for clinical applications. Nevertheless, Photofrin® still 

lacks chemical homogeneity and the composition of different Photofi*in® batches may

OH

OH

HNNH

Fig. 6: Haematoporphyrin 10

HpD has been christened a first generation photosensitiser and although rather promising 

results have been obtained with HpD, this first generation clearly suffers from a number 

of drawbacks. Firstly, as mentioned above, it is a complex and variable mixture from 

which it has not been proved possible to isolate a single highly active component. This 

makes it difficult to obtain reliable clinical results. Secondly, Photofrin® is not 

sufficiently selective and can cause skin photosensitivity for several weeks.^^ ’̂ *̂̂

The major disadvantage of HpD, however, is the fact that it has its most intense 

absorption maximum at about 400 nm, which is not in the therapeutic region as the light- 

transmittance of body tissue in this region is very poor. The absorption of Photofrin® in 

the red region, where light-transmission of body tissue is higher, is of low intensity 

(A-max= 630 nm; 8  ~ 3500 NT* cm'*),̂ ^̂  ̂ hence effective singlet oxygen generation is 

significantly hampered (Fig. 7).



Introduction 20

2.2.3. Second Generation Photosensitisers

The apparent drawbacks of HpD have led chemists to explore new types of 

photosensitisers with improved properties, the so-called second generation. Although 

other sensitisers have also been con s id ered ,m ost  o f the second generation 

photosensitisers are still porphyrin-based compounds, presumably because the porphyrin 

system is a good singlet oxygen generator.

-770
Naphthalocyanine

-680Soret

Phthalocyanine

-730Transmittance

-670
BacteriochlorinChlorin

-650
Substituted
porphyrin

400 600 800
wavelength [nm]

Fig. 7: Relation between the Absorbance of Porphyrin Compounds and the 

Transmittance of Body Tissue; after R. Bonnett̂ ^̂ ^

Numerous studies have been concerned with the design and the synthesis of porphyrin 

derivatives, which possess an increased absorption in the far red or the NIR-region in 

order to improve the efiBciency of the sensitiser. In principle, there are two ways to 

achieve this: one is to selectively reduce one or two double bonds of the porphyrin ring, 

leading to so-called chlorins and bacteriochlorins.̂ ^ ’̂ The other possibility is to extend 

the conjugated 7c-electron system.

Among the promising second generation photosensitisers, which are currently undergoing 

clinical trials, are 5,10,15,20-tetrakis(w-hydroxyphenyl)chlorin (Foscan®) and di-

or tri-sulphonated chloroaluminium phthalocyanine 12 (Fig. 8 ).̂ ^̂ ’ In fact, Foscan® has
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this year received approval by the European Medicines Evaluation Agency (EMEA) for 

clinical applications. Both of these sensitisers have bathochromically and 

hyperchromically shifted g-band absorption maxima compared to that of HpD; (Imax(H) 

= 650 nm (e = 29600 NT' cm '); X™x(12) = 675 nm (e = 200,000 NT' cm'')).'” ' 

Phthalocyanine analogues are particularly attractive in this respect since their overall 

main absorption maximum is the g-band at ~ 670 nm, rendering them generally more 

effective than porphyrins, with their main absorption being the Soret-band at ~ 400 nm. 

Indeed, selected phthalocyanines have been found to be very powerful photosensitisers^^^  ̂

with an unusually high selectivity for tumour tissue.

OH

HO
NH

HN
OH

HO

Foscan® 11

N— Ai —N

R

Sulphonated Aluminium 
Phthalocyanine 12

Fig. 8: Selected Second Generation Sensitisers

However, the phthalocyanine core is essentially hydrophobic, making it rather insoluble 

in bodily fluids. To overcome this obstacle, various other adequately substituted 

phthalocyanines have been evaluated for PDT apart fi’om 12, in an effort to identify those 

with the highest selectivity for the target tissue.̂ "̂*'̂ *̂

In recent years, naphthalcocyanine analogues have also been invoked as sensitisers active 

in PDT. Their electron absorption spectra (Imax ~ 770 nm; e ~ 500000 M'* cm'’) render 

them extremely interesting and the initial results indicate that certain naphthalocyanines 

are indeed very promising sensitisers.
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3. Aim of this Work

Our group has recently reported the synthesis of vicinally dialkynylated 1,2-diketones 13 

(Fig. 9).̂ ®̂’ This new class of compounds was designed as small acetylenic building 

blocks for the rapid assembly of acetylenic dyes. Two complementary routes to these 

building blocks have been described: Representatives of diketones 13 bearing different 

terminal alkyne-substituents (R ^ R’) can be prepared using benzotriazole as an auxiliary 

to obtain 13 in four steps from propargylaldehyde diethylacetal.̂ ^®̂  Alternatively, the 

synthesis of identically terminally substituted derivatives of 13 (R = R’) can be 

accomplished in a one-pot synthesis from a terminal acetylene and oxalyl chloride.

O .R '

O 
13

Fig. 9: General Structure of the Dialkynyl-1,2-diones

Treatment of a terminal acetylene with butyllithium furnishes a lithium acetylide. This is 

converted to the corresponding copper acetylide by reaction with copper(I) bromide, 

which is necessary to modify the selectivity of the nucleophile. The copper acetylide is 

then reacted with oxalyl chloride in the presence of lithium bromide to the identically 

terminally substituted derivatives of 13. Lithium bromide is required as a Lewis acid, 

stabilising the tetrahedral intermediate and thereby preventing the attack of another 

acetylide nucleophile, which would result in the formation of an alcohol (Scheme 12).

H

1.BUÜ Cl
2. GuBr, 2 LiBr

THF, 0 °C
R- =  Cu

O
.01

THF, 0 °C
13a: R = R' = Si(/-Pr) 3  

13b: R = R' = Ph

Scheme 12: Synthesis of Symmetrical Acetylenic 1,2-Diones
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l,6-Bis(triisopropylsilyl)hexa-l,5-diyne-3,4-dione 13a and 1,6 -diphenylhexa-1,5-diyne-

3,4-dione 13b are the first simple examples of this family of 1,2-diones that have

previously been prepared applying this procedure.

As part of the ongoing research to explore the versatility of these building blocks for the 

synthesis of a variety of novel acetylenic dyes, magnesium-octakis(triisopropylsilyl- 

ethynyl)tetrapyrazinoporphyrazine 9a has been synthesised jfrom 13a in only two steps

according to Scheme 3.̂ "̂ ^̂  It has been revealed that the acetylene substituents of 9a give

rise to a longest wavelength absorption maximum at Imax ~ 670 nm, combined with a 

remarkably high extinction coefiBcient (e ~ 300000 NT* cm"̂ ). The intensity of the 

absorptions can be explained by the rigidity of the acetylene moieties, limiting the 

number of possible transitions fi"om the ground state to the first excited singlet state.

These features of this new class of phthalocyanine analogues, together with the ease of 

their preparation, make them promising chromophores with potential for PDT 

applications.

Based on these initial findings, this study was initiated to systematically explore the 

potential of the diones 13 as building blocks for the synthesis of novel, acetylenic 

photosensitisers suitable for PDT.

This research is expected to proceed in three stages. In the first stage, it is envisaged to 

devise further acetylenic Pc-related red/NlR-chromophores fi-om the acetylenic 

precursors 13. The major goal of this work is to investigate the possibility to shift the 

absorption maximum of the Q-hand further into the red, ideally close to 800 nm, where 

tissue transmission is larger. Several ways are conceivable to achieve this aim. Firstly, the 

terminal acetylene substituents could be altered fi"om silyl- to aryl-substituents, thereby 

expanding the 7i-electron system of chromophore of 9 even further.

Secondly, the absorption maximum may be red-shifl;ed by going fi-om tetrapyrazino- 

porphyrazines to phthalocyanines 14. Although octaalkynylphthalocyanines 8  are already 

k n o w n , t h e y  were prepared by other means and it is of interest for the completion of 

this concept to synthesise them via an alternative route involving diones 13. Moreover,
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the synthetically more flexible octakis(arylethynyl)phthalocyanines have not yet been 

reported.
R R

R
rr%

R = Ar

#  % % #

#  %

N

N— M —N

R = Si(/-Pr)3 , Ar

#  %

R = Si(/-Pr)3 , Ar

R

R

Scheme 13: Novel Acetylenic Dyes from Building Block 13
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Thirdly, acetylenic diones 13 could be utilised to access octaethynyl-tetra-[6,7]- 

quinoxalinoporphyrazines 15, which present an entirely novel family of phthalocyanine 

analogues (Scheme 13).

During the second stage, it is necessary to adjust the solubility of the promising 

candidates required for medical applications, i.e. to a more hydrophilic environment. The 

aim is to increase the degree of hydrophilicity of the otherwise hydrophobic compounds 

by varying the terminal alkyne substituents. The acetylenic precursors, which are initially 

envisaged for that purpose, are depicted in Fig. 10.

Since it has emerged that the use of amphiphilic photosensitisers can be advantageous 

over hydrophilic PDT a g e n t s , i t  is also desirable at this stage to prepare 

unsymmetrical derivatives of the novel dyes, bearing both, hydrophobic and hydrophilic 

alkyne substituents. It might be expected that such sensitisers exhibit enhanced selectivity 

for tumour tissue.

CO2 R

^ h Q k c O,R

C0 2 R

m  o

C0 2 R

x\^ C 0 2 R

C0 2 R

Fig. 10: Hydrophilic Peripheral Substituents

In the third stage, the optochemical properties of the proposed dyes are to be evaluated. 

In particular, it will be important to determine their photostability and their ability to 

generate singlet oxygen, a prerequisite for a suitable PDT agent.

Finally, selected candidates of the newly prepared dyes are to be tested to probe their 

behaviour in a cellular environment.
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B. RESULTS AND DISCUSSION 

1. Octaall^nylphthalocyanines and Octaall^nylphthalo- 

cyanine Analogues

Prior to the research presented in this thesis, it had been illustrated by our group̂ "̂ ^̂  that 

the acetylenic diketone 13a can be utilised as a convenient precursor for the preparation 

of octakis(triisopropylsilylethynyl)tetrapyrazinoporphyrazine 9a. The short, elegant 

synthesis of 9a confirmed the synthetic potential of diones 13 as building blocks for the 

construction of acetylenic phthalocyanine analogues and created the impetus for the work 

described herein.

This chapter is devoted to a more general assessment of the scope of diketones 13 as 

precursors for the synthesis of a range of different acetylenic phthalocyanines and 

phthalocyanine analogues. It is expected that the usage of diketones 13 can be promoted 

to a level where they provide a general and flexible means for the assembly of 

phthalocyanine-like chromophores with variable optophysical characteristics.

Ultimately, these results will then be implemented to design and prepare acetylenic 

photosensitisers tailored for PDT.

1.1. Octakis(arylethynyI)tetrapyrazinoporphyrazines

The first goal was to extend the existing protocol for the synthesis of 

octakis(silylethynyl)Tpypor 9a to octakis(arylethynyl)Tpypors. It was suspected that the 

appendage of phenyl-substituents to the terminal acetylene-moieties should result in a 

bathochromically shifted absorption maximum of these dyes, due to the expanded n- 

electron system, thereby offering a handle to fine-tune their electron absorption spectrum. 

The appropriate diketone for this synthesis was initially believed to be the diphenyl- 

derivative 13b, but for solubility reasons, which will become apparent at a later stage, it 

was critical to prepare two further derivatives of 13b, namely l,6-bis(4-^erf- 

butylphenyl)hexa-l,5-diyne-3,4-dione 13c and 1,6-bis[3,5-di(rgr^-butyl)phenyl]hexa-1,5-
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diyne-3,4-dione 13d. The syntheses were accomplished from 4-/er^butyl- 

phenylacetylene^^^  ̂ and 3,5-di(fer/-butyl)phenylacetylene^^^^ applying the established 

procedure.T reatm ent of the respective acetylene with butyllithium generated the 

lithium acetylide, which was converted into the corresponding copper acetylide by 

reaction with copper(I) bromide. The copper acetylide was reacted with oxalyl chloride in 

the presence of lithium bromide, which afforded the desired diketones in acceptable 

yields (Scheme 14). After purification of the crude products through recrystallisation, 13c 

and 13d were obtained as air stable, yellow solids.

1. BuLi
2. CuBr, 2 LiBr
3. 0.5 (C 0 C I)2  

H  ^
THF, 0°C , 15min R ' O

13

13a: R = Si(/-Pr)3 . 85

13b:R  = Ph, 60

13c: R = 4-ferf-buty I phenyl, 56 %

13d: R = 3,5-di(fe/t-butyl)phenyl, 47 %

Scheme 14: Synthesis of Acetylenic 1,2-Diones

As illustrated in Scheme 3, the corresponding 2,3-dicyanopyrazines are the crucial 

precursors en route to the targeted octakis(arylethynyl)Tpypors. Previous work has 

claimed somewhat strikingly, however, and in contrast to the smooth condensation of the 

silyl-protected dione 13a with diaminomaleonitrile to give diethynyldicyanopyrazine 

16a, that no pyrazine could be isolated if phenyl-substituted dione 13b was used.^^’  ̂ It 

was argued that the aromatic stabilisation of the resulting pyrazine is not sufficient to 

shift the equilibrium of the condensation reaction to the product side and that the product 

is very prone to hydrolysis. This finding posed a serious impediment that had to be 

overcome in order to gain access to the desired octakis(arylethynyl)Tpypors.
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Surprisingly, it was found that 2,3-dicyano-5,6-bis(arylethynyl)pyrazines 16b -  16d 

could indeed be synthesised in good to excellent yields simply by stirring equimolar 

amounts of the diketone and diaminomaleonitrile in acetic acid for 2 0  minutes at room 

temperature (Scheme 15). The crude products can be purified by recrystallisation and are 

obtained as bright golden flakes (16b), fine yellow needles (16c) or fine pale yellow 

needles (16d). The compounds are air stable and easy to handle, and it is not obvious why 

these results are in contradiction to previous observations. The successful synthesis of 

2,3-dicyano-5,6-bis(arylethynyl)pyrazines 16b -  16d offers for the first time the 

possibility to gain access to octakis(arylethynyl)Tpypors.

R

O

O
13a - d

HgN^CNT
HgN CN

AcOH, r.t., 20 min

16a: R = Si(/-Pr)3 ,

16b: R = Ph,

16c: R = 4-fert-butylphenyl, 

16d: R = 3,5-di(feAf-butyl)phenyl,

81

76%

93%

89%

Scheme 15: Synthesis of 2,3-Dicyano-5,6-diethynylpyrazines

The cyclotetramerisation reaction to obtain the Tpypor fi-amework could be performed by 

refiuxing the corresponding 2,3-dicyanopyrazines 16b -  16d in a freshly prepared 

solution of magnesium butoxide in butanol̂ "̂ ^̂  to afford the magnesium complexes 9b -  

9d (Scheme 16). After removal of the solvent, the crude products are obtained as dark 

green solids.

Tpypor 9b is hardly soluble in most of the common organic solvents such as benzene, 

toluene, ethyl acetate, ether, THF, methanol, acetone, hexane or DMSO. It is only soluble 

in dichloromethane and chloroform. However, even in these solvents, the compound 

aggregates significantly and it was not possible to collect NMR data of this compound. It 

also shows an extremely high afBnity to silica gel and aluminium oxide and could not be
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eluted with any of the solvents mentioned above when subjected to column 

chromatography. As a result of this, we refrained from further attempts to obtain this 

compound in pure form. Hence, 9b has only been characterised by mass spectrometry 

and qualitative UV/Vis spectroscopy. Although the 4-fer^-butyl-substituted derivative 9c 

is somewhat more soluble in organic solvents, the problem still persists and 9c could 

likewise only be characterised by mass spectrometry and qualitative UV/Vis 

spectroscopy.

N. X N

N CN

%  #

Mg(0Bu)2,

BuOH, reflux, 
30 min

#  %

9b: R = Ph

9c: R = 4-terf-buty I phenyl

9d: R = 3,5-bis(ferf-butyl)phenyl, 42 %

Scheme 16: Synthesis of Mg-octalds(arylethynyl)tetrapyrazinoporphyrazines

The more extensively rerr-butyl-substituted Tpypor 9d, on the other hand, displays good 

solubility in organic solvents: it dissolves readily in solvents such as THF, ether, ethyl 

acetate, acetone, dichloromethane and chloroform. Presumably, this is not only due to the 

lipophilicity of the tert-h\iXy\ groups, but also to their steric demand, which forces the 

phenyl-termini out of the main Tpypor plane, thereby preventing 7c-stacking and reducing 

chromophore aggregation.
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Compound 9d could be purified by flash column chromatography on silica gel, followed 

by gel permeation chromatography on a polystyrene resin crosslinked with 

divinylbenzene. NMR data of 9d could not be obtained in deuterated chloroform alone 

due to aggregation. However, THF is known to minimise aggregation of phthalocyanines, 

presumably by the coordination of two THF molecules to the central metal via their 

oxygen atoms. Indeed, ^H- and ^^C-NMR spectra of 9d could be recorded in THF 

solution, adding a trace of CDCI3 to obtain a lock-signal. (THF-dg was not used as it is 

rather pricey.) The *^C-NMR spectrum of 9d features, as expected, seven signals in the 

aromatic region (ôc = 151.0; 150.1; 148.1; 141.8; 126.5; 124.1; 121.3), two acetylenic 

signals (ôc = 98.6; 86.9) and two signals for the tert-\mXy\ groups (ôc = 34.5; 30.8), 

confirming the highly symmetric structure of 9d. The MALDI-TOF mass spectrum of 9d 

displays an isotopic cluster peaking at m/z = 2243 as the most intense peak, 

corresponding to the -ion.

The attempt to determine the melting point of 9d was inconclusive since no visible 

change could be observed upon heating a sample of this compound up to 300 °C. 

Therefore, the thermal behaviour of compounds 9a and 9d was examined by differential 

scanning calorimetry (DSC). These experiments revealed that both, 9a and 9d remained 

unchanged in the presence of air and under an inert gas atmosphere (N2) up to a 

temperature of approximately 300 °C. At this temperature, an exothermic process starts to 

occur (AE < 0), indicating that the compounds do not melt but are likely to be subject to a 

chemical transformation (Fig. 11). (The instrument was calibrated in such a way that a 

positive heat flow corresponds to an exothermic process.) The exothermic process taking 

place in the presence of air presumably is some kind of thermooxidative degradation. The 

extent of the degradation is less pronounced in an inert gas atmosphere where presumably 

pyrolytic processes occur. Additional thermogravimetric analysis of compounds 9a and 

9d under an inert gas atmosphere (N2) shows that the exothermic process is accompanied 

by a significant loss of weight (Fig. 12), indicating that the chemical reaction that occurs 

is not a simple polymerisation.

These experiments reveal that the acetylenic Tpypors 9 are thermally extremely stable, 

despite the extensive acetylene substitution.
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Fig. 11: DSC-Experiments of 9a (left) and 9d (right) in the Presence of Air 

and under Inert Gas Atmosphere (N2)
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Fig. 12: Thermogravimetric Analysis of 9a and 9d under an Intert Gas Atmosphere (N2)

The preparative procedure described above allows the efficient synthesis the Mg-Tpypors 

9. However, it might be valuable to be able to incorporate metal ions other than Mĝ "̂  into 

the central cavity of the novel dyes. With regard to PDT applications in particular, it
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could be beneficial to employ for example the corresponding Zn-complexes, as zinc 

phthalocyanines are known to have both high triplet yields and long triplet lifetimes, 

which should give rise to an efiScient singlet oxygen generation.

Several attempts to convert the pyrazines 16 into the Zn-Tpypors 17 using either urea, 

quinoline and Zn(0 Ac)2 '̂̂ ^̂ or 1,8 -diazabicyclo [5.4.0]-undec-7-ene (DBU), hexanol and 

Zn(0 Ac)2 *̂̂ ’ or lithium pentoxide, pentanol and Zn(0 Ac)2 ^̂^̂ or N,N-dimethyl 

ethanolamine (DMAE) and Zn(0 Ac)2 '̂̂ *̂ were unsuccessfiil. In all cases, decomposition 

of the starting material was observed under the reaction conditions, but none of the 

desired product could be detected. The attempt to bring about this reaction by refiuxing 

dicyanopyrazine 16d in 1 ,2 -dichlorobenzene in the presence of Zn(0 Ac)2  and a catalytic 

amount of ammonium molybdate^^’̂  led to the formation of the corresponding zinc- 

tetrapyrazinoporphyrazine 17, but the reaction was found to be sluggish and not reliable.

A more successful approach to the incorporation of other metal ions into the Tpypors was 

the transmetallation of the magnesium complex 9d. Stirring a solution of 9d in THF with 

an excess of j9 -toluenesuhbnic acid gives the corresponding metal-fi*ee 

tetrapyrazinoporphyrazine,^"^^  ̂which was converted without isolation quantitatively to the 

zinc complex 17 by the addition of excess Zn(OAc)2  (Scheme 17). Although an

9d

1.p-TosOH, THF, 
r.t, 30 min

 ►
2. Zn(0Ac)2, THF, 

r.t. 10 min, 100 %

R = 3,5-di(fe/t-butyl)phenyl

%  #

N— Zn —N

^  %

Scheme 17: Synthesis ofZn-octakis(arylethynyl)tetrapyrazinoporphyrazine 17
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additional step is required, the ease and the excellent yield of this reaction make it a 

convenient method to gain access to zinc-octakis(arylethynyl)Tpypors and, in principle, 

should also allow access to numerous other metal complexes.

The electronic absorption spectra of the octakis(arylethynyl)Tpypors 9d and 17 are 

dominated by the two transitions typical for this class of compounds^*  ̂ and do not differ 

significantly jfrom one another. In THF, the higher energy R-band of 9d peaks at 394 nm 

(e = 205000 M‘‘ cm"') whereas the lower energy ()-band of 9d at the far red end of the 

visible spectrum appears as an intense, sharp absorption peaking at 676 nm (e = 338000 

M"' cm"'). The shape and the intensity of the absorption bands indicate that the molecules 

are not aggregated under these conditions. The comparison of the absorption spectrum of 

9d to that of the octakis(triisopropylsilyl) derivative reveals that the additional eight 

peripheral phenyl substituents lead to a bathochromic shift of both the 5-band and the Q- 

band absorption maxima of about 10 nm (Fig. 12).

40

— 9a: R = Si(/-Pr)3 ''' '̂

— 9d: R = 3,5-di(fert-butyl)phenyl Amax = 676 nm

/max = 667 nm

EÜ
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Fig. 12: UV/Vis-Absorption Spectra of 9a (blue line) and 9d (red line) in THF at 298 K
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Although this bathochromic shift is only marginal, it may be utilised to fine-tune the 

absorption properties of these chromophores. Moreover, as shown here and as will be 

demonstrated in subsequent chapters of this thesis, the substitution pattern of the terminal 

aryl groups can be exploited to alter the solubility properties of these chromophores. This 

observation might become valuable for the synthesis of more hydrophilic Tpypor 

derivatives, considering that, fi'om a chemical point of view, a variety of difterently 

substituted phenylacetylenes as starting materials should be easily accessible.
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1.2. Octaethynylphthalocyanines

It has been stated in the introduction that phthalocyanines generally possess 

bathochromically shifted absorption maxima compared to those of their aza-substituted 

analogues. Hence, another possibility to red-shift the absorption maxima of the 

chromophores 9 is to formally substitute the pyrazine units of Typors 9 by benzene units, 

leading to octaethynylphthalocyanines. Such phthalocyanine derivatives have been 

reported before by LeznofiF and co-workers. The key reaction in the synthetic protocol 

devised by this group is a Sonogashira-type coupling of 4,5-diiodophthalonitrile with a 

terminal acetylene, leading to 4,5-dialkynylphthalonitriles 18 as precursors for the 

phthalocyanine formation (Scheme 18). Whereas the palladium-mediated coupling- 

reaction proved to be an efficient method in that protocol to introduce the acetylene- 

moieties, the preparation of 4,5-diiodophthalonitrile is a rather tedious, multistep 

synthesis starting fi-om phthalimide and is accompanied by problems associated with the 

formation of regioisomeric mixtures. Furthermore, the octaalkynylphthalocyanines 

presented in that work were limited to simple terminally alkyl-substituted dérivâtes and 

did not include chemically more versatile silyl- or aryl-substituents.

These aspects prompted us to evaluate an alternative concept for the preparation of 

octaethynylphthalocyanines based on the acetylenic 1 ,2 -diketones 13 as precursors, 

together with the more general aim to further establish the scope of these unique building 

blocks.

CN

-H

(PPh3)2PdCl2, 
DMF, EtgN

R -  alkyl

1. CH3(CH2)4 0 LI 
ON CH3(CH2)40H

2. Zn(0Ac)2
Pc 8

Scheme 18: Preparation of Octaalkynylphthalocyanines; according to Leznoff et
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The retrosynthetic analysis we proposed for the assembly of 4,5-dialkynylphthalonitriles 

18 from the acetylenic 1,2-diones 13 is depicted in Scheme 19: it was intended to 

generate the benzene ring of 18 via a [4+2]-cycloaddition of 3,4-dimethylenehexa-1,5- 

diynes 19 with dicyanoacetylene,^ '̂^  ̂ followed by aromatisation. The dienes 19, in turn, 

should be conveniently accessible from the diones 13 employing some kind of olefination 

reaction.

18

CN

CN

Scheme 19: Retrosynthetic Analysis for the Preparation of 18

The first members of 3,4-dimethylenehexa-1,5-diynes 19 have previously been prepared 

by Hopf et al. using a nickel-mediated coupling of selected magnesium acetylides to 2,3- 

dichlorobuta-1,3-diene.̂ ^̂  ̂However, the procedure was found only to be suitable for the 

preparation of derivatives of 19 bearing simple alkyl or trimethylsilyl substituents at the 

acetylene termini. The authors specifically point out that more versatile aryl or more 

protective triisopropyl substituents could not be incorporated into the backbone of 19 

along this route, which instead leads to the corresponding butadiynes via oxidative 

coupling of the starting alkynes.

Apart from our interest to elaborate a synthetic pathway to dialkynylphthalonitriles 18 

from diketones 13, it was therefore also appealing to invoke the bisolefination of diones 

13, which should, in principle, be amenable, as an alternative method to obtain hitherto 

unknown 3,4-dimethylenehexa-1,5-diynes.

In the case of l,6-bis(triisopropylsilyl)hexa-l,5-diyne-3,4-dione 13a, the desired 

bisolefination reaction could indeed be accomplished employing a Wittig-reaction. When 

13a was treated with two equivalents of methylenetriphenylphosphorane, prepared in situ
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by treating a suspension of methyltriphenylphosphonium bromide in THF with butyl

lithium, 1,6-bis(triisopropylylsilyl)-3,4-dimethylenehexa-l ,5-diyne 19a was isolated, 

albeit in modest yield of 19 % after chromatographic purification (Scheme 20).

Attempts to apply this procedure to the aryl-substituted acetylenic diones 13c and 13d 

failed. In all cases, the reaction conditions led to the rapid decomposition of the starting 

material, but no product could be detected (Scheme 21).

O ^^Si(/-Pr ) 3  PhgPCHgBr, BuLi, H ^^S i(/-P r ) 3

 ►
( i - P x h S r  O THF,-78°C , (/-POaSi

13a 30 min, 19%  i g .

Scheme 20: Synthesis of 1,6-Bis(triisopropylsilyl)-3,4-dimethylenehexa-l ,5-diyne

The different behaviour of the aryl-substituted diones 13c and 13d in this reaction 

compared to that of 13a may be attributed to an observation that has been made in earlier 

work.̂ ^̂  ̂ The considerable steric demand of the triisopropyl groups of 13a leads to a 

shielding of the acetylene moieties and makes the molecule chemically more robust, for 

instance against nucleophilic attack in a Michael-fashion, whereas the sterically less 

demanding aryl groups of 13c and 13d do not provide this acetylene-protection and might 

allow a 1,4-addition of the phosphorus ylide and subsequent side reactions.

O ^ A r  Ph3 PCH3 Br, BuLi.

 ^  ►
k r  O THF,-7 8  "C

13 19

13c; 19c: Ar = 4-te/t-butylphenyl 

13d; 19d: Ar = 3,5-dl(te/t-butyl)phenyl

Scheme 21: Unsuccessful Attempt to Prepare 19c and 19d
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The fact that our attempts to obtain hydrocarbons 19 from acetylenic diones 13 using a 

standard bis-Wittig protocol were blessed with mixed success was not entirely surprising 

in the light of the problems encountered in attempts to diolefinate simple aliphatic or 

aromatic d i k e t o n e s . B e n z i l ,  for example, a non-acetylenic relative of 13c and 13d, 

could only be converted to 2,3-diphenylbuta-1,3-diene in 15 % yield by the reaction with 

methylenetriphenylphosphorane.

Following these results, a Peterson-olefination*^^^  ̂was explored as an alternative method 

for the conversion of diones 13 into butadienes 19. Thus, treating the acetylenic diones 

13a, 13c and 13d with two equivalents of trimethylsilylmethylmagnesium chloride in 

refiuxing EtzO fiimished the bis-ethynyl-diols 20 in 53 -  81 % yield. The significantly 

higher yield of 2 0 a in this reaction again refiects the directing effect of the bulky 

triisopropylsilyl group (Scheme 22).

O
1. MegSiCHsMgCI, SiMe,

Et2 0 , reflux

^  2 . H3O+

13

20a: R = Si(/-Pr)3 , 81 %

20c: R = 4-ferf-buty I phenyl, 56 %

20d: R = 3,5-di(feAt-butyl)phenyl, 53 %

Scheme 22: Synthesis of 20

Compounds 20a, 20c and 20d were obtained as air stable, colourless solids. Since two 

chiral centres are generated in this reaction, the formation of two diastereoisomers should 

be expected. In the case of 20a, the two isomers could indeed be detected and separated 

by fiash column chromatography, whereas in the cases of 2 0 c and 2 0 d, only one 

diastereoisomer was observed by TLC, *H- and ^^C-NMR spectroscopy. This was, 

however, of no concern, as the subsequent transformation of 2 0  will eliminate the chiral 

centres.
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With the diols 20 in hand, we endeavoured to establish the carbon-carbon double bonds 

of 19 by the formal two-fold elimination of hydroxytrimethylshane using literature 

procedures.

Surprisingly, attempts to generate the carbon-carbon double bonds of 19 by the formal 

two-fold elimination of hydroxytrimethylsilane from isolated diols using either potassium 

hydride,sulphuric acid,̂ ^̂  ̂ or butyllithium followed by methylsulfonyl chloride, 

failed. In all cases, either no reaction occurred or the reaction conditions gave rise to a 

complex mixture from which the desired product could not be isolated.

However, and most gratifyingly, the carbon-carbon double bond could be established in a 

one-pot procedure by treating the alkoxide intermediate formed in the preparation of the 

diols 20 with thionyl ch lor ide .The  desired dimethylenehexadiynes 19c and 19d were 

isolated in 19 % and 38 %, respectively. The thionyl chloride-assisted elimination to form 

19a, on the other hand, was sluggish and led to a pale yellow oil after column 

chromatography, that, in addition to 19a, contained significant amounts of unidentified 

impurities (Scheme 23).

O R

O

MegSiCHzMgCI, 

Et2 0 , reflux

13

SiMe-
CIMgO,

OMgCI
SiMe

19a: R = Sl(/-Pr) 3

19c: R = 4-fe/t-butylphenyl, 19 % 

19d: R = 3,5-di(terf-butyl)phenyl, 38 %

SOCI2  

Et20, 0 °C

19

Scheme 23: Peterson-Olefination of Diones 13
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It therefore appears that the two methods presented here for the preparation of 

dimethylenehexadiynes 19 are complementary to one another, with the Wittig reaction 

suitable for the triisopropyl-protected derivative, and the Peterson olefination for aryl- 

terminated representatives.

Compounds 19 were obtained either as colourless solids (19a and 19c) or as a pale 

yellow oil (19d). All derivatives rapidly turn yellow upon exposure to air and decompose 

at elevated temperature, with 19a being the most stable and 19d being the most sensitive 

compound.

The modest yields in the above transformations, while not at all unexpected in the light of 

previous work and the marked sensitivity of the material, are perhaps compensated by the 

short overall synthetic sequence and the ready availability of the starting material. 

Numerous efforts to further improve the outcome of the diolefination of the acetylenic 

diones 13 failed. In addition to the broad variation of the reaction parameters for the 

above procedures, none of the titanium-based olefination protocols using either the 

Petasis reagent Cp2Ti=CH2 (prepared in situ fi-om Cp2TiMe2 in PhMe at 60 or a

heterogeneous mixture of TiCl4-Zn-CH2Br2 *̂̂ ’ at room temperature in CH2CI2 proved 

to be successful.

With the new 3,4-dimethylenehexa-1,5-diynes in hand, their behaviour in [4+2] 

cycloaddition reactions was explored. Much to our surprise, and apparently unlike the 

aliphatic analogues prepared by Hopf et compounds 19a, 19c and 19d turned out 

to be rather unreactive diene components in Diels-Alder reactions. Unfortunately, the 

reluctance of these compounds to undergo cycloadditions is accompanied by a marked 

thermal instability and by the radical-initiated formation of dimeric cyclooctadiene side 

p r od uc t s , so  that the use of more forcing reaction conditions is not a viable option.

For example, in an experiment monitored by ^H-NMR, 19c did not react with three 

equivalents of dimethyl maleate in CDCI3 at room temperature for 18 hours. When the 

mixture was heated to 60 °C, 19c decomposed within three hours and no cycloaddition 

product was detectable by *H-NMR spectroscopy. Likewise, no cyclisation was observed
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with 19a in the presence of either five equivalents of dimethyl acetylenedicarboxylate 

(toluene, reflux) or 15 equivalents of dimethyl maleate (toluene, 90 ®C, 8  h).

The only successful cycloaddition reaction of 19a and 19c with dimethyl maleate could 

be observed when the dienophile was used in 50-fold excess, essentially serving as 

solvent. But even then, the yields of the cyclohexene products 21 were low, not 

exceeding 25 % (Scheme 24).

0.16 M in dimethyl 
maleate

hydroquinone ^  

reflux, 1h

CO2M©

CO2IVI6

21a: R = Si(/-Pr)3 . 25 %

21c: R = 4-ferf-butylphenyl, 17 %

Scheme 24: Diels-Alder Reaction between 19 and Dimethylmaleate

The tendency of dienes 19 to undergo radical dimersation processes^^^  ̂ could also be 

demonstrated. Hence, heating a solution of 19c in THF to reflux, even in the presence of 

hydroquinone as a radical scavenger, afforded cyclooctadiene 22 in 25 % yield (Scheme 

25).

THF, hydroquinone, 
 ►

19c

reflux, 5 h, 25 %

R = 4-terf-buty I phenyl

Scheme 25: Dimérisation of 19c

The poor behaviour of the compounds 19 as a diene-component in [4+2] cycloadditions 

is in marked contrast to the reported reactivity of trimethylsilyl-protected 3,4-
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dimethylenehexa-l,5-diyne^^^^ in which case the reaction with identical dienophiles 

furnished the corresponding cyclohexene adducts in yields exceeding 40 %. It is 

suspected that the more bulky substituents at the acetylene termini of compounds 19a, 

19c and 19d render the adoption of a planar s-cis conformation in these compounds more 

difficult, thereby favouring alternative thermal reaction pathways and polymerisation.

However, the Diels-Alder reaction of 19 with dicyanoacetylene, touted as one of the most 

reactive dienophiles, gave more satisfying results. By exposing 19a in refluxing THF for 

8  h or 19d in THF for 62 h at room temperature to excess dicyanoacetylene,^ "̂^  ̂ it was 

possible to isolate the corresponding cycloaddition products (Scheme 26). Again, 

dimérisation and polymerisation were clearly observed, despite the addition of traces of 

hydroquinone to the reaction mixture. The yields of isolated product are only moderate, 

but an increase of reaction temperature or time, or the use of Lewis acids (BCI3 ) or 

conducting the reaction in a 5 M etheral lithium perchlorate solution̂ *"̂  ̂had no beneficial 

influence on the outcome of the reaction.

Although the isolation of l,2-dicyano-4,5-diethynylcyclohexadienes 23 is possible, they 

show a pronounced tendency to aromatise in the presence of air and were best directly 

converted to the dicyanobenzenes 18 by treatment of the crude cyclohexadienes with 

DDQ in refluxing toluene (Scheme 26).

CN

CN

THF
R

CN

ON
R

23

DDQ,

PhMe, reflux

18a: R = Si(/-Pr)3 , 34%

18d: R = 3,5-di(tert-butyl)phenyl, 10 %

Scheme 26: Diels-Alder Reactions Leading to 4,5-Diethynylphthalonitriles
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Compounds 18a and ISd are conveniently purified by flash chromatography; 

recrystallisation from pentane (18a) or hexane (18d), respectively, affords the compounds 

as analytically pure, colourless needles.

The successfiil cycloaddition of dimethylenehexadienes with dicyanoacetylene opened up 

a new route to 4,5-diethynylphthalonitriles as precursors for the preparation of 

octaethynylphthalocyanines. The cyclotetramerisation of the two phthalonitriles 18a and 

18d was performed in the same fashion as for the tetrapyrazinoporphyrazines 9, using a 

refluxing solution of magnesium butoxide in butanol, which furnished the corresponding 

phthalocyanines 14a and 14d as dark green solids (Scheme 27).
R R

CN BuOH, reflux,
N— IV|g —N

R

14a: R = Si(/-Pr)3 , 38 %

14d: R = 3,5-di(te/t-butyl)phenyl,17 %

Scheme 27: Synthesis of Octaalkynylphthalocyanines 14

Due to their bulky peripheral substituents, phthalocyanines 14a and 14d show little 

tendency to aggregate and are soluble in common nonpolar organic solvents. They can be 

purified using standard flash chromatography, followed by gel permeation 

chromatography on a polystyrene resin cross-linked with divinylbenzene using THF as 

eluent. *H- and *^C-NMR spectra of both compounds could be recorded in THF. The
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NMR spectrum of 14a features, as expected, four peaks in the aromatic region (6 c = 

152.8; 137.4; 127.6; 125.5), two peaks for the acetylene (6c = 106.2; 96.0) and two peaks 

for the triisopropylsilyl groups (6c = 18.1; 11.1); The ^^C-NMR spectrum of 14d features 

eight peaks in the aromatic region (6c = 152.6; 149.7; 136.8; 125.6; 125.3; 124.9; 121.9; 

121.6), two peaks for the acetylene (6c = 95.3; 86.9) and two peaks for the /er/-butyl 

groups (6c = 33.5; 29.9), confirming the highly symmetrical structure of both 

phthalocyanines.

The MALDI-TOF mass spectra of 14a and 14d display isotopic clusters peaking at m/z 

(14a) = 2001 and m/z (14d) = 2254 as most intense peaks, corresponding to the 

respective [M+Na]^-ions.

The electronic absorption spectra of the octaalkynylphthalocyanines 14a and 14d possess 

similar characteristic properties as those of the tetrapyrazinoporphyrazines 9. The most 

prominent feature is the intense long wavelength g-band absorption maximum, which is, 

however, hyper- and bathochromically shifted by approximately 50 run compared to 

those of the tetrapyrazinoporphyrazines 9. Shape and intensity (e (14a) = 373000 M'* 

cm'*; 8  (14d) = 421000 NT* cm'*) are distinctive for non-aggregated phthalocyanines. 

Again, an additional small bathochromic shift, which was observed in the comparison of 

the silyl- and the aryl-substituted tetrapyrazinoporphyrazines 9a and 9d, occurs between 

the silyl- and aryl-substituted phthalocyanines 14a and 14d, indicating that fine-tuning of 

the spectral properties by altering the peripheral substituents is a valid option (Fig 13). 

However, the comparison between the tetrapyrazinoporphyrazines 9 and phthalocyanines 

14 reveals that the nature of the central core is much more influential on the position of 

the longest wavelength absorption maximum than the nature of the peripheral acetylene 

substituents. Whereas the diSerence between the longest wavelength absorption maxima 

of the Tpypors 9 and Pcs 14 is approximately 50 nm, the difference between the silyl- 

and aryl-substituted Typors (9a/9d) and silyl- and aryl-substituted Pcs (14a/14d), 

respectively, is only approximately 1 0  nm in both cases.
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Tetrapyrazinoporphyrazines 9a, 9d (Fig. 12) 

14a: R = Si(/-Pr) 3  

14d: R = 3,5-di(fert-butyl)phenyl /max = 723 nm

40

30

20

10

0
700300 400 500 600 800

À [nm]

Fig. 13: UV/Vis-Absorption Spectra of 14a (blue line) and 14d (red line) in THF at

298 K Compared to those of Tetrapyrazinoporphyrazines 9a and 9d (black lines)
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1.3. Octaethynyl-tetra-[6,7]-quinoxalinoporphyrazines

Driven by the aspiration to attain further dyes from the acetylenic diones 13, ideally with 

even further bathochromically shifted g-band absorption maxima, we endeavoured into 

the synthesis of octaethynyl-tetra-[6,7]-quinoxalinoporphyrazines 15 (Scheme 28). It was 

expected that these compounds should be easily accessible from diones 13 and that the 

enlarged Ti-system should give rise to exceedingly low energy transitions, 

bathochromically shifted with respect to both, those of the octaethynylphthalocyanines 14 

as well as to those of the non-acetylenic tetraquinoxalinoporphyrazines.

By considering the retro synthetic analysis, illustrated in Scheme 28, the similarity to the 

synthetic route for tetrapyrazinoporphyrazines 9 becomes apparent.

R R

% #

N— M — N

#  %

15

25

NC„, f̂v^NH2 0.

NC' 'N H 2  0  

24 13

Scheme 28: Retrosynthetic Analysis for the Preparation of 15
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Key step in the synthetic sequence is the condensation of diones 13 with 4,5- 

diaminophthaionitrile 24, which has been described in literature before In that work, 

24 was obtained by the reduction of 4-amino-5-nitrophthalonitrile using tin(II) chloride in 

hydrochloric acid. However, the reference in the Russ. J. Gen. Chem.^̂ ^  ̂ to the 

preparation of the latter compound was a conference proceedings that could not be 

obtained.

For this reason, we sought an alternative route to compound 24, based on 1,2-diamino-

4,5-dibromobenzene 26.̂ *̂  ̂ Reaction of 26 with copper cyanide in DMF at 140 

furnished the desired phthalonitrile 24, which, after purification by recrystallisation, was 

obtained as a greyish solid (Scheme 29). The modest yield may be explained by the high 

affinity of copper(l) to nitrogen, causing it to bind tightly to the chelating ortho-àieæcmo- 

subunit of 24, fi-om which it cannot be easily liberated. This means that a considerable 

amount of product is probably lost during work-up and purification in form of copper- 

complexes. It was impossible to remove the copper salts quantitatively even by prolonged 

stirring of the crude reaction mixture with aqueous ammonia solution (even at elevated 

temperature) or with EDTA-solution. Nevertheless, the ready availability and low-cost of 

the reagents make this reaction a viable option for the preparation of 24.

“'YYNH2  CuCN, DMF, 140°C

15 h, 2 5 -3 6 %  N C ^ ^ ^ ^ ^ N H 2

26 24

Scheme 29: Synthesis of 4,5-Diaminophthalonitrile

The condensation of diamine 24 with the acetylenic diones 13a and 13d proceeds 

smoothly by stirring equimolar amounts of starting material in acetic acid at room 

temperature, leading to the 6,7-dicyano-2,3-diethynylquinoxalines 25a and 25d in good 

yield (Scheme 30). Compound 25a can be purified by flash chromatography and 

analytically pure material is obtained by recrystallisation of 25a fi-om pentane to furnish

• X I ,
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fine colourless needles. Compound 25d is conveniently purified by recrystallistion of the 

crude product from toluene/hexane and is obtained as a pale yellow solid.

O.

Nc^ 'W ^ N H s

24

AcOH, r.t.

20 min NC

25

25a: R = Si(/-Pr)3 , 66 %

25d: R = 3,5-di(fe/t-butyl)phenyl, 75 %

Scheme 30: Synthesis of 6,7-Dicyano-2,3-diethynylquinoxalines

The successful assembly of the acetylenic 6,7-dicyanoquinoxalines 25 offers access to 

hitherto unknown octaethynyl-tetra-[6,7]-quinoxalinoporphyrazines. The preparation of 

the corresponding magnesium complexes was performed as described earlier using a 

solution of fi*eshly prepared magnesium butanolate in butanol (Scheme 31).

Mg(0Bu)2, BuOH, R 

25a, d  ̂ ^ ^

15a: R = Si(/-Pr)3 , 43 %

15d: R = 3,5-di(fe/t-butyl)phenyl, 29 %

% #

N— iy|g —N

#  %

Scheme 31: Synthesis of Octaethynyl-tetra-[6,7]-quinoxalinoporphyrazines
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Due to the bulky terminal acetylene substituents, the new dyes 15a and 15d show good 

solubility in common organic solvents and are easily purified by flash chromatography on 

silica gel, affording 15a as a dark blue and 15d as a dark green solid. Analytically pure 

samples were obtained by gel permeation chromatography on a polystyrene resin cross- 

linked with divinylbenzene using THF as the eluent.

*H- and ^^C-NMR spectra of 15a could be obtained in THF. In the case of 15d, however, 

no resolved diagnostic signals could be observed, presumably because the compound is 

aggregated at the concentration required for NMR. The *^C-NMR spectrum of 15a 

features five peaks in the aromatic region (8c = 152.3; 139.6; 138.8; 138.6; 121.5), two 

acetylenic signals (8c = 103.4; 97.4) and two signals for the triisopropylsilyl groups (8c = 

17.3; 10.2), confirming the highly symmetric structure of 15a.

The MALDI-TOF mass spectra of 15a and 15d display isotopic clusters peaking at m/z 

(15a) = 2187 and m/z (15d) = 2442 as most intense peaks, corresponding to the 

respective M^-ions.

In order to manifest the influence the peripheral acetylene substituents have on the 

electron absorption spectra of compounds 15a and 15d, it was deemed necessary to 

prepare a non-acetylenic analogue of the quinoxalinoporphyrazines 15, since no 

examples of tetra-[6,7]-quinoxalinoporphyrazines could be found in the literature.

For this reason, 4,5-diaminophthalonitrile 24 was condensed with buta-2,3-dione, 

providing 6,7-dicyano-2,3-dimethylquinoxaline 26e. This compound shows an extremely 

poor solubility in most organic solvents (including butanol) explaining why the 

subsequent attempt to prepare the corresponding magnesium quinoxalinoporphyrazine 

failed. Thus, a more soluble derivative of 26, namely 6,7-dicyano-2,3- 

bisdodecylquinoxaline 26f was prepared by condensation of 24 with hexacosa-13,14- 

dionê *̂  ̂(Scheme 32).



Results and Discussion 50

NC>y?\.NH2 O ^ R

O ^ R

AcOH, r.t.

20 min

NC

24 26

26e: R = Me, 63 %

26f: R = Ci2H25. 72 %

Scheme 32: Synthesis of 2,3-Dialkyl-6,7-dicyanoquinoxalines

Dicyanoquinoxaline 26f could be cyclotetramerised to the corresponding magnesium 

quinoxalinoporphyrazine 27 in the same fashion as the acetylenic analogues (Scheme 33) 

with magnesium butanolate in refluxing butanol. AAer chromatographic purification on 

silica gel, 27 was obtained as a dark blue, waxy solid which showed good solubility in 

common organic solvents due to the long peripheral alkyl chains. It was, however, 

impossible to obtain resolved *H- and *^C-NMR signals in THF, probably due to 

aggregation.

HokC25'-’12\ C12H25

Mg(0Bu)2, BuOH,

reflux, 1 h, 31 %
26f  ^

25'̂  1
N— Mg —N

25'̂  1

N<Ŷ Ci2H25 

N C12H25

H 2 5 C 1 2  C 1 2 H 2 5

27

Scheme 33: Synthesis of Octakisdodecyl-tetra-[6,7]-quinoxalinoporphyrazine 27
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The UVA^is/NIR-spectra of tetraquinoxalinoporphyrazines 15a, 15d and 27 in THF 

feature the characteristic absorption pattern for this type of chromophore (Fig. 14). The Q- 

band absorption maximum of the non-acetylenic derivative 27 (>̂ ax = 735 nm; e = 

431000 M"* cm'*) is marginally bathochromically shifted compared to that of the 

octakis(arylethynyl)phthalocyanine 14d (Amax = 723 nm). Interestingly, the g-band 

absorption maximum of 27 is also somewhat bathochromically shifted compared to those 

of known tetra-[2,3]-quinoxalinoporphyrazines. For instance, the g-band absorption 

maximum of zinc-tetra-[2,3]-quinoxalinoporphyrazine is at ^&x = 710 nm (DMSO)̂ *̂*̂  

and that of a silicon-substituted tetra-[2,3]-quinoxalinoporphyrazine was reported to be at 

Amax = 704 nm (CHCls).̂ ^̂  ̂ This comparison has to be treated with caution, though, 

because of the different metals incorporated in the chromophores and because of the 

different solvents used to record the spectra.

The impact of the peripheral acetylene substituents on the g-band absorption maxima of 

compounds 15, however, is quite remarkable, with the g-band absorption maximum of 

compound 15a (Â ax = 770 nm; e = 507000 M"* cm'*), for instance, being significantly 

bathochromically and hyperchromically shifted compared to that of the non-acetylenic 

derivative 27. The magnitude of this red shift (AÂ ax = 35 nm) is very similar to that 

observed in the comparison between the octaethynylphthalocyanines 8 and 

octaethynyltetrapyrazinoporphyrazines 9 (see pages 11-12), demonstrating the 

consistency of this effect. However, in contrast to the tetrapyrazinoporphyrazines 9a/9d 

and the phthalocyanines 14a/14d, the extension of the 7i-system by the appendage of 

terminal aryl groups to the acetylene units does not result in a further bathochromic shift 

of the g-band. Indeed, in the low-energy region, the electron absorption spectra of 15a 

and 15d differ only marginally from one another (Fig. 14). The shape of the absorption 

spectra of all of these dyes with the sharp g-bands indicates that the molecules are not 

aggregated at that concentration in this solvent.
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60
Xmax = 735 nm 

Xmax = 770 nm— 15a:R  = Si(/-Pr)3

— 15d: R = 3,5-di(ferf-butyl)phenyl X̂ ax = 770 nm
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Fig. 14: Electronic Absorption Spectra of Tetraquinoxalinoporphyrazines 15a (blue 

line), ISd (red line) and 27(black line) in THF at 298 K (c ~ 0.15 x 10'̂  M)

The appearance of the UV/Vis/NIR spectra of these compounds in the non-coordinating 

solvent dichloromethane, on the other hand, is quite different at the same concentrations 

(Fig. 15). The (>-bands, in particular, are considerably broadened, split and much less 

intense. In the case of 15d, the extinction coefficient of the g-band (e = 166000 M'' cm ') 

even falls below that of the higher energy B-band (e = 272000 M'' cm’'). These facts 

indicate that the chromophores are appreciably aggregated under these conditions.
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Fig. 15: Electronic Absorption Spectra of Tetraquinoxalinoporphyrazines 15a (blue

line), 15d (red line) and 27 (black line) in CH2CI2 at 298 K (c ~ 0.15 x 10'̂  M)

Tetraquinoxalinoporphyrazines 15a and 27 were also investigated for their fluorescence 

behaviour in THF solution. The excitation of acetylenic 15a at either its 5-band 

absorption maximum (Xmax = 388 nm) or at its g-band absorption maximum (l,nax = 770 

nm) leads to the same emission at = 788 nm with the emission arising from the higher 

energy excitation being apparently considerably more intense than that stimulated by the 

lower energy excitation.

Qualitatively, similar results are obtained in the case of non-acetylenic 27, with Aem(27) = 

749 nm and again with increased intensity upon higher energy excitation (Fig. 16).
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Fig. 16: Fluorescence Spectra of Compounds 15a (left) and 27 (right) in THF at 298 K (c 

= 0.2 X 10'̂  M) upon excitation at the respective 5-band absorption maxima (blue lines) 

and Q-hond absorption maxima (red lines)

Attempts to gain access to differently metallated complexes of the new 

tetraquinoxalinoporphyrazines were blessed with mixed success. The reaction of 

dicyanoquinoxaline 25a with urea, quinoline and Zn(OAc)2 "̂*̂  ̂ led to the decomposition 

of the starting material. Experiments aimed at converting 25a to the corresponding Zn- 

tetraquinoxalinoporphyrazine using lithium pentoxide in pentanol followed by the 

addition of Zn(0 Ac)2,’̂ ^̂  on the other hand, proceeded smoothly, yielding the product as 

a dark blue solid in good yield (Scheme 34). Applying the same conditions to 

dicyanoquinoxaline 25d, however, was unsuccessful and led to the decomposition of the 

starting material. Further attempts to prepare a Zn-tetraquinoxalinoporphyrazine from 

25d, using either urea, quinoline and Zn(0Ac)2j"̂ ^̂  or DBU, hexanol and Zn(0Ac)2^"’ 

did not result in the formation of the desired product either. Unfortunately, neither the 

transmetallation of the magnesium complex 15d proved to be an option due to the
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unexpected reluctance of the magnesium complex 15d to form the metal-free species 

upon treatment with /7-toluenesulfonic acid. Therefore, the corresponding Zn-complex 

28d remains elusive.

1. LiOPent, PentOH 
25a  ^

2. Zn(0Ac)2, PentOH

% #

N— Zn —N

#  %

28a: R = Si(/-Pr)3 , 39 %

28d: R = 3,5-di(ferf-butyl)phenyl,

Scheme 34: Synthesis of Zn-octaethynyltetraquinoxalinoporphyrazine 28a

The Zn-tetraquinoxalinoporphyrazine 28a is equally well soluble as the corresponding 

Mg-complex 15a and was purified and characterised in the same fashion.

The electronic absorption spectrum of 28a is virtually identical to that of the Mg-complex 

15a and is therefore not explicitly shown here.

The mass spectrum of 28a indicated the incorporation of Zn^ ,̂ showing an isotopic 

cluster peaking at m/z = 2228 as most intense peak (compared to m/z = 2187 for 15a).
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1.4. Conclusions

In this chapter, it has been demonstrated that the vicinally dialkynylated diketones 13 are 

powerful and versatile building blocks for the rapid assembly of a variety of acetylenic 

phthalocyanines and further analogues whose UV/Vis/NIR-absorption maxima range 

from 670 nm -  770 nm. The synthetic routes to octaalkynyltetrapyrazinoporphyrazines 

and octaethynyl-tetra-[6,7]-quinoxalinoporphyrazines, in particular, are appealing for the 

construction of such dyes due to their conciseness and their flexibility. The synthetic 

procedures for the preparation of octaethynylphthalocyanines from diones 13 are 

somewhat more tedious and are accompanied by modest yields in some of the 

transformations. Nevertheless, the merits of this route lie in the disclosure of 3,4- 

dimethylenehexa-1,5-diyne derivatives that had previously been inaccessible.

The preliminary evaluation of the photophysical properties of the new acetylenic 

phthalocyanines and phthalocyanine analogues has revealed that all of the novel 

chromophores possess the characteristic electronic absorption spectra for this type of 

compounds with g-band absorption maxima of high intensity in the far red- or even in 

the NIR - region. The shape and the intensity of the g-bands indicate that in most cases 

the molecules are not aggregated in coordinating solvents such as THF.

The peripheral acetylene substituents lead to considerable bathochromic shifts of the long 

wavelength absorption maxima (AÂ ax ~ 40 nm) compared to those of their respective 

non-acetylenic counterparts.

The impact the terminal alkyne substituents have on the properties of the chromophores 

is two-fold: firstly, terminal alkyne substituents greatly influence the solubility of the dye, 

and bulkier substituents prevent aggregation. Secondly, (except for the 

tetraquinoxalinoporphyrazines) the electronic nature of the terminal substituents can be 

utilised to fine-tune the absorption properties of the dye.

These features make the acetylenic chromophores interesting as potential photo sensitisers 

for PDT. The intense absorption in the red/NIR region should enable efScient
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photoexcitation, whereas the solubility could be adjusted to more hydrophilic 

environments by altering the alkyne substituents. Based on these considerations, the 

following work will focus on the modification of the acetylenic tetrapyrazino

porphyrazines and tetraquinoxalinoporphyrazines portrayed above to better suit the 

requirements of PDT.
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2. Hydrophilic Octaallq^nyl Phthalocyanine Analogues

An appropriate photosensitiser for PDT-treatment must comply with the conditions set by 

the biological environment. The PDT agent must be designed in such a way that it can be 

intravenously injected and is carried to the tumour within the stream of the body’s tissue 

fluids, possibly with the aid of a suitable delivery s y s t e m . H y d r o p h o b i c  

sensitisers, if their transportation as lipoprotein complexes is inefficient, are often applied 

using some kind of transport vehicle. For instance, fluorinated zinc phthalocyanines and 

zinc-octapentylphthalocyanine have been administered to mice in Cremophor oil 

e m u l s i o n s . O t h e r  possibilities include the incorporation of the dye in formulations of 

polyethylene glycol, cyclodextrins, detergents and liposomes.^^^’^̂ ’^̂^

If the photosensitiser is sufficiently hydrophilic to be administered in an aqueous buffer 

solution the use of a special delivery system may be circumvented, which greatly 

simplifies medical administration and reduces the number of parameters to be considered 

in clinical applications.

Furthermore, it has emerged that the introduction of some hydrophilic groups into an 

otherwise hydrophobic sensitiser generates amphiphilic sensitisers, which can have an 

improved selectivity for tumour tissue.

The acetylenic phthalocyanine analogues presented above, albeit promising in terms of 

their electron absorption properties, are not optimal for PDT since they are highly 

hydrophobic and not soluble in polar solvents such as water, ethanol or DMSO. In order 

to provide a facile way of administration and possibly to enhance selectivity by inducing 

amphiphilicity, it was therefore crucial to prepare derivatives of these dyes bearing more 

hydrophilic substituents.

Based on these considerations, this chapter is devoted to explore synthetic routes to more 

hydrophilic octaethynyltetrapyrazinoporphyrazines and octaethynyltetraquinoxalinopor- 

phyrazines while maintaining their photophysical properties. The key steps will be the 

preparation of novel derivatives of the acetylenic diketones 13 as building blocks for the
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assembly of such dyes. In particular, it was envisaged to focus on derivatives of 1,6- 

diphenylhexa-1,5-diyne-3,4-dione 13b as it was expected that numerous suitably 

substituted phenylacetylenes as requisite starting materials should be readily available. 

Moreover, it has been demonstrated in the previous chapter that the substitution pattern 

on the aryl groups can prevent aggregation of the dyes. This is an important aspect of the 

sensitiser in vivo, as highly aggregated chromophores tend to be less efficient sensitisers 

because aggregation shortens the triplet-state lifetime and reduces the singlet oxygen 

quantum yield by dissipating the energy through internal conversion.

2.1. The Isophthalic Acid Approach

For a number of reasons, the initially chosen starting point to gain access to hydrophilic 

phthalocyanine analogues was the use of 5-ethynylisophthalic acid esters 29 (Fig. 17) as 

starting materials for the diketone synthesis. Firstly, previous experience has shown that 

sufficiently bulky substituents on the peripheral phenyl rings can be a way to deter 

aggregation of alkynylphthalocyanine analogues. Secondly, while derivatised as 

appropriate esters, the intermediates should maintain sufficient lipophilicity to allow 

standard work-up procedures in all steps. The hydrophilicity can then be conferred onto 

the chromophore at the final stage of the synthesis by a simple saponification. Thirdly, 

the carboxylic acid groups should provide options for further fimctionalisation, if 

required, for instance by the formation of amides.

H

RO2 C

29

Fig. 17: 5-Ethynylisophthalic Acid Esters

Dimethyl 5-ethynylisophthalate^®*  ̂ 29g and di-^grf-butyl 5-ethynylisophthalate 29h were 

prepared in three steps fi-om 5-iodoisophthalic acid (Scheme 35). Refluxing 30 in

thionyl chloride generated the corresponding bis-acyl chlorides, which were not isolated 

but converted directly to dimethyl 5-iodoisophthalate^^®  ̂ 31g and di-fgrr-butyl 5-
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iodoisophthalate 31h by treatment with methanol or potassium ferr-butoxide, 

respectively. The acetylene moiety was then introduced employing a Sonogashira-type 

coupling with trimethylsilylacetylene catalysed by dichloro-bis(triphenylphosphine)- 

palladium(II) and copper(I) iodide in toluene/triethylamine.^^*  ̂ These reactions were 

found to proceed extremely well at ambient temperature affording 5- 

(trimethylsilylethynyl)isophthalic acid esters 32g and 32 h in excellent yield. The free 

terminal acetylenes 29g and 29h were obtained in good yield by separately treating 

compounds 32g and 32h with potassium carbonate in THF/methanol solutions at room 

temperature (Scheme 35).
I

HO2C CO2 H

30

1. SOCI2

2. MeOH (31 g) 
terf-BuOK (31h)

RO2 C

-SiM e. 
(PPh3 )2 PdCl2 , Cul

SiM©-: H

CO2R
PhMe, EtgN, r.t.

K2 CO3 . MeOH,

RO2 C

THF, r.t. 

CO2 R

31g: R = Me, 81%^®°’ 

31 h: R = ferf-butyl, 74%

32g: R = Me, 98% 

32h: R = fe/t-butyl, 97%

RO2 C

29g; R = Me,

CO2R

88%

29h: R = fe/t-butyl, 89%

Scheme 35: Synthesis of 5-Ethynylisophthalic Acid Esters 29

However, whereas phenylacetylene itself and simple alkyl-substituted phenylacetylenes 

proved to be good precursors for the preparation of acetylenic diketones 13b -  13d 

(Scheme 14), the phenylacetylene-derived carboxylic acid esters 29 did not react 

accordingly. Upon treatment of 29g and 29h with butyllithium at 0 ®C in THE, a deep 

purple solution was obtained, which, when reacted further with copper(I) bromide and 

oxalyl chloride (Scheme 12) only led to the recovery of a fractional amount of starting
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material along with other unidentifiable products (Scheme 36), The same results were 

obtained when the reaction was conducted at -78 °C. The use of different bases {tert- 

butyllithium, methyllithium) did not give better results either. Several scenarios are 

imaginable for the failure of this reaction. The deep purple colour, which appears 

instantly after the addition of a trace of base even at -  78 ®C, might indicate the formation 

of a charge-transfer complex, altering the chemical behaviour of the acetylene. However, 

when the reaction is quenched at this stage vrith trimethylsilyl chloride, the formation of 

the corresponding silylacetylene 32 is observed, hence the lithium acetylides derived 

fi-om 29g, 29h must be formed. It is possible that these, in turn, could react with the 

electrophilic carbonyl groups of the esters, although it was thought that at least the tert- 

butyl ester should provide enough steric bulk to prevent the nucleophilic attack of the 

acetylide. Another plausible explanation might be that the electron-withdrawing ester 

fimctionalities decrease the nucleophilicity of the intermediate copper acetylide, causing 

it to fail to attack oxalyl chloride.

R2

Ri

1. BuLi
2. CuBr, 2 LiBr
3. 0.5 (C 0 C I)2

THF, 0°C , 15min

29g; Ri = C02Me, R2 = H 

29h: Ri = CO2 BU, R2= H 

33: Ri — H, R2 — CO2 B11

Scheme 36: Unsuccessful Attempts of Diketone Syntheses

To probe whether phenylacetylenes bearing fewer electron withdrawing substituents 

would give more satisfying results, the reaction was attempted with a mono-carboxylated 

phenylacetylene, namely tert-huty\ 4-ethynylbenzoate 33.̂ ^̂  ̂ In this case, the reaction of 

the acetylene with butyllithium did not give rise to a purple colour, and after reaction
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with copper(I) bromide and oxalyl chloride a yellow solid was obtained. This was, 

however, a complex mixture and the desired product could not be isolated or 

unambiguously identified (Scheme 36).

These negative results suggest that the deployment of carboxy-substituted 

phenylacetylenes is not compatible with the established reaction conditions of the 

dialkynyl dione synthesis. A solution to this problem could be envisioned by the 

protection of the carboxy groups as or̂ Ao-esterŝ ^̂  ̂ which display an entirely different 

electronic behaviour (they are not electrophilic and not electron withdrawing), but this 

idea was not pursued further in the course of this work.

An alternative approach to access the envisaged carboxylated dyes was also examined. It 

was thought that the isophthalic acid ester could be introduced at the stage of the pyrazine 

or quinoxaline, respectively, using a Sonogashira coupling reaction (Scheme 37).̂ ^̂ ^

COgR

RO2C
N. X N

RO2C N CN
RO2C

31

N CN

CO2 R

Scheme 37: Retrosynthetic Analysis for the Preparation of Dicarboxyalkylphenyl 

Substituted 2,3-Dicyano-5,6-diethynylpyrazine

The required 2,3-dicyano-5,6-diethynylpyrazine 161 and 6,7-dicyano-2,3-diethynyl- 

quinoxaline 251 should be accessible fi-om the corresponding triisopropylsilyl-protected 

derivatives 16a and 25a, respectively, by protodesilylation with tetrabutylammonium 

fluoride (TBAF).'’ '̂
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However, all attempts to obtain the deprotected acetylenes 16i and 25i were ill-fated. The 

treatment of compound 16a in a moisturised, deoxygenated solution in THF at - 78 °C 

led to the decomposition of the starting material within seconds (monitored by TLC), but 

no identifiable product could be isolated. Similar results were obtained for the 

quinoxaline 25a (Scheme 38). The protodesilylation of diketone 13a to access the parent 

dione 13i was equally unsuccessful under these conditions, which is in agreement vsdth 

previous results. It suggests that either the respective fi’ee terminal acetylene 

derivatives or their acetylide intermediates are unstable compounds, hence this approach 

was deemed unfeasible under the conditions investigated.

16a or 25a
TBAF, wet THF

_______ A______
//

-7 8  °C

N. X N

N 'CN CN

(/■-PrlgSi O
13a

.Si(/-Pr) 3  TBAF, wet THF

 f  ^
-7 8  °C H

O

O
13i

H

Scheme 38: Unsuccessful Protodesilylation Reactions
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2.2. The 4-Iodophenol Approach

2.2.1. Triisopropylsilyl-Protection

In light of the results laid out in chapter 2.1., it was necessary to adopt a different strategy 

to confer hydrophilicity onto the novel phthalocyanine analogues. It was thought that 

appropriately protected ethynylphenols would be more suitable for the preparation of the 

acetylenic diketones 13, as ethynylphenols are, in contrast to carboxylated 

phenylacetylenes, electron-rich and should therefore possess a different chemical 

behaviour in the diketone synthesis. Although the hydroxyl group itself was not expected 

to provide sufficient steric bulk to prevent aggregation of the targeted chromophore 

tetracycle, it can be exploited to further fimctionalise the intermediates in various ways.

In order to verify this hypothesis, a simple synthetic sequence was developed based on 

commercially available 4-iodophenol. During the dialkynyl diketone synthesis, the 

hydroxyl group requires protection as it would protonate butyllithium. For that purpose, it 

was chosen to convert 4-iodophenol into its triisopropylsilylether, which should 

withstand the strongly basic and acidic conditions in the following steps and which can 

be easily cleaved with tetrabutylammonium fluoride (TBAF).̂ '̂̂  ̂ Hence, treatment of 4- 

iodophenol 34 with triisopropylsilyl chloride and imidazole in dichloromethane^̂ "̂  ̂

afforded the silyl ether 35 in almost quantitative yield. The acetylene moiety was 

introduced by a Sonogashira-coupling^^*  ̂ with 2-methylbut-3-yn-2-ol, a cheap source of 

terminally free acetylene, catalysed by dichloro-bis(triphenylphosphine)palladium(II) and 

copper(I) iodide in toluene/triethylamine.^^’̂  The resulting intermediate was not isolated 

but converted directly to the terminal phenylacetylene 36 by refluxing the mixture with 

potassium hydroxide in b e nz e n e .A c e t y l e n e  36 was isolated in 68 % yield over two 

steps (Scheme 39).

Much to our delight, 4-silyloxyphenylacetylene 36 proved to be a more suitable 

phenylacetylene for the diketone synthesis, which was conducted under the usual 

conditions to give l,6-bis[4-(triisopropylsilyloxy)phenyl]hexa-l,5-diyne-3,4-dione 13j as 

a yellow solid after chromatographic purification on silica gel (Scheme 39).
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0Si(/-Pr)3

Scheme 39: Synthesis of Diketone 13j

As this synthesis was the first successful attempt to prepare a chemically more versatile 

analogue of diketones 13, we were encouraged to complete the synthesis to the 

corresponding tetrapyrazinoporphyrazine and tetraquinoxalinoporphyrazine.

The condensation of dione 13 j with either diaminomaleonitrile or 4,5- 

diaminophthalonitrile 24 proceeded smoothly by stirring equimolar amounts of reagents 

in acetic acid at room temperature, affording dicyanopyrazine 16j and 

dicyanoquinoxaline 25j, respectively, in good yields (Scheme 40). Compounds 16j and 

25j are obtained as yellow needles after purification by recrystallisation.

Magnesium-tetrapyrazinoporphyrazine 9j and magnesium-tetraquinoxalinoporphyrazine 

15j were prepared by the customary procedure with magnesium butoxide in butanol and 

were obtained as dark green solids (Scheme 40).
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Scheme 40: Synthesis of Compounds 9j and 15j

Due to the peripheral silyl-substituents, both dyes 9j and 15j display good solubility in 

organic solvents and are conveniently purified by column chromatography, followed by 

gel permeation chromatography. The electronic absorption spectra in THF-solutions are 

very similar to those of the respective octakis[3,5-di(^er/-butyl)phenylethynyl]- 

derivatives 9d and ISd with sharp g-band absorptions, indicating that the molecules are 

not aggregated at the concentrations investigated during UV-measurements. However, in 

the respective *H- and *^C-NMR spectra, no resolved diagnostic peaks could be observed, 

suggesting that aggregation occurs at the higher concentrations required for NMR
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experiments. The MALDI-TOF mass spectra of 9j and 15j display isotopic clusters 

peaking at m/z(9\) = 2588 (representing the [M  ̂+ Na -  Si(CH(CH3)2)3]-ion) and m/z(15j) 

= 2924 (representing the h/T-ion), respectively, as the most intense peaks.

Although compounds 9j and 15j continue to be lipophilic dyes, they represent the first 

exanples of chemically more versatile octaethynylphthalocyanine analogues. With 

regard to the objective to prepare more hydrophilic chromophores, this inspired us to 

further pursue this synthetic approach by modifying the protected phenol functionality. 

However, it was felt that a number of adjustments of the synthetic protocol were 

necessary at this point as a result of the following considerations: it was deemed unwise 

to perform extensive chemical manipulations on tetrapyrazinoporphyrazine 9j or 

tetraquinoxalinoporphyrazine 15j because each chemical transformation requires the 

conversion of eight functional groups at a time, which generally tends to give rise to 

lower product yields and/or complicated reaction mixtures. Furthermore, the deprotection 

of 9j and 15J was expected to result in very insoluble substances, difficult to subject to 

further reactions; for this reason, protodesilylation of these dyes was not attempted. 

Instead, it was thought that chemical transformations are best carried out at the stage of 

the dione or the pyrazine/quinoxaline stage as this would allow us to operate with small 

organic compounds much easier to purify and characterise. The protodesilylation of the 

silyl-protected dione 13J and the silyl-protected pyrazine 16j using tetrabutylammonium 

fluoride in moisturised THF, however, proved to be unsatisfactory, affording the 

corresponding phenols in low yield. This observation can be explained by the instability 

of the respective phenolate anions initially formed in the course of these reactions, a fact 

that will be further exemplified later (see page 71). This suggests that the phenol 

protection in form of the corresponding silylethers is not an ideal option in this case. 

Furthermore, triisopropylsilyl chloride is rather pricey, rendering it unattractive as a 

protecting group for large-scale operations.

It was therefore necessary to search for a better protecting group which should be more 

economical, compatible with the reaction conditions and easily removable at the dione or 

pyrazine/quinoxaline stage.
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2.2.2. Methyl-Protection

Anisole, a methyl-protected phenol, was thought to meet the above requirements and was 

anticipated to be applicable in the synthesis of phenol-based derivatives of 

tetrapyrazinoporphyrazines 9 and tetraquinoxalinoporphyrazines 15. 4-Ethynylanisole^^^’ 

37 is readily prepared from commercially available, cheap 4-iodoanisole.^^ '̂ The 

methylether was thought to be cleavable at the pyrazine or quinoxaline stage by treatment 

with boron tribromide. The synthesis of the anisole-derived dicyanopyrazine 16k was 

unspectacular and proceeded effortlessly via the corresponding diketone 13k (Scheme 

41). However, pyrazine 16k is only sparingly soluble in most organic solvents which 

caused the deprotection following a literature procedure with boron tribromide in 

dichloromethane^^*  ̂ to fail. Instead, after work-up, only starting material could be 

recovered. Although there are alternative methods for the cleavage of

methoxyphenolethers,^^*’ this approach was not followed further because the solubility 

problems of 16k were expected to remain.

37

1. BuLi
2. CuBr, 2 LiBr
3. 0.5 (C 0 C I)2  

 »
THF, 0°C. 15min, 
46%

O
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13k
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 ►
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N CN 

16k

R = I— ^  ^ —OMe 

Scheme 41: Synthesis of Pyrazine 16k

2.2.3. Tetrahydropyranyl-Protection

Another commonly used method for the protection of hydroxyl groups, which should be 

feasible in this context, is their conversion into tetrahydropyranyl ethers (THP-ethers). 

THP-ethers are easily formed by an acid-catalysed reaction of an alcohol or a phenol with 

3,4-dihydro-2//-pyran, which is commercially available and cheap. THP-ethers are mixed 

ketals and are therefore stable to strongly basic conditions, but they can easily be cleaved 

under mildly acidic condi t ions .These fects prompted us to explore the practicability
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of a THP-protecting strategy in the synthesis of more hydrophilic octaalkynyl 

phthalocyanine analogues.

The required THP-protected 4-ethynylphenol 38 is easily prepared in an economical way 

from 4-iodophenol according to literature procedures.̂ ^®*̂  Conversion of 38 to the 

corresponding diketone 131 was performed applying the established procedure (Scheme 

42). Diketone 13! is a crystalline, yellow solid and can be purified by recrystallisation. As 

it contains two stereogenic centres, the presence two diastereoisomers can be expected. 

However, no evidence for the isolation of a second isomer could be derived from the ^H- 

and *^C-NMR data of 131, possibly because the chiral centres are too remote from one 

another.
.̂OTHP

O

THPO H

38

1. BuLi
2. CuBr, 2 LiBr
3 . 0.5 (0001)2 

 »
THF, 0 °0 , 15 min, 
42%

THPO

Scheme 42: Synthesis of Dione 131

Condensation of dione 131 with diaminomaleonitrile was conducted in acetic acid. These 

conditions also led to the cleavage of the THP-protecting group, so that two chemical 

transformations could be carried out conveniently in one step, which illustrates the 

elegance of this protection strategy. The deprotected pyrazine 16m precipitates out of 

solution and is obtained in virtually pure form by a simple filtration (Scheme 43). 

Recrystallisation from 1,4-dioxane affords analytically pure material, which is obtained 

as fine orange needles.

diaminomaleonitrile, 
AcOH, r.t., 20 min

131  ►
then H2 O, AcOH,
50 °C, 1 h, 86 %

N ON

Scheme 43: Synthesis of Pyrazine 16m
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Overall, the protocol presented here for the synthesis of pyrazine 16m is very concise, 

efficient and economical. Compound 16m is expected to be a valuable precursor for the 

preparation of hydrophilic octakis(arylethynyl)tetrapyrazinoporphyrazines which can be 

obtained by derivatising the phenol-functionality. The diphenol 16m displays poor 

solubility in some organic solvents, which is not surprising in the light of the solubility of 

the methyl-protected derivative 16g, but it is soluble in acetone, THF, acetonitrile and 

DMF, which should allow to subject this compound to further chemical transformations.

2.2.4. The First Water Soluble Octakis(arylethynyl)tetrapyrazinoporphyrazine

In principle, a number of ways are conceivable to exploit the chemistry of the phenolic 

hydroxyl-groups of 16m with the aim of inducing water-solubiUty in acetylenic 

phthalocyanine analogues.

Initially, we explored the use of acetic acid groups which we thought could be easily 

introduced into phenol 16m using ethyl bromoacetate by some variant of the Williamson 

ether synthesis.^’®̂̂  Protected as an ethyl ester, the carboxy-functionality should be 

compatible with the cyclotetramerisation reaction and the resulting octacarboxyalkyl 

tetrapyrazinoporphyrazine was expected to be sufficiently lipophilic to allow standard 

purification. The final transformation would then be a simple ester hydrolysis to the fi’ee 

octacarboxylated tetrapyrazinoporphyrazine. Moreover, the carboxy functionality 

provides further options at various stages to adjust the solubility of the final product by 

converting the acid groups into amides with amino acids, for example.

However, initial attempts to react 16m with ethyl bromoacetate in DMF, even if the 

electrophile was used in slight excess (2.4 equiv.), and with potassium carbonate (2.4 

equiv.) as base, did not result in the formation of the desired ether but led to the complete 

decomposition of the starting material. Similar results were obtained when a sinq)le alkyl 

bromide ( 1 -bromododecane) was employed as the electrophile. Altering the solvent to 

acetonitrile or choosing an even softer base (sodium hydrogen carbonate) and an 

electrophile ^vith a superior leaving group (1-iodododecane) did not give rise to more 

promising results.
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These disappointing observations prompted us to investigate the behaviour of phenol 

16m towards bases. Solutions of 16m in DMF (0.05 M) were prepared and treated at 

room temperature with an excess of the following bases: potassium carbonate, potassium 

hydroxide, sodium hydride, sodium methoxide and sodium hydrogen carbonate. In all 

cases, a deep red or purple colour occurred instantly upon the addition of the base, which 

can presumably be attributed to the generation of the mono- or diphenolate anions of 

16m. However, monitoring the solution by TLC (the TLC samples were acidified with 

acetic acid prior to analysis to ensure that any remaining phenolate would be present in 

its protonated form) revealed that compound 16m is rather labile under basic conditions. 

Sodium hydride and sodium methoxide resulted in complete decomposition of 16m 

within three hours. Potassium carbonate led to complete decomposition within seven 

hours and even the presence of the mild base sodium hydrogen carbonate caused 

complete decomposition of 16m within seven hours. Only in the case of potassium 

hydroxide, traces of 16m were still present in the reaction mixture afl;er 20 hours. The 

decomposition products were not further analysed.

o q

HO

©

Scheme 44: Hypothetical “Push-Pull” System of Compound 16m

These results can explain the failure of the attempted Williamson ether synthesis. 

Although the required nucleophile in this reaction (the phenolate anion) is believed to be 

formed, its apparent instability under the reaction conditions cause it to decay before 

nucleophilic substitution can take place. In other words, the rate constant for the 

nucleophilic substitution is too small and other reaction pathways are favoured.
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It is also important to appreciate the comparatively low nucleophilicity of phenolates due 

to the delocalised negative charge. The nucleophilicity of this particular phenolate may 

be even lower since delocalisation of the negative charge is not confined to the phenol 

ring itself but can stretch over the entire molecule due to the extensive conjugation. The 

electron-withdrawing nitrile groups may draw the negative charge further away fi*om the 

oxygen-nucleophile. In this respect, this molecule can be regarded as a “push-pull” 

system with the electron-donating phenolate moiety and the electron-withdrawing nitrile 

moiety conjugated across the molecule (Scheme 44).^’®̂’ Compounds with such 

features can be of interest in another context, but this behaviour is clearly not

desired with regard to the objective of this work.

The hypothetical mesomeric structure with the negative charge centred on the nitrile 

group (right in Scheme 44) may be perceived as rather unstable which could contribute to 

the rapid decay of 16m in basic media.

In light the of these results, it was reasoned that enhancing the reaction rate of the 

nucleophilic substitution by increasing the concentration of the electrophile, thereby 

making the reaction more competitive with respect to the decay of the phenolate anion, 

could lead to more promising results.

Hence, compound 16m was treated with a 56-fold excess of ethyl bromoacetate and 

caesium carbonate as basê ®̂̂  ̂ at room temperature in a minimum amount of THF to 

ensure complete dissolution of 16m. After three hours, the TLC control indicated the 

complete conversion of the starting material and indeed, the desired ethyl ester could be 

isolated, after standard work-up, in good yield (Scheme 45).

EtOgC^O

N ^ C N  EtOsC'^Br (56 eq.)
I  --------------------- ^

N CN CS2 CO 3 , THF, r.t.,
3 h, 71 %

16m
EtOgC

N . X N

N ^C N

Scheme 45: Synthesis of Phenolether 16n
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Although the necessity to employ such a large excess of ethyl bromoacetate in this 

reaction is not ideal from an economical point of view, this was not a major concern as 

the excess reagent can easily be distilled from the crude reaction mixture and can be 

reused in subsequent reactions.

Compound 16n is obtained as a yellow solid after chromatographic purification, 

crystallises as fine yellow needles from ethanol and is soluble in organic solvents such as 

chloroform, dichloromethane, ethyl acetate and acetone.

The successful preparation of 2,3-dicyanopyrazine 16n provided the requisite precursor 

for the first synthesis of an octacarboxylated octaethynyltetrapyrazinoporphyrazine.

The reaction of 16n with magnesium butoxide in refluxing butanol afforded 

tetrapyrazinoporphyrzine 9o. Not unexpectedly, the reaction conditions led to a 

transestérification, and the tetrapyrazinoporphyrazine was obtained as its octabutyl ester 

(Scheme 46), as evidenced by its MALDI-TOF mass spectrum (see following page).
R R

16n

Mg(0Bu)2, BuOH, 
reflux, 1 h, 42 %

N— l\/|g —N

90

R

R

Scheme 46: Synthesis of Octacarboxylated Octakis(phenylethynyl)tetrapyrazino- 

porphyrazine 9o
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Tetrapyrazinoporphyrazine 9o is a dark green solid and is sufficiently soluble in organic 

solvents such as dichloromethane and THF to allow standard purification by column 

chromatography. Analytically pure material was obtained by gel permeation 

chromatography on a polystyrene resin using THF as eluent. However, the electronic 

absorption spectrum of compound 9o in THF reveals that aggregation occurs, even in this 

coordinating solvent, which is indicated by the broadened g-band absorption maximum 

of rather low intensity. This finding is not entirely surprising when compared to the 

aggregation behaviour of octakis(arylethynyl)tetrapyrazinoporphyrazines 9b -  9d. 

Accordingly, NMR data of 9o could not be obtained. The MALDI-TOF mass spectrum of 

9o features an isotopic cluster peaking at m/z = 2389, corresponding to the M^-ion.

Hydrolysis of octacarboxylic acid ester 9o was carried out by treatment of a solution of 

9o in THF/MeOH with an excess of 1 M aqueous potassium hydroxide solution at room 

temperature (Scheme 47). This afforded, afl;er neutralisation with hydrochloric acid, a 

dark green solid which was somewhat soluble in water at pH 7.0 and well soluble in 

DMSO and water at pH 9.2.

9o

KOH, H2 O. 
THF, MeOH

N—Mg —\
r.t., 14 h

R

R

Scheme 47: Hydrolysis of Tetrapyrazinoporphyrazine 9o
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The purification of this substance proved to be extremely difficult since its solubility in 

any other solvent is very low. Some purification could be achieved by trituration of the 

crude mixture with a small amount of water to remove potassium chloride. A MALDI- 

TOF mass spectrum of 9p could not be obtained since the substance was not soluble in 

any sufficiently volatile solvent to be co-precipitated with a matrix on the probebead of 

the spectrometer. Accordingly, characterisation was restricted to IR-spectroscopy and 

qualitative UV/Vis-Spectroscopy, implying that the identity of 9p could not be 

unequivocally secured. In the IR-spectrum of 9p (as KBr disc) an intense, broad band at 

3425 cm ' (OH) and a band at 1736 cm*' (C=0) indicate the presence of the fi*ee carboxy 

groups whereas a band at 2195 cm*' indicate the presence of the acetylene moieties. The 

electronic absorption spectrum of compound 9p in DMSO is depicted in Fig. 18. The 

extremely broad g-band along with its low intensity in relation to the R-band indicates 

that significant aggregation occurs.
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Fig. 18: Electronic Absorption Spectrum of 9p in DMSO at 298 K

The aggregation behaviour of this material in water was also evaluated by UV/Vis- 

spectroscopy (Fig. 19) and proved to be similar to that in DMSO with the g-band being 

even less intense in the former solvent. Since the solubility of 9p in aqueous media
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increases under more basic conditions, it was also examined whether the aggregation is 

pH-dependent. However, the absorption spectra of 9p in aqueous solution at pH 7.0 

(standard phosphate buffer solution) and at pH 9.2 (standard sodium tetraborate buffer 

solution) are virtually identical. A marginal sharpening of the absorption bands can be 

detected under the more basic conditions.

It can be concluded from these results that the carboxyl groups of 9p provide sufficient 

hydrophilicity to allow the dissolution of the chromophore in aqueous media, particularly 

under basic conditions, where 9p is present in its (poly)anionic form. Nonetheless, it is 

evident that aggregation of the molecules is not prevented satisfactorily in this way. In 

general, the fact that simple pam-substitution of the terminal phenyl rings of these 

chromophores is not sufficient to prevent aggregation is in agreement with earlier 

observations. Apparently, even the intermolecular electron repulsion between the 

negatively charged carboxylate groups is insufficient to diminish the extent of 

aggregation.
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Fig. 19: Electronic Absorption Spectra of 9p in H2O at pH = 7.0 (blue line) and pH = 

9.2 (red line)
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A hypothetical model drawn from these results is that the molecules may form micellar 

columns in aqueous solution, with the interior aromatic, hydrophobic core 7c-stacking and 

thereby avoiding contact with the polar solvent, whereas the hydrophilic peripheral 

carboxy groups enable the aggregates formed to remain in solution.

Overall, this approach effected the synthesis of the first hydrophilic octaethynyl- 

tetrapyrazinoporphyrazine. Yet it is clear that the apparent drawbacks of this dye, namely 

the generally poor solubility that hampered proper purification and unambiguous 

characterisation, render this dye not particularly attractive for medical applications. 

Nonetheless, the above results were encouraging to fiirther explore the concept to utilise 

ethynylphenols for the construction of hydrophilic and suflSciently soluble octaalkynyl 

phthalocyanine analogues.
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2.3. The 4-Iodo-3,5-dimethylphenol Approach

From the experience made during the synthesis of the rgr^-butyl-substituted octakis- 

(arylethynyl)tetrapyrazinoporphyrazines 9c and 9d, we deduced that the aggregation 

behaviour of the hydrophilic dye 9p may be improved by introducing additional 

substituents into the peripheral phenyl rings that force them to turn out of the plane of the 

central core.

Of the several possibilities, which are conceivable to modify the structure of 9p 

accordingly, we opted to target a derivative of 9p bearing additional methyl groups on the 

peripheral phenyl ring in orr/zo-position to the acetylene moiety. Although methyl groups 

are considerably smaller than tert-h\xty\ groups, they should nonetheless be able to bring 

about the desired effect as they are significantly closer in space to one another than are 

the rerf-butyl groups in the we/a-positions of 9d (Fig 20).

steric repulsion 
between methyl- 
substituents

TPyPor

Fig. 20: Steric Interactions Invoked by or^/zo-Methyl-Substituents

From a synthetic viewpoint, this concept is particularly attractive as the desired target 

molecule can be rapidly assembled along the route established for the non-methylated 

counterpart 9p. Starting material for the preparation of the hexadecamethyl derivative of 

9p is 4-iodo-3,5-dimethylphenol, which can be conveniently prepared in bulk quantities 

fi*om commercially available 3,5-dimethylphenol by reaction of the latter with a mixture 

of potassium iodide and potassium iodate in acidic methanol solution.
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The conversion of 4-iodo-3,5 -dimethylphenol 39 to its THP-ether 40 proceeded smoothly 

in quantitative yield using standard conditions^(Schem e 49). However, the 

introduction of the acetylene into 40 employing a Sonogashira-coupling reaction 

presented an unexpected hurdle. Whereas the reaction of THP-protected 4-iodophenol 41 

with 2-methylbut-3-yn-2-ol to the corresponding phenylacetylene 42 is effortless and 

affords the product virtually quantitatively after a reaction time of only 30 minutes at 

ambient temperature, no reaction occurred when the same reaction conditions were 

applied to substrate 40 (Scheme 48) and 93 % of the starting material was recovered.

THPO

41

(PPhglsPdCb, Cul

OH

PhMe, EtgN, 
r.t., 30 min

THPO

H

THPO

40

OH

(PPhglzPdClg, Cul )
PhMe, EtaN, 
r.t., 30 min

42

99%

No Reaction

OH

Scheme 48: Different Reactivities of Aryl Iodides 40 and 41 in Sonogashira-Couplings

The most plausible explanation for this observation is that the methyl groups in the ortho

positions of the iodo-substituent inflict too much steric hindrance to allow insertion of the 

bulky Pd-catalyst into the carbon-iodine bond, which is believed to be the initial step in 

this palladium-catalysed cross-coupling reaction. In physical terms, the steric hindrance 

causes a significant rise in the activation energy of the Pd-insertion. It was therefore 

reasoned that conducting the reaction at elevated temperatures could supply sufficient 

activation energy to bring about the reaction. Indeed, if the reaction was carried out at 80 

°C with an extended reaction time (two hours), the formation of the coupling-product was 

observed, but in disappointingly low yield (< 20 %). Choosing triethyl amine as the 

single solvent led to a slightly increased, but still not satisfying yield.
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Surprisingly, yet most gratrfyingly, changing the acetylene to triisopropylsilylacetylene 

(preferable over trimethylsilylacetylene as the former is less volatile and therefore allows 

higher reaction temperatures) had a dramatic effect on the outcome of the reaction and, 

when conducted in refluxing triethyl amine over a period of 2.5 hours, the corresponding 

phenylacetylene 43 was obtained in 97 % yield (Scheme 49). A speculative explanation 

for this remarkable difference might be that whilst a high temperature is required to 

overcome the activation barrier, the base-labile 2-methylbut-3-yn-2-ol liberates volatile 

ethyne in refluxing triethyl amine, which would account for the poor product yield.

Si(/-Pr) 3

2,3-dihydro-2/-/-pyran, 
PPTS___________^

CH2 CI2 , r.t.,
2h, 100% THPO

H- -Si(/-Pr) 3

(PPh3 )2 PdCl2 , Cul
 )

Et3 N, reflux,
30 min, 97 % THPO

43

TBAF, wet THF, 
r.t., 1.5 h, 90%

OTHP

13qTHPO

1. BuLi
2. CuBr, 2 LiBr
3. 0.5 (C 0 C I)2

THF, 0°C, 15min, =
55% THPO

44

diaminomaleonitrile, 
AcOH, r.t., 20 min
then H2 O, AcOH,
50 °C, 1 h, 90 %

HO.

Br C0 2 Et (56 eq.) 
CS2 CO3 , THF ^  

r.t., 2 h, 83 %

CN

CN

16r 16s
HO

TN ^C N

Scheme 49: Synthesis of Dicyanopyrazine 16
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Protodesilylation of phenylacetylene 43 using tetrabutylammonium fluoride in moist 

THF afforded the terminal acetylene 44, which was converted to the new acetylenic 

diketone 13q under standard conditions. Condensation of 13q with diaminomaleonitrile 

concurred with the cleavage of the THP-protecting groups and furnished the free phenolic 

dicyanopyrazine 16r. Appendage of the acetic acid ester functionality proceeded 

smoothly employing the method established earlier to give phenylether 16s (Scheme 49).

The successfiil preparation of dicyanopyrazine 16s permitted the assembly of the targeted 

magnesium-tetrapyrazinoporphyrazine 9t by refluxing 16s in a solution of magnesium 

butoxide in butanol (Scheme 50). After chromatographic purification, butyl ester 9t is 

obtained as a dark green solid. NMR data of 9t in THF could not be recorded due to 

aggregation at the concentration required for that purpose. The MALDI-TOF mass 

spectrum of 9t features an isotopic cluster peaking at m/z = 2613 as most intense peak, 

corresponding to the M^-ion.

R R

Mg(0 Bu)2 , BuOH, 
reflux, 1 h, 50 %

16s N— IVjg —N

9t: R = OCH2 CO2 BUKOH, H2 O, 
THF, MeOH, 

r.t., 14 h ►  9u: R = OCH2 CO2 H

Scheme 50: Synthesis of Tetrapyrazinoporphyrazines 9t and 9u
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Whereas the solubility behaviour of tetrapyrazinoporphyrazine 9t is similar to that of the 

non-methylated counterpart 9o, the significance of the additional methyl groups in the 

or//?n-positions to the acetylene of 9t on its aggregation behaviour becomes immediately 

apparent when comparing the electronic absorption spectra of the two compounds in THF 

(Fig. 21). As already mentioned, the non-methylated analogue 9o exhibits a rather broad 

g-band absorption with a low extinction coefficient (Â ax 679 nm; e = 56000 M‘‘ cm ') 

which is in stark contrast to the methylated 9t, whose much sharper absorption maximum 

of high intensity (Imax = 677 nm; £ = 330000 M'' cm ') denotes that aggregation has been 

minimised. However, the small but noticeable absorption band peaking at approximately 

760 nm might indicate that the molecules are not entirely monomeric.
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Ài

Eo 9o

o

800300 400 500 600 700

/l[nm]

Fig. 21: Electronic Absorption Spectra of Tpypors 9o and 9t in THF at 298 K

The hydrolysis of octacarboxylic acid ester 9t was carried out analogously to that of 9o 

by treatment of a solution of 9t in THF/MeOH with an excess of 1 M aqueous potassium 

hydroxide solution at room temperature (Scheme 50). This afforded, after neutralisation
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with hydrochloric acid, a dark green solid. Like the non-methylated counterpart 9 p ,  

methylated 9 u  is virtually insoluble in organic solvents except DMSO and it is only 

sparingly soluble in water at pH 7.0 but well soluble at pH 9.2. Purification was only 

achieved by trituration with a small amount of water to remove potassium chloride and 

characterisation was restricted to IR- and UVA^is-spectroscopy, implying that the identity 

of 9u  could not be unequivocally confirmed. In the IR-spectrum of 9 u  (as KBr disc) an 

intense, broad band at 3384 cm'  ̂ (OH) and a band at 1736 cm'* (C=0) indicate the 

presence of the fi-ee carboxy groups whereas a band at 2179 cm'* indicate the presence of 

the acetylene moieties.

Evidently, the additional methyl groups have only a minor impact on the solubility 

properties of this compound. However, the electronic absorption spectrum of the 

methylated 9u  in DMSO shows that the aggregation behaviour is dramatically improved 

over the non-methylated counterpart 9 p ,  as indicated by the sharp, higher intensity Q- 

band absorption maximum of 9 u  at Lmax = 688 nm (Fig. 22).
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F ig .  22: Electronic Absorption Spectra of Compounds 9 p  and 9 u  in DMSO at 298 K
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On the other hand, the electronic absorption spectrum of 9u in water (Fig. 23) shows that 

aggregation occurs in aqueous media. The aggregation is, however, slightly more pH- 

dependent than in the case of the non-methylated analogue 9p, which exhibits practically 

identical spectra at neutral pH and at pH 9.2 (Fig. 19). The absorption maxima of 9u in 

water at pH 7.0 (standard phosphate buffer solution) are extremely broad, with the Q- 

band absorption maximum not visible at all. At pH 9.2 (standard sodium tetraborate 

buffer solution), the Q-hond absorption maximum re-emerges, although its broadness and 

its low intensity maximum suggests that the material remains considerably aggregated.
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Fig. 23: Electronic Absorption Spectrum of 9u in Aqueous Solution at pH 7.0 

(blue line) and pH 9.2 (red line)

In summary, this work has revealed synthetic routes to acetylenic, octacarboxylated 

tetrapyrazinoporphyrazines 9p and 9u, starting from appropriately functionalised 

acetylenic 1,2-diketones 131 and 13q as the key intermediates. The syntheses are concise 

and all transformations proceed in good to excellent product yields. The octacarboxylated
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tetrapyrazinoporphyrazines 9p and 9u represent the first examples of water-soluble 

octaalkynyl-phthalocyanine analogues. Furthermore, it has been demonstrated that 

methyl groups on the peripheral phenyl rings in the orrAo-positions to the acetylene 

moieties significantly improve the aggregation behaviour of the chromophores in certain 

solvents. Nonetheless, it is clear that these hydrophilic chromophores suffer fi*om a 

number of drawbacks. Firstly, the solubility of both dyes in water at physiological pH 

remains low and even under more basic conditions, where the solubility of the dyes is 

significantly higher, both chromophores are considerably aggregated. Furthermore, the 

generally poor solubility in most organic solvents makes them difficult to purify and their 

fiill characterisation proved to be impossible, implying that the homogeneity of the 

substances remains speculative.
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2.4. The Polyethylene Glycol Approach

In the light of the not entirely satisfying results obtained with the octacarboxylated 

tetrapyrazinoporphyrazines 9p and 9u with respect to their characterisation and their 

solubility behaviour, we decided to explore an alternative way to access hydrophilic 

chromophores. It was believed that it could be beneficial to compromise on the 

hydrophilicity of the dye and rather select peripheral groups that while hydrophilic will 

guarantee a certain degree of solubility in polar organic solvents. It was expected that a 

chromophore with more balanced solubility properties would be easier to purify and 

characterise.

A structural amendment that was previously implemented with this objectivê *̂ ^̂  in 

pharmaceutically active compounds lies in the attachment of polyethylene glycol (PEG) 

chains to the molecule. PEG-chains could be introduced into our system by reaction of 

phenol 16r with 2-[(methoxyethoxy)ethoxy]ethyl b r o m id e ^ 45 applying the same 

protocol as for the introduction of ethyl bromoacetate (Scheme 49). However, the 

reaction did not proceed as expected, even when a large excess of the bromide was used 

and led only to the decomposition of the starting material (Scheme 51). Again, this 

observation might reflect the delicate balance between the sensitivity of this phenol to 

basic conditions and the reactivity of the electrophile.

X N  RBr (45, 55 eq.),I —f—-
N CN CS2 CO3 , DMF, r.t.

R = (CHgCHzOlsMe

N. X NIN ON

Scheme 51: Unsuccessful Attempt to Introduce PEG-Chains into Phenol 16r

We therefore followed an alternative approach and introduced the PEG-chain at an earlier 

stage of the synthetic sequence. The reaction of 4-iodo-3,5-dimethylphenol 39̂ *̂ ^̂  with 

45 proceeded smoothly in refluxing acetonitrile using potassium carbonate as base and



Results and Discussion 87

afforded the phenolether 46 in good yield (Scheme 52). An apparent advantage of this 

alteration of the synthetic protocol is that an additional THP-protection step can be 

omitted. The acetylene was introduced into 46 in form of triethylsilylacetylene using the 

Sonogashira coupling conditions established earlier and afforded phenylacetylene 47. 

Triethylsilylacetylene was deemed to be advantageous over triisopropylsilylacetylene 

since its corresponding silyl fluoride, the by-product of the subsequent protodesilylation 

using TBAF to give terminal phenylacetylene 48, can be easily removed by evaporation, 

avoiding tedious chromatographic separation and therefore simplifying purification. With 

phenylacetylene 48 in hand, the synthesis of the corresponding 1,2-diketone 13v 

proceeded in the customary way (Scheme 52). Noteworthy is that diketone 13v, unlike 

many other PEGylated compounds, is obtained as a yellow solid which can be purified by 

recrystallisation from hexane.

K2 C O 3 , MeCN,
-------------------------

reflux, 15 h, 75 %

H —  SiEtg
(PPh3 )2 PdCl2 , Cul.

-----------------------
EtgN, reflux, 2 h, 83 %

TBAF, wet THF, 
r.t., 15 min, 1 0 0  %

H

1. BuLi
2. CuBr, 2 LiBr
3. 0.5 (C 0 C I)2

THF, 0°C , 15 min, 
40%

H3C0(H2CH2C0)3

(0 CH2CH2)3 0 CH3

Scheme 52: Synthesis of Diketone 13v
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The condensation of dione 13v with either diaminomaleonitrile or 4,5- 

diaminophthalonitrile 24 proceeded smoothly by stirring equimolar amounts of the 

reagents in acetic acid at room temperature, affording dicyanopyrazine 16v and 

dicyanoquinoxaline 25v, respectively, in good yields (Scheme 53). Compounds 16v and 

25v are obtained as yellow needles after purification by recrystallisation fi’om ethanol. 

The conversion into the corresponding magnesium-tetrapyrazinoporphyrazine 9v and 

magnesium-tetraquinoxalinoporphyrazine 15v was performed in the common way using 

magnesium butoxide in refluxing butanol (Scheme 53), yielding the novel dyes as dark 

green, waxy solids after purification by flash chromatography and gel permeation 

chromatography.

N
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CN
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Mg(0 Bu)2 , BuOH, 
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N -|V |g  -N ^

CN
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N ^ R
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Scheme 53: Synthesis of Compounds 9v and 15v
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The novel PEG-substituted octakis(arylethynyl)-tetrapyrazinoporphyrazine 9v and -  

tetraquinoxalinoporphyrazine 15v are soluble in comparatively nonpolar organic solvents 

such as dichloromethane, chloroform and THF but are not soluble in water. They are, 

however, and in contrast to the purely lipophilic derivatives 9d and 15d, somewhat 

soluble in polar organic solvents such as methanol, ethanol, a mixture of water/ethanol 

1:1 (v:v) and they are well soluble in DMSO. NMR data of 9v and 15v could not be 

obtained due to aggregation, but the structures of both compounds were confirmed by 

their MALDI-TOF mass spectra, featuring isotopic clusters peaking at w/z(9v) = 2869 

and w/z(15v) = 3066, corresponding to the respective M^-ions.

The comparison of the electronic absorption spectra in different solvents at identical 

concentrations of c = 0.12 x 10'̂  M reveals the delicately balanced aggregation behaviour 

of these chromophores (Fig 24). The sharp and intense 0-band absorption of 

tetrapyrazinoporphyrazine 9v in DMSO (Imax = 684 nm, s = 320000 M‘‘ cm ') shows that 

no aggregation occurs, whereas tetraquinoxalinoporphyrazine 15v is significantly 

aggregated under identical conditions, as indicated by the low intensity absorption 

maximum of the ()-band (Imax = 787 nm, e = 38000 M*' cm '). In less polar THF
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Fig. 24: Electronic Absorption Spectra of Dyes 9v (blue lines) and 15v (red lines) 

in DMSO (left) and THF (right) at 298 K at c = 0.15 x 1 O'’ M
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solution, usually known to reduce aggregation, both chromophores do aggregate, as 

indicated by the relatively low intensity g-band absorption maxima (Amax(9v) = 677 nm, 8 

= 157000 cm' ;̂ Amax(15v) = 774 nm, 8 = 233000 M"̂  cm'^). It is, however, evident

that the degree of aggregation is reversed, with tetrapyrazino-porphyrazine 9v being more 

aggregated than tetraquinoxalinoporphyrazine 15v (Fig. 23).

In summary, a straightforward synthetic protocol to PEG-substituted octakis- 

(arylethynyl)tetrapyrazinoporphyrazine 9v and octakis(arylethynyl)tetraquinoxaltno- 

porphyrazine 15v has been devised. Both dyes can be purified by means of common 

chromatographic procedures, were unambiguously characterised and are therefore 

superior in this sense to the octacarboxylic acid-substituted tetrapyrazinoporphyrazine 9u. 

Although neither of the dyes are soluble in water itself, the fact that they are soluble in 

polar solvents (methanol, ethanol, DMSO) and even in a water/ethanol mixture shows 

that they are considerably more hydrophilic than the fgr/-butyl-substituted analogues 9d 

and 15d and that the administration of these chromophores in hydrophilic media becomes 

a feasible option.
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2.5. Conclusions

Various ways to synthesise more hydrophilic derivatives of octakis(arylethynyl)tetra- 

pyrazinoporphyrazine 9d and octakis(arylethynyl)tetra-[6,7]-quinoxalinoporphyrazine 

15d from appropriately fimctionalised derivatives of acetylenic diketones 13 have been 

explored in this chapter and the solubility and the aggregation behaviour of the resulting 

chromophres have been assessed.

The efforts to prepare the targeted diketones 13 from terminal phenylacetylenes and 

oxalyl chloride give an insight into the scope of that reaction: the use of 5- 

ethynylisophthalic acid esters or tert-hutyX 4-ethynylbenzoate was ill-fated. Clearly, these 

particular phenylacetylenes are incompatible with the reaction conditions and the 

corresponding diketones 13 remain elusive. On the other hand, suitably protected 

electron-rich 4-ethynylphenols proved to be versatile acetylenic precursors for the 

synthesis of functionalised acetylenic diones 13 and opened up the way to more 

hydrophilic octakis(arylethynyl)phthalocyanine analogues by exploiting the chemistry of 

the phenohc hydroxyl group.

The carboxylated tetrapyrazinoporphyrazines 9p and 9u were the first hydrophilic dyes 

obtained in this fashion. The comparison of the electronic absorption spectra of the two 

dyes revealed that additional methyl-substituents in the ortho-positions to the acetylene 

moiety on the peripheral phenyl ring reduce the aggregation behaviour considerably. 

Nevertheless, both dyes were considered to be not satisfactory for PDT applications as a 

result of their poor solubility, which also hampered proper purification and 

characterisation.

The polyethylene glycol-substituted octakis(arylethynyl)-tetrapyrazinoporphyrazine 9v 

and -tetraquinoxalinoporphyrazine 15v display a satisfying solubility in a range of polar 

organic solvents and even in ethanol/water mixtures. They were purified by standard 

procedures and could be unambiguously characterised. These facts make both dyes 

indeed interesting as potential photosensitisers for PDT.
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Overall, this work has given an insight into the potential of the chemistry of the 

acetylenic diketones 13 for the construction of hydrophilic acetylenic phthalocyanine 

analogues. It has been possible to illustrate that various derivatives of these 

unprecedented acetylenic building blocks are conveniently accessible and that they 

provide a flexible synthetic handle to assemble hydrophilic acetylenic phthalocyanine- 

like dyes. It is clear that the scope of these diketones has by no means been exhaustively 

explored in this work and that not all of the hydrophilic phthalocyanine analogues 

portrayed herein are necessarily amenable for PDT applications. Nevertheless, these 

model studies hint at the versatility of this approach and should allow access to numerous 

other representatives to this class of phthalocyanine analogues. There is therefore the 

possibility to create a pool of different dyes which can be screened for their potential in 

PDT.

For instance, it should be feasible to employ 5-ethynyhesorcinol derivatives (fi*om 5- 

iodoresorcinol̂ *®̂ )̂ or 2-ethynylresorcinol derivatives (from 2-iodoresorcino^**^^) instead 

of 4-ethynylphenols, offering the incorporation of a larger number of solubilising groups. 

It is also possible to exploit the chemistry of the earboxylic acid functionality of 

compound 9u, for example to create amides, in order to further modulate solubility and 

aggregation. Other options are to prepare derivatives bearing polyethylene glycol chains 

with free terminal hydroxyl groups or to attach carbohydrate moieties to the phenol 

groups.
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3. Photosensitisation/Photooxidation

3.1. Singlet Oxygen Generation

It has been outlined in the introduction that the therapeutic effect in PDT relies on the 

generation of highly reactive oxygen species via a photosensitisation process triggered by 

the PDT dye. Hence, a fundamental requirement of any proposed PDT agent, apart from 

possessing a strong absorption in the red/NIR region, is the ability to operate as a 

photosensitiser. two processes involved in the photodynamic action have been 

established: The type I process, proceeding via radical species which are generated by 

electron or hydrogen transfer to or from the excited sensitiser, and the type II process, 

proceeding via singlet oxygen generated by energy transfer from the excited triplet state 

of the sensitiser to (ground state) triplet oxygen. Although both processes are likely to 

play a role in practical PDT applications, the predominant mode of action is thought to be 

a type II process via singlet oxygen.

Since the novel red/NIR chromophores portrayed in the previous chapters were designed 

as potential photosensisisers for PDT, it is critical at this stage to elucidate their 

photochemical properties in order to allow a better assessment of their suitability as PDT 

drugs.

While the electronic absorption spectra of the octaalkynyl phthalocyanine analogues 

suggest that efiScient excitation of these dyes in biological tissue can be expected, it will 

now be investigated whether this excitation will lead to a photosensitisation process. As 

singlet oxygen is believed to be the major cytotoxic species in PDT,^^ ’̂ ~ *̂1 it was

considered that probing the ability of the novel dyes to generate singlet oxygen in vitro 

would be a valuable initial indication for their effectiveness as PDT sensitisers.

The lifetime of singlet oxygen in the condensed phase is rather short^^ ’̂ (2 ps in water, 

7 ps in MeOH),^̂ ^̂  making it difficult to detect this form of oxygen directly. One 

possibility to gain evidence for the generation of singlet oxygen, which can also be used
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for kinetic studies, is by measuring its chemoluminescence at 1270 nm, but this is a rather 

sophisticated methodJ^^’

A more practical approach is to utilise a so-called singlet-oxygen-quencher, which is a 

compound that readily and rapidly reacts with singlet-oxygen in a bimolecular chemical 

r e a c t i o n A  well established example of such a chemical singlet oxygen probe 

is 1,3-diphenylisobenzofuran (DPBF) 49. This compound is a potent substrate for singlet 

oxygen, reacting in a [4+2] cycloaddition to produce the endoperoxide 50. This 

intermediate can be detected, but in protic solvents converts swiftly to the more stable

1,2-dibenzoylbenzene 51 (Scheme 54).̂ ^̂ ’

hv
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^  O2
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D PBF (49)
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Scheme 54: Singlet Oxygen Quenching by DPBF

DPBF has a UV-absorption maximum at approximately 410 nm, whereas the 

photooxygenation product 51 does not absorb light in this region. Hence, the photo

induced decay of DPBF can be conveniently followed simply by monitoring the time- 

dependent absorption at 410 nm.

This procedure was considered appropriate to investigate the ability of the newly 

prepared phthalocyanine analogues to generate singlet oxygen. The experiments were set 

up in the following way: solutions of DPBF and the photosensitiser in hexan-l-ol were 

prepared. Hexanol was selected as a non-volatile solvent that readily dissolves DPBF and 

all photosensitisers under investigation in this study. The absorption maximum of DPBF
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in hexanol was determined to be Xmax = 413 nm with an extinction coefficient of 8 = 

22000 M'^ cm '\ The solutions were prepared such that the absorption at 413 nm was 

approximately A = 1 in every sample. Theoretically, this corresponds to [DPBF] = 4.5 x 

lO'^M. However, in the presence of one of the acetylenic chromophores under 

investigation, the contribution of the photosensitiser to the absorption at 413 nm was an 

estimated 5 - 1 0  %, so that the actual DPBF-concentrations were reduced by that factor. 

The concentrations of the photosensitisers varied between [PS] = 4.2 x 10'  ̂M to 8.9 x 

10'  ̂ M. The solutions were irradiated in quartz cuvettes at room temperature using an 

ordinary slide-projector halogen lamp (24 V, 250 W) with a fluence rate of 50 mW cm'\ 

All high-energy wavelengths (< 550 nm) were filtered out by passing the incident beam 

through an appropriate cut-off filter.

In order to verify the mechanism proposed in Scheme 54, it was important to prove that 

all three components (molecular oxygen, the photosensitiser and light) are necessary to 

induce the decay of DPBF. For that purpose, control experiments were carried out in 

which the samples were either deoxygenated, were lacking the photosensitiser or were 

kept in the dark while the time-dependent absorption of DPBF was followed.

To assure that an excess of oxygen was present in the aereated solutions, they were 

saturated with air for 5 min prior to irradiation. The deoxygenated samples were saturated 

with argon for 15 min prior to irradiation. The time-intervals between the absorption 

measurements were 30 seconds or one minute, depending on the experiment.

Figure 25 depicts the results obtained for the magnesium tetrapyrazinoporphyrazines 9a 

(left) and 9d (right). In both cases, the black traces represent the time-dependent 

absorption at 413 nm of an oxygenated solution of DPBF and the respective 

photosensitiser which were kept in the dark. Evidently, no decay of DPBF occurs. The 

red traces represent the time-dependent absorption at 413 nm of an oxygenated solution 

of DPBF irradiated with light but in the absence of a photosensitiser, showing a marginal 

decay of DPBF. The blue traces represent the time-dependent absorption at 413 nm of an 

oxygenated solution of DPBF in the presence of the respective photosensitiser irradiated 

with light. Under these conditions, a rapid decay of DPBF can be observed. It must be 

noted that the absorption does not approach zero in this experiment due to the residual 

absorptivity of the sensitiser at this wavelength. Mass spectrometric analyses of the
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samples after irradiation confirmed that 1,2-dibenzoylbenzene 51 was formed in the 

course of the photooxidation. The green traces in Fig. 25 represent the time-dependent 

absorption at 413 nm of a deoxygenated solution of DPBF and the respective 

photosensitiser. Although some decay of DPBF can be observed in both cases, the 

difference in comparison to the aereated samples (blue trace) is quite remarkable and it 

can be concluded fi-om these experiments that both tetrapyrazinoporphyrazines are 

efficient singlet oxygen generators. The fact that DPBF does decay to a certain extend in 

the absence of oxygen may be explained by some kind of type-I process initiated by 

electron- or hydrogen transfer between the excited photosensitiser and DPBF. An 

additional source of error in these experiments might be residual oxygen in the 

“deoxygenated” solutions.
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Fig. 25: Photosensitisation Experiments with 9a (left) and 9d (right) and DPBF in 
Ffexanol at 298 K.

black traces: DPBF + PS + O2

red traces: DPBF + light + O2

green traces: DPBF + PS + light
blue traces: DPBF + PS + O2 + light
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The magnesium tetraquinoxalinoporphyrazine 15a, when examined under identical 

experimental conditions, proved to be a less potent singlet oxygen generator, as pictured 

in Fig. 26 (left). The red trace represents the time-dependent absorption of an oxygenated 

solution of DPBF in the absence of 15a during irradiation. The blue lines represent the 

time-dependent absorption of aereated solutions of DPBF during irradiation in the 

presence of magnesium tetraquinoxalinoporphyrazine 15a at different concentrations. 

Although a decay of DPBF, depending on the concentration of 15a, can be observed, the 

rate of the decay is relatively slow, indicating that singlet oxygen generation is modest. 

Since Zn-ions are known to impart excellent photosensitisation properties onto Pcs when 

coordinated in the macrocyclic core (Zn-Pcs have high triplet quantum yields and long 

triplet state lifetimes, leading to high singlet oxygen quantum yields),'^^  ̂ the
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Fig. 26: Photosensitisation Experiments with 15a (left) and 28a (right) and DPBF in 
Hexanol at 298 K.

black trace: DPBF + PS + O2

red traces: DPBF + light + O2

green trace: DPBF + PS + light
blue traces: DPBF + PS + O2 + light
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corresponding zinc-tetraquinoxalinoporphyrazine 28a was examined for its 

photosensitising potency. The compound was indeed found to be an efficient singlet 

oxygen generator in this experiment (Fig. 26, right). Like in the case of the 

tetrapyrazinoporphyrazines 9a and 9d, a rapid decay of DPBF is observed, indicating that 

singlet oxygen is efficiently generated. Mass spectrometric analysis of the solution 

confirmed that the expected photooxidation product 1,2-dibenzoylbenzene 51 was 

formed.

The more hydrophilic PEG-substituted Mg-tetrapyrazinoporphyrazine 9v and tetra

quinoxalinoporphyrazine 15v were also investigated for their photosensitising ability in 

this experiment and the results are summarised in Fig. 27. Tetrapyrazinoporphyrazine 9v
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Fig. 27: Photosensitisation Experiments with 9v (left) and 15v (right) and DPBF in 
Hexanol at 298 K.

black traces: DPBF + PS + O2

red traces: DPBF + light + O2

green trace: DPBF + PS + light
blue traces: DPBF + PS + O2 + light
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proved to be a good sensitiser (Fig. 27, left), although the rate of decay of DPBF under 

almost identical [PS] concentrations in the presence of 9v (Fig. 27, left, blue trace) is 

slightly lower than that in the presence of 9a or 9d (Fig. 25, blue traces), indicating that 

9v is a somewhat less efficient sensitiser in hexanol than 9a and 9d. This might be 

explained by the fact that, in contrast to 9a and 9d, the derivative 9v is considerably 

aggregated in hexanol solution, as evidenced by its electron absorption spectrum. 

Magnesium tetraquinoxalinoporphyrazine 15v displays only a minimal photosensitising 

effect under these experimental conditions. This is in agreement with the modest 

photosensitising effect observed for the related quinoxalinoporphyrazine 15a and the 

finding is perhaps aggravated by the fact that, in contrast to 15a, the PEG-substituted 

derivative 15v prevails aggregated to a significant extent in hexanol solution.

In principle, the experiments described here for the determination of singlet oxygen 

generation can be utilised to calculate the singlet oxygen quantum yield of a 

photosensitiser. This is done using a Stem-Volmer plot and the quantum yield of the 

photo-induced decay of DPBF. This quantum yield of DPBF ( 0d p b f )  is given as

Ct-Co
( D d p b f  =  —  -------------

labs
 -t
Vr

where cq and Ci are the DPBF concentrations before and after irradiation, Vr is the 

reaction volume, t is the irradiation time per cycle and labs is the number of photons 

absorbed by the photosensitiser. lats is given by

where E is the absorbance of the sensitiser at the irradiation wavelength, A is the 

irradiation area, is the intensity of light at the irradiation wavelength and Na is 

Avogadro’s constant.^^* ’̂ '
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It is, however, important to note that the simple way the experiments were set up in this 

investigation only allows a qualitative assessment of the ability of a sensitiser to produce 

singlet oxygen and no singlet oxygen quantum yields can be derived from these data. The 

reason for that mainly arises from the fact that the samples were irradiated with all 

wavelengths above 550 nm emitted by the halogen lamp used, implying that no particular 

irradiation wavelength had been defined and in turn Px could not be determined. (The 

measured light intensity of 50 mW cm'* only represents the integrated intensity of all 

wavelengths of the halogen lamp above 550 nm). This consideration also implies that the 

efficiencies of the tetrapyrazinoporphyrazines and tetraquinoxalinoporphyrazines to 

generate singlet oxygen evaluated in the above experiments cannot be compared since it 

can be anticipated that the light intensity of the halogen lamp at 670 nm (the absorption 

maximum of the tetrapyrazinoporphyrazines) and 770 nm (the absorption maximum of 

the tetraquinoxalinoporphyrazines) is not identical.

Another reason which makes it inappropriate to derive singlet oxygen quantum yields 

from these DPBF-decay experiments is that it must be secured that the reaction with 

singlet oxygen is the sole reason for the decay of DPBF. However, the above experiments 

under oxygen-free conditions indicate that other processes between the sensitiser and 

DPBF cannot be ruled out.

While this work therefore confirms that the new octaalkynyl phthalocyanine analogues 

are photooxidising agents (with the exception of tetraquinoxalinoporphyrazine 15v), this 

property cannot be assessed quantitatively at this point and awaits fiirther investigation.
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3.2 Photostability

Photosensitisers (and dyestuflfs in general) are frequently susceptible to a process called 

photobleaching, which is generally defined as the loss of absorbance and/or fluorescence 

caused by an irreversible chemical change of the chromophore upon exposure to light. 

The photostability of a chromophore in turn is its resistance towards photobleaching.

The reason for the occurrence of photobleaching of photosensitisers is mainly because the 

photosensitiser itself can react with singlet oxygen (or any other reactive oxygen species) 

it is expected to generate.^***’ Another reason is that the excited state of a molecule 

with one electron located in an antibonding orbital and lacking an electron in a bonding 

orbital is expected to be more easily oxidised than the ground state.

For PDT applications, the photostability of the PDT agent is an important criterion since 

the dye must be resistant enough towards photobleaching to survive the duration of the 

treatment. On the other hand, some photosensitiser will always be found in healthy tissue 

and in order to avoid prolonged sensitivity of the patient towards sunlight, some 

photobleaching efifect leading to the decay of the unwanted sensitiser might be desirable.

The most convenient method to determine the photostability of a sensitiser is to follow 

the time-dependent absorption of the dye during irradiation with l i g h t . H e n c e ,  

aerated solutions of the novel tetrapyrazinoporphyrazines and tetraquinoxalino

porphyrazines in hexanol were irradiated with the same light source as before (slide 

projector halogen lamp, 24 V/250W, cut-ofiF all filter < 550 nm) at a fluence rate of 50 

mW cm'* and the change of absorption at the respective g-band maximum was 

monitored. The absorptions of magnesium tetrapyrazinoporphyrazines 9a (lmax(hexanol) 

= 670 nm; e = 319000 M'*cm'*) and 9d (Imax(hexanol) = 677 nm; e = 331000 M"*cm'*) 

remained unchanged over the course of four hours (Fig. 28, lefl;) in this experiment, 

indicating that these dyes are not susceptible to photobleaching under these conditions. In 

the case of magnesium tetraquinoxalinoporphyrazine 15a (Imax(hexanol) = 779 nm; e = 

335000 M'*cm'*), the situation is somewhat different and some photobleaching can be 

observed (Fig. 28, right). After irradiation for four hours, only 55 % of the original 

absorption at its g-band absorption maximum was detected. The corresponding zinc
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tetraquinoxalinoporphyrazine 28a (Àmax(hexanol) = 775 nm; 8 = 330000 M‘'cm’'), on the 

other hand, displayed a high photo stability; after irradiation for four hours, 94 % of the 

original absorption was detected (Fig. 28, right).
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Fig. 28: Photostability of 9a, 9d (left) and 15a, 28a (right) in Hexanol Solution at 298 K

The PEG-substituted Mg-tetrapyrazinoporphyrazine 9v and Mg-tetraquinoxalino- 

porphyrazine 15v were also examined in this experiment and both dyes showed virtually 

no photobleaching after irradiation for four hours. However, these results are not 

necessarily conclusive since both chromophores are significantly aggregated in hexanol 

solution. In these aggregates, the individual molecules might be protected fi*om exposure 

to singlet oxygen and therefore from photobleaching processes.
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3.3. Conclusions

The qualitative assessment of the photosensitising potency of the novel acetylenic 

phthalocyanine analogues has revealed that the magnesium octaalkynyltetrapyrazino- 

porphyrazines 9 are efficient singlet oxygen generators. The corresponding magnesium 

tetraquinoxalinoporphyrazines 15 proved to be significantly less effective in their ability 

to generate singlet oxygen. The acetylenic zinc tetraquinoxalinoporphyrazine 28a, on the 

other hand, was shown to be a good sensitiser in the photosensitisation experiments with 

DPBF.

The magnesium tetrapyrazinoporphyrazines 9 and the zinc tetraquinoxalinoporphyrazine 

28a are photostable (towards light above 550 nm) and show no sign of photobleaching 

upon irradiation with a slide projector lamp, whereas the magnesium tetraquinoxalino

porphyrazine 15a is susceptible to photobleaching to some degree.

These results indicate that the acetylenic Mg-tetrapyrazinoporphyrazines in particular are 

promising photosensitisers for PDT applications and should encourage others to examine 

their PDT-potential in more detail.

In the case of the acetylenic tetraquinoxalinoporphyrazines, the situation is somewhat 

ambiguous. The results obtained in this investigation suggest that only their zinc- 

complexes are efficient photosensitisers whereas the corresponding magnesium 

complexes do not promote themselves as convincing photosensitisers. Hence, with 

regard to potential PDT-applications, it will be necessary to gain access to more 

hydrophilic derivatives of zinc complex 28a. Such dyes have remained elusive during the 

course of this work as a result of the apparent reluctance of the chemically more versatile

2,3-bis(arylethynyl)-6,7-dicyanoquinoxalines 25d and 25v to take part in appropriate 

cyclotetramerisation reactions and the reluctance of the corresponding magnesium 

complexes 15d and 15v to undergo transmetallation reactions. However, in the light of 

the interesting electron absorption spectra of these acetylenic tetraquinoxalino

porphyrazines, it will be appealing to pursue this issue fiirther and search for synthetic 

means for more hydrophilic derivatives of zinc tetraquinoxalinoporphyrazine 28.
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4. Summary and Prospects

This thesis delineates the potential of vicinally dialkynylated 1,2-diketones 13 for the 

synthesis of a variety of novel acetylenic phthalocyanines and phthalocyanine analogues 

with the aim to devise potent photosensitisers for PDT.

O R

Acetylenic PDT-Photosensitiser

R ' O
13

Scheme 55: Dialkynyl-1,2-diones 13 as Building Blocks for PDT-Agents

Previous research in our group has established the copper-mediated reaction of lithium 

acetylides with oxalyl chloride for the synthesis of acetylenic diketones 13. 1,6-

Bis(triisopropylsilyl)hexa-1,5-diyne-3,4-dione 13a and 1,6-diphenylhexa-1,5-diyne-3,4- 

dione 13b had been prepared applying this procedure as the first examples of this class of 

compounds . In  an extension of this methodology, it could be demonstrated that this 

reaction is applicable to a range of differently substituted phenylacetylenes (Scheme 56) 

which was the key to the progression of this project.

Cu

ClV'
o

LiBr

13b: Ri = R2 = Rs= 13k: Ri = R2 = H, Rs= methoxy

13c: Ri = R2 = H, R3 = fe/t-butyl 131: Ri = R2 = H, R3 = tetrahydropyran-2-yloxy

13d: Ri = R3 = H, R2= ferf-butyl 13q: Ri = Me, R2 = H, R3 =tetrahydropyran-2-yloxy

13j: Ri = R2 = H, R3 = trilsopropylsilyloxy 13v: Ri = Me, R2 = H, R3= (0 CH2CH2)30Me

Scheme 56: Novel Diketones 13
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Apart from alkyl-substituted phenylacetylenes, appropriately protected ethynylphenols in 

particular proved to be good acetylenic precursors. All of the diketones were obtained as 

yellow solids and could be conveniently purified by recrystallisation.

With diketones 13 in hand it has been possible to prepare hitherto unknown 2,3- 

bis(arylethynyl)-5,6-dicyanopyrazines 16 and 6,7-dicyano-2,3-diethynylquinoxalines 25 

by condensation of 13 with diaminomaleonitrile and 4,5-diaminophthalonitrile, 

respectively, in acetic acid (Scheme 57). All of these novel heteroaromatic compounds 

(except 25a) were obtained as crystalline solids and could be easily purified by 

recrystallisation.
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16d: R = Ra = H, R2 = fe/f-butyl

16j: R — R2 —H, R3 —trilsopropylsilyloxy
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16m:R — R2 “ H, Ra = OH

16r: R = Me, R2= H, R3 = 0 H

16v: R = Me, R2= H, Rs= (0 CH2 CH2 )3 0 Me

25a: R = triisopropylsilyl

25d: R = 3,5-di(teAt-butyl)phenyl

25j: R = 4-(triisopropylsilyloxy)phenyl

25v: R = 2 ,6 -Me2 -4 -[(OCH2 CH2 )3 0 Me]phenyl

Scheme 57: Dicyanopyrazines 16 and Dicyanoquinoxalines 25
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The successful synthesis of dicyanopyrazines 16 and dicyanoquinoxalines 25 opened up 

the route to a variety of hitherto unknown acetylenic phthalocyanine analogues. As the 

first representatives of these new classes of compounds, the lipophilic tetrapyrazino

porphyrazines 9b -  9d and tetraquinoxalinoporphyrazines 15a and 15d were described in 

chapter one (Scheme 58).
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Scheme 58: Novel Acetylenic Phthalocyanine Analogues
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The bulky peripheral triisopropylsilyl-substituents of 15a and the extensive peripheral 

ferf-butyl-substitution of 9d and 15d ensure good solubility of these dyes in common 

organic solvents and enable purification by standard chromatographic methods.

Moreover, it has been shown in chapter one that the acetylenic diketones 13 can also 

serve as precursors for the synthesis of acetylenic phthalocyanines. Bisolefination of 13 

using either a Wittig-reaction (13a) or a Peterson-olefination (13c and 13d) as 

complementary procedures afforded the corresponding 2,3-diethynyl-buta-1,3-dienes 

19a, 19c and 19d as novel representatives of this structural motif which had been 

previously inaccessible. Although compounds 19 proved to be poor dienes in Diels-

.0 Wittig-reaction (13a)
 ^

O Peterson-(13c, 13d) 
olefination 

13 R

19a; R = triisopropylsilyl 

19c: R = 4-feff-butylphenyl 

19d: R = 3,5-di(terf-butyl)phenyl

R R

1 . NC — -C N

2. DDQ

18a: R = triisopropylsilyl 

18d: R = 3,5-di(terf-butyl)phenyl

14

N—  Mg —N

Mg(0 Bu)2 , BuOH, 

reflux

R

R

14a: R = triisopropylsilyl 

14d: R = 3,5-di(te/t-butyl)phenyl

Scheme 59: Synthesis of Acetylenic Phthalocyanines 14
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Alder-reactions, they could be reacted with dicyanoacetylene in [4+2] cycloadditions, to 

give, after aromatisation with D D Q  4,5-diethynylphthalonitriles 1 8a and 18 d . Subsequent 

cyclotetramerisation afforded octaalkynylphthalocyanines 1 4a and 1 4 d .

All of the novel acetylenic chromophores are characterised by intense ^-band 

absorptions with absorption maxima ranging fi*om 670 nm to 770 nm. The absorption 

maxima are consistently bathochromically shifted by approximately 40 nm compared to 

those of the respective non-acetylenic counterparts. In the case of the tetrapyrazinopor

phyrazines 9 and the phthalocyanines 14, the extended rr-system generated by the 

appendage of peripheral phenyl-groups of 9 d  and 14d  leads to a small but noticeable 

bathochromic shift of the ^-band absorption maximum of around 10 nm compared to that 

of 9 a  and 1 4 a , which might be a valuable handle to fine-tune the optophysical properties 

of these dyes (Fig. 28).

9a/9d 15a / 15d

14a / 14d

Eo

o

300 4 00 500 6 00 700 800

X [nm]

F ig . 2 8 : Electronic Absorption Spectra of Novel Acetylenic Red/NIR-Chromophores in 

THF at 298 K



Summary and Prospects 109

In summary, the research presented in the hrst chapter illustrates that the acetylenic 

diketones 13 are powerful and flexible building blocks for the synthesis of acetylenic 

phthalocyanines and phthalocyanine analogues. The unique electron absorption 

properties along with the concise synthesis make these dyes interesting as 

photosensitisers for PDT.

The second chapter deals with the synthesis of more hydrophilic derivatives of the new 

dyes in order to make them more suitable for PDT applications. After some ill-fated 

attempts to synthesise fimctionally versatile derivatives of pyrazines 16 and quinoxalines 

25 based on 5-iodoisophthalic acid esters, it was found that appropriately hydroxy- 

protected 4-iodophenols are valuable precursors for that purpose. This approach led to the 

preparation of phenolic pyrazines 16m and 16r. Although they display a marked 

instability in basic media, both pyrazines could be converted to earboxylic acid esters 16n 

and 16s (Scheme 60), which opened up the way to the first hydrophilic derivatives of 

octaalkynyltetrapyrazinoporphyrazines 9 (Scheme 61).

N. X N

IN 'CN

16m; R = H

16r: R = Me

EtOgC

S r  COgEt 

CS2 CO3 , THF

EtOgC O

N . X NIN X N

16n: R = H

IBs: R = Me

Scheme 60: Synthesis of 16n and 16s
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Mg(0 Bu)2 , BuOH, 
reflux

N— —N16n, 16s

9o — H, R2  ~ OCH2 CO2 BU 

9ti R  ̂ — Me, R2  — OCH2 CO2 BUKOH, H2 O, 
THF, MeOH RiR

9p: Ri = H, R2  = OCH2 CO2 H 

9u R-| — Me, R2  — OCH2 CO2 H

Ro

Scheme 61: Synthesis of Tetrapyrazinoporphyrazines 9p and 9u

The hydrolysed tetrapyrazinoporphyrazines 9p and 9u display a poor solubility in most 

organic solvents and could not be properly purified and characterised. They are, however 

soluble in DMSO and in basic aqueous media. Whereas derivative 9p is significantly 

aggregated in DMSO-solution, the additional methyl groups of 9u effectively diminish 

aggregation in that solvent. In aqueous solution, both substances do aggregate, even at 

basic pH. While these two compounds are the first water-soluble representatives of 

alkynyltetrapyrazinoporphyrazines 9, the modest solubility and the problematic 

purification and characterisation procedures render these dyes not particularly valuable 

for PDT.

Alternatively, the deployment of polyethylene glycol (PEG) chains as hydrophilic, 

solubilising peripheral substituents was explored. The synthesis of the requisite pyrazine 

16v and quinoxaline 25v was accomplished in five steps fi-om 4-iodo-3,5-dimethylphenol 

39 via the acetylenic diketone 13v as the key intermediate. Cyclotetramerisation of 16v



Summary and Prospects 111

and 25v, respectively, afforded tetrapyrazinoporphyrazine 9v and tetraquinoxalino

porphyrazine 15v as waxy, green solids (Scheme 62).
R R

Mg(0Bu)2, BuOH, 
reflux

16v  > N— Mg —N

#  %

% #

N— Mg —N

Mg(0Bu)2, BuOH, 
reflux

25v  ^

/  % 
(  15v

Scheme 62: Synthesis of 9v and 15v

Although neither of the two chromophores is soluble in water, both dyes display a good 

solubility in a range of organic solvents, including polar solvents such as methanol, 

ethanol and DMSO and even ethanol/water mixtures. The good solubility allowed
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purification and characterisation in the standard way and their hydrophilic character make 

these dyes interesting for PDT applications. The respective electronic absorption spectra 

reveal that tetrapyrazinoporphyrazine 9v does not aggregate in DMSO, whereas 

tetraquinoxalinoporphyrazine 15v is significantly aggregated. In THF, both dyes are 

aggregated, but the relative degree of aggregation is reversed (Fig. 29).

40 40
DMSO THF

15v 15v

Eo

o

300 400 500 600 700 800 900 300 400 500 600 700 800 900

À [nm] À [nm]

Fig. 29: Electronic Absorption Spectra of Dyes 9v (blue lines) and 15v (red lines) 

in DMSO (left) and THF (right) at 298 K

Since these novel chromophores were designed as agents for PDT applications, their 

photosensitising potency was evaluated in the third chapter. In particular, their ability to 

generate singlet oxygen was qualitatively probed using 1,3-diphenylisobenzofuran 

(DPBF) as trapping agent. These experiments reveal that all of the magnesium 

tetrapyrazinoporphyrazines 9 are effective singlet oxygen generators, showing that they 

are indeed promising candidates as photosensitisers for PDT. Likewise, the zinc 

tetraquinoxalinoporphyrazine 28a proved to be a good singlet oxygen generator, whereas 

the magnesium tetraquinoxalinoporphyrazines 15 display modest or no photooxidation 

activity. The quandary arising at this point is that the chemically more versatile 

octakis(arylethynyl)-derivatives and in particular more hydrophilic derivatives of 28 have 

remained elusive throughout this work.
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Overall, this study has established the versatility of the acetylenic diketones 13 as 

building blocks for the synthesis of acetylenic phthalocyanine-like chromophores. The 

novel dyes represent new classes of photosensitisers, several of which, by virtue of their 

concise and flexible synthesis and their (photo)chemical properties, are promising 

candidates as effective PDT agents. As such, the acetylenic dyes delineated in this work 

are viable alternatives to some of the phthalo- and naphthalocyanines that are currently 

being investigated as second generation sensitisers for PDT and might be superior over 

their non-acetylenic counterparts as they generally display a substantial bathochromic 

shift of the g-band absorption maximum.

In fiiture work on this subject, a more thorough investigation of the novel photosensitisers 

will be required. It will be important to assess the cytotoxicity, the dark toxicity and the 

selectivity for tumour tissue in biological experiments. Especially the PEG-substituted 

tetrapyrazinoporphyrazine 9v is expected to be a good model compound for these tests in 

terms of solubility. Depending on the outcome of these experiments, it might be valuable 

to explore further derivatives of 9 with a modulated peripheral substitution pattern. In 

particular, it will be interesting to prepare unsymmetrical derivatives of 9, bearing 

hydrophobic and hydrophilic peripheral substituents to create amphiphilic sensitisers 

since it has emerged that such sensitisers tend to exhibit enhanced selectivity for the 

target tissue. Differently substituted phthalocyanines can be prepared either by a

ring expansion reaction of a so-called subphthalocyanine with a diiminoisoindolinê ^^®̂  or 

by a statistical cyclotetramerisation of two differently substituted 2,3-dicyanopyrazines.^"*^
- 48 ]

The acetylenic tetraquinoxalinoporphyrazines that have been invoked in this study are 

interesting chromophores for PDT and superior over the related tetrapyrazino

porphyrazines in terms of their electron absorption properties. However, only the 

triisopropylsilyl-substituted zinc-complex 28a proved to be an effective photosensitiser 

and efforts to prepare more hydrophilic derivatives of 28 were unsuccessful. Hence, the 

prime target of future work on this subject must be to find alternative ways to gain access 

to such hydrophilic sensitisers. Several possibihties that have not been explored in this
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work are conceivable to achieve this aim. For instance, it might be worth attempting to 

prepare and isolate the metal-free tetraquinoxalinoporphyrazine and introduce the metal 

in a separate reaction, as it has been observed that treatment of quinoxaline 25d with 

lithium pentanolate in pentanol produces a species with the characteristic green colour for 

this type of chromophores. However, in preliminary experiments, the conversion of the 

intermediate to the corresponding zinc-phthalocyanine by treatment of the reaction 

mixture with Zn(0 Ac)2 ^̂^̂ was not successful. Moreover, based on the good results 

obtained with magnesium butoxide for the preparation of the corresponding magnesium 

complexes 15, the use of zinc alkoxideŝ *̂ *̂  could be attempted. Another possibility 

would be to apply the procedure for the synthesis of phthalocyanines at room temperature 

described by Leznoff et al
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C. EXPERIMENTAL

1. General

All reactions were conducted in oven-dried glassware under an argon atmosphere. Unless 

otherwise indicated, all reagents were purchased from commercial suppliers and were 

used as received. Known starting materials that were not commercially available were 

prepared according to literature procedures, cited in the text. Solvents were purified and 

dried according to customary p r o c e d u r e s : THF and diethyl ether were distilled from 

sodium/benzophenone under a nitrogen atmosphere; toluene was distilled from sodium 

under a nitrogen atmosphere; dichloromethane, acetonitrüe and triethylamine were 

distilled from calcium hydride under a nitrogen atmosphere; methanol, butanol, pentanol 

and hexanol were refluxed with magnesium, activated by iodine, distilled and stored 

under argon over molecular sieves (4Â). DBU, quinoline and DMAE were distilled from 

KOH and stored under argon over molecular sieves (4À). DMF was distilled from 

magnesium sulfate and stored under argon over molecular sieves (4Â). Lithium bromide 

was dried at 160 °C at 0.1 mm Hg for 2 h.

Analytical thin layer chromatography was carried out using precoated, aluminium- 

backed, silica 60 F254 plates (E. Merck + Co.) and the spots visualised by UV-light, 50 % 

sulphuric acid or basic potassium permanganate solution. Flash column chromatography 

was performed under positive pressure from a compressed air line using silica 60, 

supplied by BDH (230 -  400 mesh). Gel permeation chromatography was performed 

using a polystyrene resin cross-linked with divinylbenzene (Bio-beads 1-SX®, Bio-Rad, 

Munich), preswollen in THF.

Melting points were determined on a Reichert hotstage and are uncorrected.
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*H-NMR spectra were recorded on Bruker AMX300, Bruker AMX400 and Bruker 

DRX500 instruments in CDCI3, acetone-dô, DMSO-d6  or THF/CDCI3 and are reported as 

follows: chemical shift 6  (ppm), [multiplicity, number of protons, coupling constant J  

(Hz) and assignment]. Residual protic solvent CHCI3 (Ôh =7.24 ppm), CD3C(0 )CD2H (Ôh 

= 2.04 ppm) or CD3S(0 )CD2H (Ôh = 2.49 ppm) was used as internal reference. *^C-NMR 

spectra were recorded on the same instruments operating at frequencies of 100.5 MHz 

and 126 MHz, respectively, using the central signals of CDCI3 (Ôc =77.0 ppm), acetone-de 

(ôc = 29.8 ppm) or DMSO-dô (Ôc = 39.5 ppm) as reference signal.

IR-spectra were taken on a Perkin Elmer 1600 FT-IR and Shimadzu FTIR-8700 

spectrometers either as KBr-discs, in chloroform solution, or as film.

UV-spectra were taken on a Perkin Elmer Lamba 40 instrument; absorption maxima 

(Imax) in nm; extinction coefBcients 8  in IVf* cm'*. Fluorescence measurements were 

carried out on a Perkin Elmer LS50B luminescence spectrometer.

Mass spectra were recorded on a VG ZAB SE instrument (El and FAB ionisation) or a 

Micromass Quattro LC instrument (ES and APCI). MALDI-TOF mass spectrometry was 

carried out on a Fisons VG TOF Spec or a Bruker Bifiex III Refiectron MALDI-TOF 

Mass Spectrometer using /rfl«5 -3 -indoleacrylic acid as matrix.

Microanalyses were carried out on a Perkin Elmer 2400 CHN machine.
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2. Syntheses

2.1. Acetylenic Precursors

Dimethyl 5-iodoisophthalate

M©02C

M6 0 2 C

A suspension of 5-iodoisophthalic acid 30^^ (10 g, 34 mmol) in thionyl chloride

(25ml) and DMF (0.2 ml) was heated to reflux until all the starting material had dissolved 

and the evolution of gas had ceased (ca. 30 min). Excess thionyl chloride was then 

distilled, the last traces were removed in vacuo, leaving a brownish oil. To this was 

slowly added MeOH (50 ml), and after complete addition, the reaction mixture was 

heated to reflux for 30 min. After this time, the resulting solution was allowed to cool to 

room temperature, resulting in the precipitation of the product as fine colourless needles. 

The solid was collected by filtration and recrystallised fi*om MeOH, affording the title 

compound as fine colourless needles, 8.86 g (28 mmol, 82 %; lit.̂ ®̂̂ 54 %), m.p 104 -  

105 °C; lit.̂ °̂] 103 -  104 °C.

^H-NMR rCDCk 400 MHzh Ô = 8.56 (t, IH, 1.5 Hz, CH); 8.48 (d, 2H, J =  1.5 Hz, 

CH); 3.90 (s, 6H, CH3)

'^C-NMR rCDCl3^100.5 MHzh Ô = 164.7; 142.4; 132.1; 129.8; 93.4; 52.6

EI-MS nOoWXm/ziVoY 320 (97.6) [M^]; 289 (100) [M" - OCH3]; 261 (72.7); 246 (70.8)

Dimethyl 5-ftrimethvlsilvlethvnvlftsophthalate (32g)

M6 O2C

—  SiMea

M6O2C
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A solution of dimethyl 5-iodoisophthalate (2.5 g, 7.81 mmol) in PhMe (20 ml) and

EtsN (10 ml) was purged with Ar for 5 min. To the solution was added 

trimethylsilylacetylene (2.5 ml, 17.17 mmmol), (PPh3)2PdCl2 (160 mg, 0.23 mmol) and 

Cul (44 mg, 0.23 mmol) and the reaction mixture was stirred for 30 min at room 

temperature. After filtration through a pad of silica (CH2CI2), the removal of the solvents 

in vacuo afforded a brown solid, which was subjected to flash chromatography (25 % 

EtOAc in hexane), yielding the title compound as a colourless solid, 2.23 g, 7.67 mmol, 

98 %), m.p. 105 -  106 °C (MeOH).

IRJXBr): v = 2953 cm ‘ (CH); 2158 (C=C); 1736 (C=0)

^H-NMR (CDCk 400 MHzl: 8  = 8.54 (t, IH, J=  1.6 Hz, CH); 8.24 (d, 2H, J =  1.6 Hz, 

CH); 3.9 (s, 6 H, OCH3); 0.22 (s, 9H, Si(CH3)3)

'^C-NMR fCDCl2_1 0 0 . 5  MHz): 6  = 165.5; 136.8; 130.7; 130.2; 124.1; 102.6; 96.6; 52.4; 

-0.3

EI-MS m Q V\m /z(Vo): 290 (13.9) [M^]; 275 (100) [M" - C H 3]

Elemental analvsis: C,5H,8 0 4 Si(290.3892): calcd. C 62.04, H 6.25; found C 61.85, H 6.09 

(fi-om MeOH)

Dimethvl 5-ethvnvlisophthalate (29g)̂ **̂

M6 O2 C

MeOjC

To a solution of 32g (2.0 g, 6.9 mmol) in MeOH (30 ml) and THF (10 ml) was added 

anhydrous potassium carbonate (300 mg, 2.2 mmol) and the reaction mixture was stirred 

for 3 h at room temperature. Saturated aqueous ammonium chloride solution (50 ml) was 

then added and the mixture extracted with CH2CI2 (150 ml). The organic phase was 

washed with water (2 x 100 ml) and brine (100 ml) and dried over Na2S0 4 . Removal of 

the solvent left a colourless solid which was purified by flash chromatography (25 % 

EtOAc in hexane), 1.33 g (6.1 mmol, 8 8  %), m.p. 129 -  132 °C.
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IR fKBrt: V = 3250 cm ' (acetylenic CH); 2951 (CH); 2108 (O C ); 1726 (C=0)

'H-NMR (CDCk 400 MHzl: 8  = 8.61 (t, IH, 1.6 Hz, aryl CH); 8.29 (d, 2H, 7  = 1.6 

Hz, aryl CH); 3.93 (s, 6 H, CH3); 3.15 (s, IH, CCH)

'^C-NMR (CDClj^lOO.5 MHz): 8  = 165.4; 137.0; 130.9; 130.6; 123.2; 81.5; 79.2; 52.6 

EI-MS 170eVl.ffi/zf%l: 218 (100) [M+]; 187 (100) pvf - OCH3]; 159 (46.7); 144 (33.2) 

Elemental analvsis: C12H10O4 (218.207): calcd. C 66.05, H 4.62; found C 66.19, H 4.66

Di-tgrr-butvl 5-iodoisophthalate (31 h)

*Bu02C '" '^ '^=^C 02^B u

A suspension of 5-iodoisophthalic acid 30̂ *̂ ’ (5.0 g, 17.1 mmol) in thionyl chloride

(12.5 ml) and DMF (0.1 ml) was heated to reflux until all the starting material had 

dissolved and the evolution of gas had ceased (ca. 30 min). Excess thionyl chloride was 

distilled, last traces were removed in vacuo, leaving a brownish oil. This was taken up in 

toluene (40 ml) and potassium /gr/-butoxide (5.76 g, 51.4 mmol) was carefully added in 

small portions at room temperature. After the addition was complete, the reaction mixture 

was heated to reflux for 1 0  min, cooled to room temperature and filtered through a pad of 

silica (CH2CI2). Evaporation of the solvent in vacuo yielded the product as a colourless 

solid in analytically pure form 5.15 g (12.7 mmol, 74 %), m.p. 142 - 147 °C.

IR (KBrl: v = 2980 cm ' (CH); 2934 (CH); 1709 (C=0); 1157 (C-O)

'H-NMR fCDCh. 400 MHzl: 8  = 8.48 (t, IH, y  = 1.5 Hz, CH); 8.41 (d, 2H, J =  1.5 Hz, 

CH); 1.57 (s, 18H, CH3)

'^C-NMR fCDCU 100.5 MHzl: 8  = 163.5; 141.8; 133.8; 129.6; 93.2; 82.2; 28.1

EI-MS (70eVl. m/z (%Y 404 (25.6) [M^; 331 (45.9); 292 (67.4); 275 (67.0); 57 (100)

[C (C H 3 )3 + ]

Elemental analvsis: C16H21O4I (404.2379): calcd. C 47.54, H 5.24; found C 47.44, H 5.16
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Di-fer/-butvl 5-(trimethvlsilvlethvnvOisophthalate (32h)

BUO2C

Compound 32h was prepared from 31h (4.5 g, 11.1 mmol) in analogy to compound 32g. 

After the reaction was complete (15 min), the solvents were evaporated in vacuo and the 

crude product was purified by flash chromatography (10 % EtOAc in hexane), yielding 

the title compound as a colourless solid, 4.02 g (10.7 mmol, 97 %), m.p. 115 -  117 °C.

IR fKBrt: V = 2978 cm ' (CH); 2156 (O C); 1720 (C=0)

'H-NMR ICDCk 400 MHzl: Ô = 8.47 (t, IH, J  = 1.6 Hz, CH); 8.16 (d, 2H, 1.6 Hz,

CH); 1.59 (s, 18H, C(CH3)s); 0.24 (s, 9H, SKCHa);)

'^C-NMR (CDCl^lOO.5 MHzl: 5 = 164.3; 136.3; 132.4; 130.1; 123.6; 103.2; 96.0; 81.9; 

28.1;-0.2

EI-MS 170eVl. m/z (%): 374 (53.4) [M^; 359 (75.3) |> f  - CHj]; 303 (82.5) [M  ̂- CH3 -  

C(CH3 )3  + H]; 247 (100) [M'’ - CH3 -  2 C(CH3 )3  + 2H]; 57 (45.0) [C(CH3)3l  

Elemental analvsis: C2 iH3o0 4 Si(374.55): calcd. C 67.34, H 8.07; found C 67.14, H 8.20

Di-ferr-butvl 5-ethvnvlisophthalate (29h)

H

Compound 29h was prepared from 32h (3.8 g, 10.2 mmol) in analogy to compound 29g. 

The crude product was purified by flash chromatography (5 % EtOAc in hexane) yielding 

the product as a colourless solid, 2.74 g (9.1 mmol, 89 %), m.p. 113-119 °C.

IRJKBr): v = 3265 cm ' (acetylenic CH); 2970 (CH); 2110 (C=C); 1713 (C=0)



Experimental__________________________________________________________

'H-NMR (CDCU. 400 MHz’): 5 = 8.50 (t, IH, 7  = 1.6 Hz, aryl CH); 8.20 (d, 2H, J=  1.6 

Hz, aryl CH); 3.13 (s, IH, CCH); 1.58 (s, 18H, CH3);

'^C-NMR ICDCk 100.5 MHzl: 8  = 164.2; 136.5; 132.6; 130.5; 122.6; 81.99; 81.97; 78.6;

28.1

EI-MS nOe\r>. m/z (%1: 302 (8.5) pvf]; 247 (18.4); 229 (50.5); 191 (37.2); 173 (72.7); 

57 (100) [C(CH3)3^

Elemental analvsis: C18H22O4 (302.3678): calcd. C 71.50, H 7.33; found C 71.64, H 7.32

1 -Iodo-4-(triisopropvlsilvloxv)benzene (35)

(/-PQsSiO— — I

To a solution of 4-iodophenol 34 (5.0 g, 22.7 mmol) and imidazole (3.87 g, 56.8 mmol) 

in CH2CI2 (40 ml) was added chlorotriisopropylsilane (4.84 ml, 4.38 g, 22.7 mmol) at 

room temperature. The reaction mixture was then stirred for 24 h at the same 

temperature. After this time, the solvent was evaporated in vacuo and the residue filtered 

through a pad of silica (hexane), yielding the product as a colourless oil, 7.99 g (21.2 

mmol, 93 %).

IRlfflml: V = 2943 cm'(CH); 2866 (CH)

'H-NMR fCDCIi. 400 MHzl: 5 = 7.47 (d, 2H, J  = 8.7 Hz, aiyl CH); 6.63 (d, 2H, 7=  8.7 

Hz, aryl CH); 1.21 (m, 3H, CHiCHjh); 1.07 (d, 18H,J= 7.2 Hz, CH(CH3)2)

'^C-NMR (CDCE. 100.5 MHzl: 8  = 156.0; 138.2; 122.3; 83.2; 17.8; 12.6

EI-MS ('70eVl. m /z (%1: 376 (54.6) pvC]; 333 (100) [IVT - CH(CH3)2]; 305 (33.4); 277

(51.2); 263 (26.9)

HR-MS (FABl. m/z: 376.0732 [M*]; C,;H23lOSi requires 376.0719
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l-Ethvnvl-4-(triisopropvlsilvloxv)benzene (36)

{ i - P r ) 3 S \ 0 - Ç j  =  H

A solution of l-iodo-4-(triisopropylsilyloxy)benzene 35 (2.83 g, 7.5 mmol) in PhMe (20 

ml) was purged with Ar for 5 min. To this solution was added EtgN (3.5 ml), 2-methyl- 

but-3-yn-2-ol (0.89 ml, 0.76 g, 9.0 mmol), (PPh3)2PdCl2 (100 mg, 0.14 mmol) and Cul 

(30 mg, 0.16 mmol) at room temperature. The reaction mixture was stirred for 30 min at 

the same temperature, after which time a black suspension was obtained. The volatile 

components were removed in vacuo and the residue filtered through a pad of silica (30% 

EtOAc in hexane), giving a brown oil. This was dissolved in PhH (30 ml) and crushed 

pellets of KOH (0.9 g, 16.1 mmol) were added. The reaction mixture was heated to reflux 

for 3 h, cooled to room temperature and the solvent was removed in vacuo. The residue 

was filtered through a pad of silica (hexane), yielding the title compound as a colourless 

oil, 1.42 g (5.1 mmol, 68%).

TR (filmV V = 3317 cm ' (acetylenic CH); 2945 (CH); 2866 (CH); 2108 (CW:)

'H-NMR fCDCh. 400 MHzl: 5 = 7.34 (d, 2H, 8.6 Hz, aryl CH); 6.79 (d, 2U,J=  8.6

Hz, aryl CH); 2.97 (s, IH, CCH); 1.24 (m, 3H, Ci/(CH3)2); 1.07 (d, 18H, 7.3 Hz,

CH(C%)2)

‘̂ C-NMR tCDCh. 100.5 MHzl: 5 = 156.7:133.6; 119.9; 114.4; 83.8; 75.8; 17.8; 12.6 

EI-MS (70eV~>. m/z (%): 274 (34.9) [M*]; 231 (100) [M  ̂- CH(CH3):]; 203 (39.4); 175 

(89.8); 161 (63.0)

HR-MS (FABT m/z: 275.1834; Ci7H260Si+H requires 275.1831
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4-Iodo-3.5-dimethvl-0-(tetrahvdropvran-2-vnphenol (40)

To a cooled (0 °C) suspension of 4-iodo-3,5-dimethylphenol (15.0 g, 60.0 mmol) 

and 3,4-dihydro-2//-pyran (8.21 ml, 7.57 g, 90.0 mmol) in CH2CI2 (80 ml) was added 

pyridinium /7-toluenesulfonate (PPTS, 1.5g, 6.0 mmol) in one portion. The reaction 

mixture was stirred for 2 h at room temperature after which time the resulting solution 

was filtered through a pad of silica (CH2CI2), followed by the removal of the solvent in 

vacuo giving the product as a colourless oil, 19.92 g (60.0 mmol, 100 %).

IR rfilmh V = 2944 cm'* (CH); 2874 (CH)

*H-NMR rCDCk 400 MHzl: Ô = 6.81 (s, 2H, aryl CH); 5.39 (t, IH, J=  3.1 Hz, OCHO);

3.86 (m, IH, OC/fH*); 3.59 (m, IH, OCH'E^); 2.43 (s, 6H, CH3); 1.84 -  1.58 (m, 6H, 

OCH2C/72C//2Cif2)
*^C-NMR (CDCh. 100.5 MHz): Ô = 156.5; 142.7; 115.3; 98.3; 96.1; 61.8; 30.2; 29.7; 

25.1; 18.6

EI-MS (70eVT w/zr%l: 332 (72.8) [M^]; 248 (100) |> f  - CsHgO]; 121 (64.2); 91 (76.0); 

85 (100) [CsHçO^]

Elemental analvsis: C13H17IO2 (332.1753): calcd. C 47.01, H 5.16; found C 46.97, H 4.93

3.5-Dimethvl-0-rtetrahvdropvran-2-vl)-4-(triisopropvlsilvlethvnvl)phenol (43)

.Si(/-Pr ) 3

A solution of compound 40 (7.5 g, 22.59 mmol) and triisopropylsilylacetylene (4.1 Ig, 

5.07 ml, 22.59 mmol) in Et3N (60 ml) was purged with Ar for 5 min. To this solution was 

added (PPh3)2PdCl2 (350 mg, 0.5 mmol) and the reaction mixture then heated to reflux.
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To the refluxing reaction mixture was added Cul (100 mg, 0.53 mmol) and reflux was 

continued for a total of 2.5 h. After Ih, further (PPh3)2PdCl2 (100 mg, 0.14 mmol) and 

Cul (50 mg, 0.27 mmol) were added. The reaction mixture was cooled to room 

temperature and the solvent removed in vacuo. The residue was filtered through a pad of 

silica (10% EtOAc in hexane), the solvents evaporated in vacuo and the brown oily 

product purified by flash chromatography (10% EtOAc in hexane) giving the title 

compound as a greasy, colourless solid, 8.50g (22.02 mmol, 97 %), m.p. 44 -  49 °C. 

IR(KBrt: V = 2942 cm ' (CH); 2864 (CH); 2146 (CeC)

'H-NMR (CDCl;. 400 MHzl: Ô = 6.66 (s, 2H, aiyl CH); 5.33 (t, IH, 3.1 Hz, OCHO); 

3.78 (m, IH, OC/Ch'); 3.51 (m, IH, OCH'Tf); 2.35 (s, 6H, CHj); 1.91 -  1.50 (m, 6H, 

0CH2C%C%C%); 1.08 (s, 21H, Si(CH(CH3)2)3)

'^C-NMR (CDCK. 100.5 MHzl: 5 = 156.3; 142.3; 116.8; 114.7; 104.5; 97.2; 95.9; 61.8; 

30.2; 25.2; 21.5; 18.7; 18.6; 11.3

EI-MS nOeVl. m/z (%): 386 (0.6) pvT]; 343 (0.7) [M  ̂- CH(CH3)2]; 302 (48.6) [M'’ - 

CjHsO]; 259 (100) [M+ - CH(CH3)2 - C;H;0]

HR-MS (FAB), m/z: 385.2540; C24H3g02Si-H requires 385.2563

4-Ethvnvl-3.5-dimethvl-0-ftetrahvdropvran-2-vfiphenol (44)

O" 0

To a solution of compound 43 (8.0 g, 20.7mmol) in THF (20 ml) and water (10 drops) 

was added TBAF (22.0 ml of a 1.0 M solution in THF containing » 3 % water, 22.0 

mmol) at room temperature and the reaction was stirred for 1.5 h. After this time, water 

(50 ml) and hexane (50 ml) were added to the reaction mixture and the layers were 

separated. The organic layer was dried (MgSO#), filtered and the solvents were removed 

in vacuo to leave a pale brownish oil. This was subjected to flash chromatography (1%
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EtOAc in hexane) yielding the title compound as a colourless oil, 4.3 g (18.70 mmol, 90 

%).

TR rfilm-l: v = 3287 cm' (acetylenic CH); 2946 (CH); 2875 (CH);2097 (CW:)

‘H-NMR tCDCh. 400 MHzl: S = 6.73 (s, 2H, aryl CH); 5.41 (t, IH, J=  3.1 Hz), OCHO);

3.86 (m, IH, 0CH‘H'^; 3.59 (m, IH, OCH’//^ ; 3.40 (s, IH, CCH); 2.40 (s, 6 H, CHj);

2.00 -  1.55 (m, 6 H, OCHzC^CT^CH;)

'^C-NMR (CDCk. 100.5 MHzl: S = 156.6; 142.6; 115.1; 114.7; 95.9; 83.8; 81.3; 61.9; 

30.2; 25.2; 21.2; 18.6

EI-MS t70eVT.w/z(%~>: 230 (42.7) pvT]; 146 (100) - C A O ]

Elemental analvsis: C15H18O2 (230.3052): calcd. C 78.23, H 7.88; found C 77.90, H 7.87

l-Iodo-4-[rtmethoxvethoxv)ethoxv]ethoxv)-2.6-dimethvlbenzene (46)

To a solution of 2-[(methoxyethoxy)ethoxy]ethyl bromide (5.15 g, 22.7 mmol) and 

4-iodo-3,5-dimethylphenol (9.03 g, 27.2 mmol) in MeCN (30 ml) was added

anhydrous potassium carbonate (6.26 g, 45.4 mmol) at room temperature. The reaction 

mixture was heated to reflux for 15 h. After this time, the mixture was cooled to room 

temperature, poured into water (150 ml), neutralised with 1 M hydrochloric acid and 

extracted with EtOAc (2 x 100 ml). The combined organic extracts were dried (MgS0 4 ), 

filtered and the solvents were removed in vacuo to leave a brown oil. This was subjected 

to flash chromatography (EtOAc/hexane 1:1), yielding the product as a pale yellow oil, 

6.73 g (17.1 mmol, 75 %).

TR TfilmT: v = 2876 cm ' (CH); 1111 (C-O)

'H-NMR rCDCE. 400 MHzl: 5 = 6.65 (s, 2H, CH); 4.06 (t, 2H, J=  4.9 Hz, OCHz); 3.80 

(t, 2H, y  = 4.9 Hz, OCHz); 3.70 (m, 2H, OCHj); 3.64 (m, 4H, OCHz); 3.52 (m, 2H, 

OCHz); 3.35 (s, 3H, OCH3); 2.40 (s, 6 H, CHj)
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^^C-NMR æ O C k  100.5 MHz): ô = 158.3; 142.7; 113.5; 97.2; 71.9; 70.8; 70.6; 70.5; 

69.6; 67.3; 59.0; 29.7

EI-MS r70eVl. m /z  (Vo): 394 (41.9) [M^]; 248 (32.2); 103 (27.7); 59 (100) 

[(CHaOCHiCHz)^
HR-MS (FABl m /z\ 395.0735; C15H23O4 +H requires 395.0719

l - [[(Methoxvethoxvlethoxv1ethoxv]-3.5-dimethvl-4-rtriethvlsilvlethvnvllbenzene (47)

SiEt.

A solution of compound 46 (6.22 g, 15.8 mmol) and triethylsilylacetylene (2.21 g, 2.82 

ml, 15.8 mmol) in EtglSf (40 ml) was purged with Ar for 5 min. To this solution was 

added (PPh3)2?dCl2 (240 mg, 0.34 mmol) and the reaction mixture was heated to reflux. 

To the refluxing reaction mixture was added Cul (130 mg, 0.68 mmol) and reflux was 

continued for 2 h. After this time, the reaction mixture had turned black. It was cooled to 

room temperature, the solvent was removed in  vacuo  and the residue filtered through a 

pad of silica (Et2 0 ) yielding the product as a pale yellow oil, 5.29 g (13.0 mmol, 83 %).

IR ffilml: V = 2954 cm ' (CH); 2876 (CH); 2145 (CsC); 1126 (C-O)

‘H-NMR (CDCh. 400 MHz'): S = 6.57 (s, 2H, CH); 4.07 (t, 2H, 7  = 4.9 Hz, OCH2); 3.81 

(t, 2H, J  = 4.9 Hz, OCH2); 3.70 (m, 2H, OCH2); 3.65 (m, 4H, OCH2); 3.53 (m, 2H, 

OCH2); 3.35 (s, 3H, OCH3); 2.38 (s, 6 H, CH3); 1.03 (t, 9H, 7 =  7.9 Hz, Si(CH2C% )3); 

0.65 (q, 6H ,7=  7.9 Hz, Si(C%CH3)3)

‘̂ C-NMR (CDCI;. 100.5 MHzl: 8  = 158.1; 142.3; 115.8; 112.9; 103.9; 98.2; 71.9; 70.8; 

70.6; 70.5; 69.6; 67.2; 59.0; 21.3; 7.6; 4.6

EI-MS I70eVI.w/zf%'>: 406 (52.3) [M^]; 59 (100) [(CH3 0 CH2CH2)^]

HR-MS (FAB), m /z: 407.2634; C23H3g0 4 Si+H requires 407.2618
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l-Ethvnvl-4-[[(Methoxvethoxv)ethoxv]ethoxvl-2.6-dimethvlbenzene (48)

To a solution of compound 47 (1.35 g, 3.33 mmol) in THE (20 ml) was added TBAF 

(3.50 ml of a 1.0 M solution in THF containing « 3 % water, 3.50 mmol) at room 

temperature and the reaction mixture was stirred for 15 min. After this time, the solvent 

was evaporated in  vacuo  and the residue filtered through a pad of silica (EtOAc/hexane 

1:1), giving the product as a pale yellow oil, 970 mg (3.33 mmol, 100 %).

TR rfilmV V = 3255 cm'(acetylenicCH); 2877 (CH);2095 (C=C); 1152 (C-O)

‘H-NMR tCDCk 400 MHzl: 5 = 6.57 (s, 2H, aryl CH); 4.07 (t, 2H, J =  4.9 Hz, OCH2);

3.81 (t, 2H, 4.9 Hz, OCH2); 3.70 (m, 2H, OCH2); 3.63 (m, 4H, OCH2); 3.52 (m, 2 H,

OCH2); 3.39 (s, IH, CCH); 3.35 (s, 3H, OCH3); 2.38 (s. 6 H, CH3)

'^C-NMR (CDCK. 100.5 MHzl: S = 158.3; 142.6; 114.4; 113.0; 83.7; 81.2; 71.8; 70.8; 

70.6; 70.5; 69.6; 67.2; 59.0; 21.2

EI-MS (70eVl. m /z  (% ): 292 (100) [M*]; 146 (57.7); 59 (97.4)

HR-MS TFABT m/z: 315.1560; CnH2 4 0 4 +Na requires 315.1572
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2.2. Hexa-l,5-diyne-3,4-diones

1.6-Bisr4-rgr^butvlphenvl)hexa-1.5-divne-3.4-dione (13c)^’^̂

To a cooled (0 °C) solution of 4-fer/-butylphenylacetylene^^^^ (2.63 g, 16.64 mmol) in 

THF (20 ml) was added BuLi (10.4 ml of a 1.6 M solution in hexane, 16.64 mmol). The 

reaction mixture was stirred for 10 min and then transferred via cannula to a cooled (0 

°C) solution of LiBr (2.89 g, 33.28 mmol) and CuBr (2.39 g, 16.64 mmol) in THF (100 

ml). The reaction mixture was stirred for 15 min at that temperature after which time a 

precooled (0 °C) solution of oxalyl chloride (0.96 g, 7.56 mmol) in THF (20 ml) was 

added dropwise. Stirring was continued for an additional 15 min and the reaction mixture 

was hydrolysed by the addition of a mixture of saturated aqueous solution of ammonium 

chloride (80 ml) and 1 M hydrochloric acid (20 ml). The organic layer was separated and 

the aqueous layer was extracted with EtzO (100 ml). The combined organic layers were 

dried over MgS0 4 , filtered and the solvents were evaporated in vacuo leaving a brownish 

oil, which was filtered through a pad of silica (EtzO) furnishing the crude product as a 

brown solid. Recrystallisation fi*om EtOH yielded the title compound as an orange solid, 

1.56 g (4.2 mmol, 56 %), m.p. 142-143 °C.

IRfCHCW: V = 3031 cm ' (CH); 2972 (CH); 2190 (C ^ ) ;  1664 (C=0)

UV fCHÆlil: Xmax ( e )  = 254 nm (20200); 337 (19400)

'H-NMR fCDCh. 400 MHzl: 5 = 7.64 (d, 4H, J =  8.5 Hz, CH); 7.45 (d, 4H, / =  8.5 Hz, 

CH); 5 = 1.33 (s, 18H, CHj)

'^C-NMR fCDCk 100.5 MHzl: 5 = 172.7; 155.8; 133.8; 125.9; 116.1; 100.8; 86.2; 35.2;

31.0

EI-MS aOeVl. m/z (%1: 370 (0.4) [ivf]; 185 (100) [M*/2]

Elemental analvsis: calcd. C 84.29, H 7.07; found C 84.59, H 7.08
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1.6-Bis[3.5-di( ferZ-butvDphenvllhexa-1.5-divne-3.4-dione (13d)

Dione 13d was prepared in analogy to dione 13c starting from 3,5-di(/^r/-butyl)- 

phenylacetylene^^^^ (3.56 g, 16.64 mmol). After hydrolysis, the mixture was extracted 

with CH2CI2 (2 X 100 ml). The crude product obtained from Si0 2  filtration (CH2CI2) was 

recrystallised from EtOAc yielding the title compound as yellow needles, 1.71 g (3.55 

mmol, 47 %), m.p. 181-182 °C (decomp.).

IR rCHCkk V = 3012 cm ' (CH); 2971 (CH); 2187 ( C ^ ) ,  1663 (C=0)

UV ICHoCkl: >.max (e) = 263 nm (24600); 344 (23900)

'H-NMR (CDClx. 400 MHzV 5 = 7.58 (t, 2H, J =  1.8 Hz, CH); 7.54 (d, 4H, J  = 1.8 Hz, 

CH, ); 1.33 (s, 36H, CHj)

'^C-NMR (CDCli. 100.5 MHzl: S = 173.0: 151.5; 128.2; 126.6; 118.2; 102.0; 85.4; 34.9;

31.2

EI-MS f70eV).w'zf%~>: 482 (2.5) P < |;  426 (89.0) [M*- 2 CO]; 241 (100) [M^/2] 

Elemental analvsis: C34H42O2 (482.7038): calcd. C 84.60, H 8.77; found C 84.49, H 8.93

1,6-Bis[4-ttriisopropvlsilvloxvlphenvl]hexa-l .5-divne-3.4-dione (13j)

(/■-Pr)3 SiO

0 Si(/-Pr)3
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Dione 13j was prepared in analogy to dione 13c starting from l-ethynyl-4- 

(triisopropylsilyloxy)benzene 36 (1.0 g, 3.6 mmol). After hydrolysis, the mixture was 

extracted with EtzO (30 ml). The organic layer was dried (Na2S0 4 ), filtered and the 

solvents removed in vacuo to leave a brown oil. This was subjected to flash 

chromatography (5% EtOc in hexane) giving the title compound as a yellow solid, 456 

mg (0.75 mmol, 46 %). An analytically pure sample was obtained by recrystallisation 

from hexane at -20 °C, m.p. 83 -85 °C.

IRfKBrt: V = 2945 cm ' (s, CH); 2866 (s, CH); 2187 (s, C ^ ) ,  1657 (s, C=0)

UV fc m c iil: Xmax (e) = 266 nm (27700); 366 (26700)

'H-NMR (CDCk 400 MHzl: 5 = 7.57 (d, 4H, J =  8.6 Hz, aiyl CH); 6.86 (d, 4H, J=  8.6 

Hz, aryl CH); 1.23 (m, 6H, C/7(CH3)2); 1.07 (d, 36H, 7  = 7.4 Hz, CH(C/7î)2)

'^C-NMR (CDCK. 100.5 MHzl: 5 = 172.6: 159.7; 136.1; 120.5; 111.2; 101.5; 86.8; 17.8; 

12.6

EI-MS r70eV>./M/zl%->: 602 (2.5) ITVT]; 546 (48.0) [M''-2CO]; 301 (100) [M+/2] 

Elemental analvsis: C36H50O4 (602.959): calcd. C 71.71, H 8.36; found C 71.99, H 8.43

1.6-Bis[4-methoxvphenvl]hexa-1.5-divne-3.4-dione (13k)

,OMe

MeO

Dione 13k was prepared in analogy to dione 13c starting from 4-methoxy- 

phenylacetylene^^^’ (1.24 g, 9.39 mmol). After hydrolysis, the organic layer was

separated and dried filtered and the solvents removed in vacuo to leave a

brown solid. This was filtered through a pad of silica (CH2CI2) and then subjected to flash 

chromatography (CH2Cl2/hexane 3:2) giving the title compound as a yellow solid, 550 

mg (1.73 mmol, 46 %). An analytically pure sample was obtained by recrystallisation 

from EtOAc at -20 °C, m.p. 159 - 160 °C.
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IR(KBr1: v = 2980 cm ' (CH); 2185 (O C); 1655 (C O )

UV (CHiCk): Xmax (6 ) = 265 nm (29000); 366 (29200)

'H-NMR (CDCk 400 MHzl: 8  = 7.64 (d, 4H, J=  8.9 Hz, aryl CH); 6.91 (d, 4H, J  = 8.9 

Hz, aryl CH); 3.84 (s, 6 H, CH3)

'^C-NMR rCDCU. 100.5 MHzl: 8  = 172.7; 162.6; 136.1; 114.6; 110.9; 101.5; 8 6 .8 ; 55.5 

EI-MS (70eVl. m/z r%l: 318 (0.6) [M^; 290 (17.3) [M*- CO]; 262 (52.9) [M^-2C0]; 159 

(100) [M+/2]

Elemental analvsis: C20H14O4 (318.3266): calcd. C 75.46, H 4.43; found C 75.35, H 4.35

1.6-Bis[4-(tetrahvdropvran-2-vloxv)phenvl]hexa-l .5-divne-3.4-dione (131)

O O

Dione 131 was prepared in analogy to dione 13c starting from 4-ethynyl-O- 

(tetrahydropyran-2-yl)phenol 38̂ *°*̂  (3.0 g, 14.85 mmol). The reaction was hydrolysed 

using a mixture of 1 0  ml saturated aqueous ammonium chloride solution and 90 ml H2O. 

The layers were separated and the aqueous phase was extracted with Et2 0  (2 x 100 ml). 

The combined organic layers were dried (Na2S0 4 ), filtered and the solvents removed in 

vacuo to leave a brown solid. This was subjected to fiash-chromatography 

(CH2 Cl2/hexane 3:2) giving the title compound as a yellow solid (only one stereoisomer 

observed), 1.325 g (2.89 mmol, 42 %). An analytically pure sample was obtained by 

recrystallisation from EtOAc, m.p. 161 - 163 °C (decomp.).

IRlKBrl: v = 2943 cm ' (CH); 2173 (s, CM2), 1647 (s, C=0)

UV ICHiCkl: Xmax (6) = 264 nm (32100); 364 (31600)
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'H-NMR (CDCk 400 MHzl: 5 = 7.62 (d, 4H, J =  8.8 Hz, aryl CH); 7.05 (d, 4H, J=  8.8 

Hz, aryl CH); 5.48 (t , 2H, J  = 3.0 Hz, OCHO); 3.81 (m, 2H, OCTfH"); 3.60 (m, 2H, 

OCffTi^; 1.97 -  1.58 (m, 12H, OCR2CH2CH2CH2)

'^C-NMR (CDCU. 100.5 MHzl: 8 = 172.6; 160.1; 136.0; 116.7; 111.6; 101.4; 96.1; 86.7; 

62.0; 30.0; 25.0; 18.4

EI-MS 170eVl. m/z t%l: 402 (0.5) [M*-2 CO]; 145 (89.4); 85 (100) [(C;H,0)+]

Elemental analvsis: C28H26O6 (458.5074): calcd. C 73.35, H 5.72; found C 73.38, H 5.81

1.6-Bis[2.6-dimethvl-4-rtetrahvdropvran-2-vloxvlphenvl]hexa-1.5-divne-3.4-dione (13q)

‘O' '0

Dione 13q was prepared in analogy to dione 131 from 4-ethynyl-3,5-dimethyl-O- 

(tetrahydropyran-2-yl)phenol 44 (3.83 g, 16.64 mmol). After hydrolysis, the layers were 

separated, the aqueous layer extracted with CH2CI2 (100 ml) and the combined organic 

layers were dried (MgS0 4 ), filtered and the solvents removed in vacuo to leave a brown 

solid. This was filtered through a pad of süica (CH2CI2) yielding the product as a yellow 

solid which was recrystallised from EtOAc, giving the title compound as a yellow solid 

(only one stereoisomer observed), 2.124 g (4.13 mmol, 55 %), m.p. 174 - 176 °C 

(decomp.).

IRtKBrl: v = 2943 cm ' (CH); 2176 (O C ), 1650 (C=0)

UV tCHiCM: W  (6) = 272 nm (22800); 382 (22800)

'H-NMR (CDCE. 400 MHzl: 8 = 6.77 (s, 4H, aryl CH); 5.48 (t, 2H, J =  2.9 Hz, OCHO);

3.82 (m, 2H, OCTfH*); 3.61 (m, 2H, OCH“77"); 2.51 (s, 12H, CHj); 1.97 -  1.56 (m, 12H, 

OCYL2CH2CH2CH2)
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'^C-NMR fCDCk 100.5 MHz^: Ô = 173.4; 159.5; 146.4; 115.2; 112.2; 99.9; 95.8; 94.3; 

62.0; 30.1; 25.0; 21.2; 18.4

EI-MS (TOeVl. m/z (%V 514 (0.1) [M*]; 430 (4.3) [(M-C5H9O)*]; 290 (28.1); 173 (100) 

[M/2- CsH^O)^; 85 (55.6)

Elemental analvsis: C32H34O6 (514.6146): calcd. C 74.69, H 6 .6 6 ; found C 74.50, H 6.64

l.6-Bis[4-rrrmethoxvethoxvlethoxv1ethoxv]-2.6-dimethvlphenvl]hexa-l.5-divne-3.4- 

dione (13v)

Dione 13v was prepared in analogy to dione 13c starting from acetylene 48 (2.17 g, 7.43 

mmol). After hydrolysis, the layers were separated and the aqueous layer was extracted 

with CH2CI2 (100 ml). The combined organic layers were dried (MgS0 4 ), the solution 

then filtered through a pad of silica, followed by the removal of the solvent in vacuo 

which left a brown oil. This was subjected to flash chromatography (EtOAc/ CH2CI2 1:1), 

yielding the product as a yellow solid, 870 mg (1.36 mmol, 40 %). An analytically pure 

sample was obtained by recrystallisation from hexane, m.p. 79 -  80 °C.

IR (KBrl: v = 2895 cm ' (CH); 2180 (C ^ ) , 1656 (0=0); 1140 (C-O)

UVXCHzCy: Xmax (6 ) = 273 nm (25400); 383 (31000)

'H-NMR ICDCK. 400 MHzl: S = 6.62 (s, 4H, CH); 4.12 (t, 4H, 4.8 Hz, OCH2); 3.82

(t, 4H, y  = 4.8 Hz, OCH2); 3.70 (m, 4H, OCH2); 3.63 (m, 8 H, OCH2); 3.52 (m, 4H, 

OCH2); 3.35 (s, 6 H, OCH3); 2.49 (s, 12H, CH3)

'^C-NMR (CDCk 100.5 MHzl: 8  = 173.3; 161.3; 146.5; 113.6; 111.6; 100.0; 94.3; 71.9; 

70.8; 70.6; 70.5; 69.5; 67.4; 59.0; 21.2

EI-MS nOeVI. m/z (%Y. 610 (0.6) [M*-CO]; 582 (18.1) p!vf-2C0]; 319 (59.3) [M̂ /̂2]; 

59 (100) [(CH3OCH2CH2)*]

Elemental analvsis: C36H46O10 (638.7494): calcd. C 67.69, H 7.26; found C 67.49, H 7.15
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2.3. 2,3-Dicyanopyrazines

2.3“Dicvano-5.6-bis(phenvlethvnvl)pvrazine (16b)

N. X N

I
N CN

To a solution of l,6-diphenyl-hexa-l,5-diyne-3,4-dione (330 mg, 1.0 mmol) in

AcOH (20 ml) was added diaminomaleonitrile (llOmg, 1.0 mmol) in one portion at room 

temperature. The reaction mixture was stirred for 20 min, during which time a yellowish 

precipitate formed. The solvent was removed in vacuo giving the crude product as a 

brownish solid. Recrystallisation from MeCN afforded the pure product as bright golden 

flakes, 251 mg (0.76 mmol, 76 %), m.p. 212-213 °C (decomp.).

IR rCHCM: V = 3026 cm '* (CH); 2256 (C=C); 2209 (C=N)

UV (CH2CM: kmax (G) = 241 nm (20800); 280 (15600); 324 (24100); 378 (29400) 

*H-NMR (acetone-(E. 300 MHzl: Ô = 7.79 -  7.51 (m, lOH, CH)

*^C-NMR racetone-d^l25.6 MHzl: Ô = 143.6; 133.0; 131.8; 131.1; 129.6; 120.5; 113.8; 

102.1; 85.3

EI-MS m Q N \m /z(% \. 330 (100) [M^]; 127 (84.5)

Elemental analvsis: C22H10N4 (330.3490): calcd. C 80.00, H 3.03, N 16.97; found C 

80.24, H 2.76 N 16.90
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2.3-Bis(4-/gr/-butvlphenvlethvnvlV5.6-dicvanopvrazine (16c)

N. X NXN X N

Pyrazine 16c was prepared in analogy to pyrazine 16b from dione 13c (370 mg, 1.0 

mmol), by adding THF (5 ml) to the reaction mixture in order to dissolve the starting 

diketone. The crude product was recrystallised from /-PrOH, affording the title 

compound in pure form as yellow needles, 409 mg (0.93 mmol, 93 %), m.p. 192 °C. 

IRJ^HQa): v = 3017 cm ' (CH); 2971 (CH); 2203 (C=N)

UV fCHiCM: (e) = 246 nm (26800); 283 (15400); 340 (31800); 393 (36400)

'H-NMR (CDCh. 400 MHzl: 8  = 7.61 (d, 4H, J =  8.4 Hz, CH); 7.45 (d, 4H, J =  8.4 Hz, 

CH);1.34(s, 18H, CH3)

'^C-NMR fCDCh 100.5 MHzl: 5 = 155.3; 143.8; 132.7; 129.5; 126.0; 117.1; 112.7; 

104.3; 85.1; 35.2; 31.0

EI-MS aOeVl. m/z f%l: 442 (56.2) [M+|; 427 (100) [IVT - C H 3]

Elemental analvsis: C30H26N4 (442.5634): calcd. C 81.42, H 5.92, N 12.66; foimd C 

81.37, H 5.68, N 12.44



Experimental 136

2.3-Dicvano-5.6 -bis[ 3.5-di( /grr-butvllphenvlethvnvi]pvrazine (16d)

N .  X N

I
N CN

Pyrazine 16d was prepared in analogy to pyrazine 16b from dione 13d (482 mg, 1.0 

mmol), by adding THF (5 ml) to the reaction mixture and warming it gently in order to 

dissolve the starting diketone. The crude product was recrystallised from /-PrOH, 

affording the pure product as pale yellow needles, 493 mg (0.89 mmol, 89 %), m.p. 243 - 

246 °C (decomp.).

IRJEHOj): V = 3032 c m '  (CH); 2971 (CH); 2210 (C=N)

UV (CH2CI2I: (e) = 245 nm (24900); 280 (15600); 387 (29800)

'H-NMR (CDCh. 400 MHzl: 8  = 7.55 (t, 2H, 7 =  1.9 Hz, CH); 7.47 (d, 4H, J =  1.9 Hz, 

CH); 1.28(s,36H,CH3)

'^C-NMR ICDCh 100.5 MHzl: 8  = 151.6; 143.9; 129.6; 126.8; 126.0; 119.2; 112.7; 

105.53; 84.1; 34.9; 31.2

EI-MS (70eVl. m/z (%)■. 554 (52.6) [M"]; 498 (66.9); 483 (100) pvT - CHj - C(CH3)3 + 

H]; 262 (63.9)

Elemental analysis: C38H42N4 (554.7778): calcd. C 82.27, H 7.63, N 10.10; found C

82.33, H 7.69, N 9.99
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2.3-Dicvano-5.6-bis[4-(triisopropvlsilvloxv)phenvlethvnvl]pvrazine (16j)

(/-Pr)3 SiO>

N. X NIN CM

(/-PrlgSiO

Pyrazine 16j was prepared in analogy to pyrazine 16b from diketone 13j (540 mg, 0.9 

mmol) in AcOH (16 ml) and THF ( 8  ml). The crude product was recrystallised from i- 

PrOH, yellow needles (546 mg, 90%), m.p. 187 -188 °C.

IR (KBr): v = 2945 cm ' (CH); 2867 (CH); 2197 (O N )

UV fCHÆkl: (6 ) = 255 nm (39600); 361 (42600); 412 (46100)

‘H-NMR (CDCk 400 MHzl: 5 = 7.55 (d, 4 H ,J=  8.7 Hz, aryl CH); 6.90 (d, 4H, J=  8.7 

Hz, aryl CH); 1.27 (m, 6 H, C//(CH3)2); 1.10 (d, 36H, / =  7.3 Hz, CH(C%)z)

'^C-NMR ICDCh 100.5 MHzl: S = 159.3; 143.8; 134.7; 129.2; 120.6; 112.8; 112.4; 

104.7; 85.3; 17.8; 12.7

EI-MS 170eV~l. nt/z (%Y 674 (100) [M^; 631 (58.9) [M+- CH(CH3)2]; 589 (22.3) [M*- 

CH(CH3)2 - C(CH3)2]; 466 (25.0)

Elemental analvsis: C40H50N4O2 (675.033): calcd. C 71.17, H 7.47, N 8.30; found C 

71.42, H 7.55, N 8.23

2.3-Dicvano-5.6-bis[4-(methoxv)phenvlethvnvUpvrazine (16k)

MeO

MeO

N. X NIN CN
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Pyrazine 16k was prepared in analogy to pyrazine 16b from dione 13k (350 mg, 1.1 

mmol) in AcOH (20 ml) and THF (10 ml). The crude product was recrystallised from 

MeCN, to furnish fine golden-shining needles (270 mg, 69 %), m.p. 233 -235 °C. 

IR(KBrV V = 2195 cm ' (C=N)

UV ICHiCM: ^  (8 ) = 253 nm (28200); 360 (34200); 414 (36400)

'H-NMR IDMSO-dA. 308 K. 400 MHzl: S = 7.68 (d, 4H, J =  8.9 Hz, CH); 7.11 (d, 4H, J  

= 8.9 Hz, CH); 3.86 (s, 6 H, CH;)

'^C-NMR (DMSO-Ai 308 K. 100.5 MHzl: 5 = 161.7; 142.0; 134.3; 129.8; 115.0; 113.5; 

111.0; 102.4; 84.6; 55.5

EI-MS ('70eV). m/z (%1: 390 (100) [M^; 157 (47.7)

Elemental analvsis: C24H14N4O2 (390.4006): calcd. C 73.84, H 3.61, N 14.35; found C

74.13, H 3.37, N 14.34

2.3-Dicvano-5.6 -bisr4-hvdroxvphenvlethvnvl)pvrazine (16m) 

HO.

N. XN

N^^CN

A suspension of diketone 131 (1.26 g, 2.75 mmol) and diaminomaleonitrile (303 mg, 2.75 

mmol) in AcOH (50 ml) was heated until all the starting material had dissolved. The 

reaction mixture was stirred for 2 0  min at room temperature, during which time an 

orange precipitate formed. Water (5 ml) was added and the reaction mixture stirred for 1 

h at 50 °C. After that time, the reaction mixture was cooled to room temperature and the 

product was collected by suction filtration to yield an orange solid, 853 mg (2.36 mmol, 

8 6  %). The material obtained was virtually pure by ^H-N.M.R. An analytically pure 

sample was obtained by recrystallisation from 1,4-dioxane, followed by drying in high 

vacuum at 80 °C for 3 d, m.p. > 300 °C, decomp, occurs > « 260 °C.
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lEiKBr): v = 3388 cm ' (OH); 2194 (C=N)

UV ffitOHl: Xm., (e) = 205 nm (56000); 253 (40800); 361 (42800), 407 (46500)

‘H-NMR (acetone-dk. 400 MHzl: S = 7.64 (d, 4H, J  = 8 . 8  Hz, CH); 6.99 (d, 4H, 7  = 8 . 8  

Hz, CH); 2.90 (broad s, 2H, OH)

'^C-NMR lacetone-d; 100.5 MHzl: 5 = 161.4; 144.0; 135.7; 130.6; 117.2; 114.4; 111.5; 

104.3; 85.6

EI-MS (70eVl.ffi/zl%l: 362 (94.2) pvT]; 143 (100) [(HOCsHiCCCN)^]

Elemental analvsis: C22H10N4O2 (362.347): calcd. C 72.93, H 2.78, N 15.46; found C

72.70, H 2.70, N 15.31

2.3-Dicvano-5.6-bis[4-hvdroxv-2.6“dimethvlphenvlethvnvl]pvrazine (16r)

HO,

N. XN

IN CN

Pyrazine 16r was prepared in analogy to pyrazine 16m from dione 13q (300 mg, 0.58 

mmol) to yield an orange powder, 217 mg (0.52 mmol, 90 %). An analytically pure 

sample was obtained by recrystallisation from MeOH, followed by drying in high 

vacuum at 80 °C for 3 d, m.p. 282 -  285 °C, decomp. > 260 °C.

IRlKBrl: v = 3395 cm ' (OH); 2181 (C=N)

UV (EtOHl: Xmax (6 ) = 209 nm (67900); 259 (41600); 419 (38400)

'H-NMR ('acetone-d/i. 400 MHzl: S = 7.67 (s, 4H, CH); 2.82 (broad s, 2H, OH); 2.38 (s, 

12H, CH])

'^C-NMR lacetone-di 100.5 MHzl: 5 = 160.5; 145.0; 143.9; 130.7; 115.4; 114.4; 112.0; 

101.9; 93.2; 21.1

EI-MS f70eV)./?i/z(%l: 418 (100) [M+]; 403 (52.5) [M'  ̂- CH]]; 388 (26.7) pvC - 2 CH]] 

Elemental analvsis: C26H18N4O2 (418.4542): calcd. C 74.63, H 4.34, N 13.39; found C

74.51, H4.21,N 13.01
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2 .3 -Dicvano-5 .6 -bis[4 -(ethoxvcarbonvlmethoxv)phenvlethvnvl]pvra7 ine (16n)

N .  X N

I
N CN

To a solution of phenol 16m (300 mg, 0.83 mmol) and ethyl bromoacetate (5.2 ml, 7.8 g, 

47 mmol) in THF (14 ml) was added caesium carbonate (2.7 g, 8.3 mmol) at room 

temperature. The reaction immediately turned dark red. Stirring at the same temperature 

for 3 h afforded a yellow suspension. This was poured into water (150 ml), neutralised 

with 1 M hydrochloric acid and extracted with CH2CI2 (2 x 60 ml). Evaporation of the 

solvents left a brown liquid. Excess ethyl bromoacetate was distilled in vacuo 

(Kugelrohr) affording the crude product as an orange solid. Purification by flash 

chromatography (5% EtOAc in CH2CI2) gave the title compound as a yellow solid, 316 

mg (0.60 mmol, 71 %). An analytically pure sample was obtained by recrystallisation 

fi-om EtOH, m.p. 138 -  141 ®C.

IRCKBrl: v = 2987 cm ' (CH); 2196 (C=N); 1746 (C=0)

UV (CHiCM: (e) = 251 nm (30900); 354 (32900); 405 (36800)

'H-NMR (CDCk 400 MHzl: Ô = 7.58 (d, 4H, J=  8.9 Hz, CH); 6.93 (d, 4H, 8.9 Hz,

CH); 4.68 (s, 4H, C(0 )CH2 0 ); 4.27 (q, 4H, 7.1 Hz, OC//2CH3); 1.29 (t, 6 H, 7 =  7.1

Hz, OCH2CH3)

'^C-NMR (CDCl3_ 1 0 0 . 5  MHzl: 5 = 168.0; 160.2; 143.5; 134.7; 129.2; 115.2; 113.0; 

112.7; 104.0; 85.2; 65.1; 61.7; 14.1 

EI-MS (70eVl.w/zf%~): 534 (100) nvf]

Elemental analvsis: C30H22N4O6 (534.5258): calcd. C 67.41, H 4.15, N 10.48; found C

67.51, H 4.07, N 10.33
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2.3-Dicvano-5.6-bisr4-(ethoxvcarbonvlmethoxv)-2.6-dimethvlphenvlethvnvl]-

pyrazine(16sl

N .  X NI
N CN

Phenolether 16s was prepared in analogy to phenolether 16n from phenol 16r (400

mg, 0.96 mmol). After the excess ethyl bromoacetate had been distilled in vacuo 

(Kugelrohr), the product was washed with hexane (50 ml), affording the title compound 

as an orange solid in virtually pure form, 470 mg (0.80 mmol, 83 %). An analytically 

pure sample was obtained by recrystallisation from EtOH, m.p. 225 -  227 °C.

IRfKBrt: V = 2963 cm ' (CH); 2176 (C=N); 1750 (0=0)

UV ICHoCW: Xma, (e) = 258 nm (28100); 415 (24200)

'H-NMR (CDCK. 400 MHzl: 5 = 6.55 (s, 4H, CH); 4.56 (s, 4H, C(0 )CH2 0 ); 4.22 (q, 4H, 

J=  7.1 Hz. OCH2CH3); 2.34 (s. 1 2 H, aryl CH3); 1.24 (t, 6 H, J=  7.1 Hz, OCH2CH3) 

'^C-NMR (CDCh 100.5 MHzl: 8  = 168.3; 159.3; 144.4; 143.5; 129.3; 113.53; 113.48; 

112.8; 101.9; 92.4; 65.0; 61.6; 21.3; 14.2 

MS ŒS1 m/z <%): 591 (100) [MH^]

Elemental analvsis: C34H30N4O6 (590.633): calcd. C 69.14, H 5.12, N 9.49; foimd C

69.33, H 5.21, N 8.82
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2.3-Dicvano-5.6-bisr4-[[(methoxvethoxv)ethoxv1ethoxv]-2.6-dimethvlphenvl- 

ethvnvl]pvrazme (16v)

N .  X NI
N CN

To a solution of dione 13v (319 mg, 0.5 mmol) in AcOH (10 ml) was added 

diaminomaleonitrile (55 mg, 0.5 mmol) and the reaction mixture was stirred at room 

temperature for 20 min. Removal of the solvent in vacuo left a brown oil which was 

subjected to flash chromatography (CHiCE/EtOAc 2 : 1  —► 1 :2 ), yielding the title 

compound as a waxy yellow solid, 302 mg (0.43 mmol, 85 %). An analytically pure 

sample was obtained by recrystallisation fi‘om EtOH, m.p. 7 8 -8 0  °C. 

lR(KBr>: v = 2883 cm ' (CH); 2185 (C=N); 1148 (C-O)

UVXÇH2Q 2): Xmax (s) = 259 nm (40700); 423 (38000)

‘H-NMR (CDCh. 400 MHz'): 5 = 6.61 (s, 4H, CH); 4.12 (t, 4H, y  = 4.8 Hz, OCH2); 3.83 

(t, 4H, y  = 4.8 Hz, OCH2); 3.71 (m, 4H, OCH2); 3.65 (m, 8 H, OCH2); 3.53 (m, 4H, 

OCH2); 3.36 (s, 6 H, OCH3); 2.38 (s, 12H, CH3)

'^C-NMR fCDCk 100.5 MHz'): 5 = 160.5; 144.2; 143.5; 129.2; 113.5; 112.9; 112.5; 

102.4; 92.4; 71.9; 70.8; 70.6; 70.5; 69.5; 67.4; 59.0; 21.2

EI-MS 170eVl. m/z r%l: 710 (4.3) [M*]; 59 (65.0); [(CH3 0 CH2CH2)^ ; 28 (100 

[(CH2CH2)1
Elemental analvsis: C40H46N4O8 (710.8234): calcd. C 67.59, H 6.52, N 7.88; found C 

67.39, H 6.61, N 7.89
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2.4. 6,7-DicyanoquinoxaIines

4.5-Diaminophthalonitrile (24)̂ *̂ ^

H2Nv̂ ^ C N

A mixture of l,2-diamino-4,5-dibromobenzene^*^^ (2.0 g, 7.5 mmol) and CuCN (2.7g, 

30.0 mmol) in DMF (15 ml) was heated to 140 °C for 15 h. After this time, the reaction 

was cooled to room temperature and poured into an aqueous ammonia solution (conc. 

NH] (60 ml), water (140 ml)). The resulting suspension was filtered, the collected solid 

was washed with the same ammonia solution until the filtrate was colourless and the 

crude product was then washed out with acetone. Removal of the solvent yielded a 

brownish solid which was recrystallised fi-om HiO/EtOH (3:1), to give the title 

compound as off-white needles, 300 mg (1.90 mmol, 25 %), m.p. 272 -  275 °C 

(decomp.; lit.̂ *̂  ̂ 193 - 195 °C). Due to the discrepancy, the product was fully 

characterised:

IRfKBrt: V = 3444cm' (NH2); 3334 (NH2); 2218 (C=N)

'H-NMR racetone-d/.. 400 MHzl: 8 = 7.03 (s, 2H, CH); 5.38 (broad s, 4H, NH2) 

'^C-NMRfacetone-& 100.5 MHz3: 8 = 1140.0; 118.0; 117.7; 104.4 

EI-MS f70eV3.»i/2(»/o~l: 158 (100)

Elemental analvsis: CgH6N4 (158.6314): calcd. C 60.75, H 3.82, N 35.42; found C 61.02, 

H 3.60, N 35.42
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6.7-Dicvano-2.3-bisttriisopropvlsilvlethvnvnquinoxaline (25a)

(/-Pr)3 Si

(/-POaSi

To a solution of l,6-bis(triisopropylsilyl)hexa-l,5-diyne-3,4-dione (355 mg, 0.85

ml) in AcOH (20 ml) was added 4,5-diammophthalonitrile 24 (153 mg, 0.85 mmol) in 

one portion at room temperature. The resulting solution was stirred for 20 min at the 

same temperature, before the solvent was removed in vacuo, to yield a brown oil. This 

was subjected to flash chromatography (10 % EtOAc in hexane) giving the product as a 

colourless solid, 304 mg (0.56 mmol, 6 6  %). An analytically pure sample was obtained 

by recrystallisation fi*om pentane, m.p. 91 -93  °C.

IRXKBr); v = 2943 cm ' (CH); 2866 (CH); 2237 (C=N), 2151 ( C ^ )

UV rCH.Ckl: ( e )  = 250 nm (28100); 288 (48800); 370 (16000); 390 (20000)

'H-NMR (CDCk 400 MHzl: S = 8.46 (s, 2H, aryl CH); 1.24 -  1.13 (m, 42H, 

Si(CH(CH3)2)3)

'^C-NMR fCDCl3^1 0 0 . 5  MHzl: S = 143.4; 140.7; 136.1; 114.62; 114.58; 105.0; 102.4; 

18.6; 1 1 . 2

EI-MS f70eV~). m/z (%\. 540 (1.2) [M+]; 498 (21.3) [M+- C(CH3)z]; 456 (100) [M' -̂ 2 

C(CH3)2]

Elemental analvsis: C32H44N4 Si2 (540.8996): calcd. C 71.06, H 8.20, N 10.36; found C

71.14, H 8.39, N 10.41
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6.7-Dicvano-2.3-bis[3.5-di(rgrr-butvl)phenvlethvnvi]quinoxaline (25d)

A suspension of dione 13d (412 mg, 0.85 mmol) in AcOH (20 ml) and THF (10 ml) was 

heated until all the material had dissolved. To this solution was added 4,5- 

diaminophthalonitrile 24 (153 mg, 0.85 mmol) in one portion and the resulting solution 

stirred for 2 0  min at room temperature during which time a yellow precipitate formed. 

The solvents were evaporated in vacuo and the resulting yellow solid recrystallised from 

hexane/PhMe (2:1), giving the title compound as a fluffy yellow solid (350 mg). The 

mother liquor was evaporated in vacuo and the obtained solid recrystallised, giving a 

second crop (35 mg) of the product, overall 385 mg (75 %), m.p. 275 -  279 °C 

(decomp.).

lEiKBr): v = 2963 cm ' (CH); 2208 (C=N)

UYiCHbCb): (8 ) = 249 nm (30700); 280 (35600); 296 (31800); 409 (21000)

‘H-NMR ICDCk. 400 MHzl: S = 8.47 (s, 2H, quinoxaline CH); 7.50 (t, 2H, J = \ . l  Hz, 

phenyl CH); 7.47 (d, 4H, 7 =  1.7 Hz, phenyl CH); 1.24 (s, 36H, CHj)

‘̂ C-NMR (CDCK 100.5 MHzl: S = 151.4; 145.1; 140.8; 136.1; 126.7; 125.4; 119.6; 

114.8; 114.6; 102.3; 85.1; 34.8; 31.2

EI-MS (70eV~>. m/z (%~>: 604 (19.0) [M^; 548 (65.1) [M*- C(CH3)s + H]; 533 (45.0) pvf 

- C(CH; ) 3  -  CH) + H]; 287 (31.8); 57 (100) [C(CH])3+]

Elemental analvsis: C42H44N4 (604.8376): calcd. C 83.40, H 7.33, N 9.26; found C 83.34, 

H 7.54, N 9.21
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6.7-Dicvano-2.3-bis[4-(triisopropvlsilvloxv)phenvlethvnvl]quinoxaline (25j)

(/-Pr)3 SiO,

(/-Pr)3 SiO

A suspension of dione 13j (200 mg, 0.33 mmol) in AcOH ( 6  ml) was heated until all the 

material had dissolved. To this solution was added 4,5-diaminophthalonitrile 24 (53 mg, 

0.33 mmol) in one portion and the reaction mixture was stirred for 20 min at room 

temperature. Removal of the solvent in vacuo yielded a brownish solid which was 

recrystallised from /-PrOH/MeGH/EtOAc, giving the title compound as yellow needles, 

191 mg (0.26 mmol, 80 %), m.p. 232 -  234 °C.

IR(KBr): v = 2945 cm‘‘ (CH); 2866 (CH); 2203 (C=N)

UV (CH^Cb): Imax (G) = 254 nm (36600); 279 (38300); 302 (34000); 339 (38400); 421 

(30600)

^H-NMR (CDCk 400 MHzl: Ô = 8.42 (s, 2H, quinoxaline-CH); 7.58 (d, 4H, J=  8 . 6  Hz, 

phenyl-CH); 6.89 (d, 4H, J=  8 . 6  Hz, phenyl-CH); 1.27 (m, 6 H, C^(CH])2); 1.10 (d, 36H, 

y = 7.3 Hz, CH(C//3)2)

^^C-NMR (CDCl^lOO.5 MHz): Ô = 158.8; 144.9; 140.7; 136.0; 134.6; 120.5; 114.9; 

114.4; 112.8; 101.6; 86.2; 17.8; 12.7

EI-MS nOeVl m/z (%Y 724 (100) [M^]; 681 (54.0) [M^ - CH(CH3)2]; 639 (23.1) [M+- 

C H ( C H 3 ) 2 - C ( C H 3 ) 2 ]

Elemental analvsis: C44H52N4 0 2 Si2 (725.0928): calcd. C 72.89, H 7.23, N 7.73; found C 

73.08, H 7.08, N 7.65
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6.7-Dicvano-2.3-bis[4-[r(methoxvethoxv)ethoxv1ethoxv]-2.6-dimethvlphenvl- 

ethvnvl]quinoxaline (25v)

To a suspension of 4,5-diaminophthalonitrile 24 (14.7 mg, 0.093 mmol) in AcOH (2 ml) 

was added dione 13v (59.4mg, 0.093 mmol). The reaction was warmed until all 

compounds had dissolved. It was then stirred at room temperature for 20 min, before the 

solvent was removed in vacuo, leaving a brown oil. This was subjected to flash 

chromatography (CHzCE/EtOAc 2:1 —► 1:2), yielding the title compound as an orange 

solid, 60.0 mg (0.079 mmol, 85 %). An analytically pure sample was obtained by 

recrystallisation from EtOH, m.p. 97 -  99 °C.

IRJXBr): v = 2872 cm ' (CH); 2193 (C=N); 1136 (C-O)

UV fCH^Cl,!: (e) = 228 nm (22700); 275 (42200); 351 (19200); 432 (23800)

'H-NMR (CDCU. 400 MHzl: S = 8.37 (s, 2H, quinoxaline CH); 6.56 (s, 4H, phenyl CH); 

4.07 (t, 4H, / =  4.8 Hz, OCH2); 3.80 (t, 4H, 7 =  4.8 Hz, OCH2); 3.67 (m, 4H, OCH2); 

3.61 (m, 8 H, OCH2); 3.49 (m, 4H, OCH2); 3.31 (s, 6 H, OCH3); 2.36 (s, 12H, CH3) 

'^C-NMR (CDCh 100.5 MHzl: 5 = 160.0; 144.9; 143.9; 140.8; 135.9; 114.9; 114.1; 

113.4; 112.9; 98.9; 93.4; 71.9; 70.8; 70.6; 70.5; 69.5; 67.3; 59.0; 21.2 

ES-MS. m/z (%): 761 (100) [MH*]

Elemental analvsis: C44H48N4O8 (760.8832): calcd. C 69.46, H 6.36, N 7.36; found C 

69.06, H 6.29, N 7.37
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6.7-DicvanO“2.3-dimethvlquinoxaline (26e)

This compound was prepared in analogy to quinoxaline 25a by condensation of 4,5- 

diaminophthalonitrile 24 with buta-2,3-dione. Recrystallisation of the crude product from

1,4-dioxane afforded the title compound as a colourless solid. 111 mg (0.53 mmol, 63 

%), m.p. 289 -  294 °C (decomp.).

IBJXBr): v = 3037 cm ' (CH); 2237 (C=N)

UViCHzCL): Xmax (6 ) = 225 nm (26400); 248 (59800); 319 (4900); 334 (5200); 389 

(1600)

'H-NMR (CDCh. 400 MHzl: 5 = 8.43 (s, 2H, CH); 2.79 (s. 6 H, CH3)

'^C-NMR fCDClx 100.5 MHzl: 5 = 158.8:141.8; 136.2; 115.1; 113.4; 23.6 

EI-MS nOeVl. m/z 208 (90.4) [M^; 167 (100) pvT- CH3 - CN];

Elemental analvsis: C]2HgN4 (208.2232): calcd. C 69.22, H 3.87, N 26.91; found C 68.98, 

H 3.65, N 26.71

6.7-Dicvano-2.3-bisdodecvlquinoxaline (26f)

Quinoxaline 26f was prepared in analogy to quinoxaline 25a from 4,5- 

diaminophthalonitrile 24 and hexacosa-13,14 - d io n e .T h e  crude product was 

recrystallised from EtOH, giving the title compound as a colourless solid, 319 mg (0.62 

mmol, 72 %), m.p. 77 - 80 °C.

IR IKBrl: v = 2916 cm ' (CH); 2848 (CH); 2235 (C=N)

UV ICHiCkl: Xmax (e )  = 225 n m  (26800); 250 (60100); 321 (5200); 335 (5700);
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'H-NMR rCDCh. 400 MH7 V 5 = 8.44 (s, 2H, aiyl CH); 3.02 (t, 4H, J  = 7.7 Hz, 

CH2C7 /2C=N); 1.81 (quintet, 4 H ,J=  7.6 Hz, CH2C%CH2C=N); 1.46 -  1.20 (m, 36H, 

alkyl chain); 0.86 (t, 6 H, 6 . 8  Hz, CHj)

'^C-NMR rCDCh 100.5 MHzl: S = 161.8; 141.6; 136.4; 115.2; 113.1; 35.4; 31.9; 29.65; 

29.63; 29.61; 29.52; 29.50; 29.42; 29.34; 27.7; 22.7; 14.1 

EI-MS r70eVl. m/z f%~>: 516 (13.8) [M*]; 362 (100) [JVT-11 CH2]

Elemental analvsis: C34H52N4 (516.8128): calcd. C 79.02, H 10.14, N 10.84; found C

78.71, H 10.33, N 10.71

2.5. Hexa-l,5-diyne-3,4-diols

1.6-Bisttriisopropvlsilvl)-3.4-bis(trimethvlsilvlmethvl)hexa-1.5-divne-3.4-diol (20a)

SiM6 3  
HO )  ^^Si(/-Pr)3

(/-Pr)3Si'
SiMes

To a refluxing solution of l,6-bis(triisopropylsilyl)hexa-l,5-diyne-3,4-dione (500

mg, 1.2 mmol) in EtiO (10 ml) was added dropwise over 5 min MegSiCHiMgCl (2.6 ml 

of a 1.0 M solution in EtzO, 2.6 mmol). Heating under reflux was continued for 1 h. The 

mixture was cooled to room temperature and quenched by the addition of saturated 

aqueous ammonium chloride solution (25 ml). The layers were separated and the aqueous 

layer was extracted with EtzO (2 x 25 ml). The combined organic layers were dried 

(MgS0 4 ) and the solvent was evaporated in vacuo to leave a pale yellow oil which was 

purified by flash chromatography (5% EtOAc in hexane), yielding the title compound as 

two diastereoisomers. Diastereoisomer A: 282 mg (0.47 mmol, 39 %) pale yellow oil, 

diastereomer B: 301 mg (0.51 mmol, 42 %) colourless solid, m.p. 92 -  93 °C (from 

pentane).

IRICHChI: V = 3439 cm'(OH); 2943 (CH); 2166 (O C )
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'H-NMR rCDCk 400 MHz): diastereomer A: Ô = 2.55 (broad s, 2H, OH); 1.25 -  1.06 

(broad m, 4H, CH2); 1.05 (s, 42H, Si(CH(CH3)2)3); 0.11 (s, 18H, Si(CH3)3); diastereomer 

B: 5  = 2.50 (broad s, 2H, OH); 1.43 (d, 2H, J  = 14.5 Hz, CH'H*); 1.22 (d, 2H, 7 =  14.5 

Hz, 1.05 (s, 42H, Si(CH(CH3)2>3); 0.11 (s, 18H, Si(CH3>3)

‘^C-NMR (CDCK. 100.5 MHzl: diastereomer A: 8 = 110.1; 87.0; 77.6; 18.7; 11.2; 0.2; 

(the CH2 carbon was not observed); diastereomer B: ô = 108.7; 87.1; 78.5; 26.1 (broad); 

18.6; 11.2; 0.2

MS(APCn.m/zr%E 617.5 (100) [M + N af

HR-MS (FABE m/z: 617.4018; C32H6602Si4+Na requires 617.4038

1.6-Bist4-rgrr-butylphenyl)-3.4-bisltrimethylsilylmethylV 1.5-divne-3.4-diol (20c)

HO

OH
SiMe

Diol 20c was prepared from dione 13c using the procedure described for diol 20a (307 

mg, 0.83 mmol scale). The crude brown solid obtained was purified by flash 

chromatography (15% EtOAc in hexane) yielding the product as a colourless solid (only 

one diastereoisomer observed), 255 mg (0.47 mmol, 56 %), m.p. 172 -  175 °C (from 

Et20/hexane).

IR (CHCbl: V = 3553 cm ' (OH); 3017 (CH); 2966 (CH); 2222 (C=C)

'H-NMR tCDCb. 400 MHzl: 8 = 7.38 (d, 4H, J=  8.4 Hz, CH); 7.33 (d, 4H, J=  8.4 Hz, 

CH); 2.67 (broad s, 2H, OH); 1.43 (d, 2H, J  = 14.5 Hz, CTfH''); 1.34 (d, 2H, 7  = 14.5 Hz, 

CH'H''); 1.29 (s, 18H, C(CH3)3); 0.18 (s, 18H, Si(CH3)3)

'^C-NMR tCDCb 100.5 MHzl: 8 = 151.7; 131.3; 125.3; 119.6; 89.9; 86.2; 78.3; 34.8; 

31.1; 25.3; 0.2
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EI-MS (70qW\ m/z (%\. 546 (7.0) [M^]; 273 (35.9) [M^/2]; 183 (100) pvT/2 -  

Si(CH3)3 0 H]

Elemental analvsis: CsAoOiSiz (546.439): calcd. C 74.67, H 9.21; found C 74.65, H 

9.19

1.6-Bist3.5-dir/gr^butvl)phenvlV3.4-bis(trimethvlsilvlmethvn-hexa-1.5-divne-3.4-diol

(2 0 d)

SiMe-
HQ

OH
SiMe

Diol 20d was prepared from diketone 13d using the procedure described for 20a (400

mg, 0.83 mmol). The crude brown oil obtained was purified by flash chromatography 

(CHiCh/hexane 1:1) yielding the product as a colourless solid (only one diastereoisomer 

observed), 288 mg (0.43 mmol, 53 %), m.p. 138 -  141 °C (from hexane).

IR fKBrV V = 3523 cm ' (OH); 2964 (CH); 2193 (O C )

'H-NMR ICDCk. 400 MHz'): S = 7.39 (t, 2H, 1.8 Hz, CH); 7.29 (d, 4H, 1.8 Hz,

CH); 2.73 (broad s, 2H, OH); 1.51 (d, 2H, 7 =  14.5 Hz, CH‘H'0; 1.39 (d, 2H, J=  14.5 

Hz, CH’H'^; 1.29 (s, 36H, C(CH])3); 0.23 (s, 18H, SKCHs),)

'"C-NMR fCDCb 100.5 MHzl: 6  = 150.8; 125.8; 122.9; 121.6; 89.3; 87.2; 78.5; 34.7; 

31.3; 25.5; 0.2

EI-MS (70eV~). m/z ('%!: 658 (2.6) [M'’]; 329 (14.7) pvf/2]; 239 (100) -

Si(CH3)3 0 H]

Elemental analvsis: C42H6 6 0 2 Si2 (659.1534): calcd. C 76.53, H 10.09; found C 76.47, H 

10.33 (from hexane)
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2.6. 3,4-DimethyIenehexa-l,5-diynes

I .6-Bis(triisopropvlsilvn-3.4-dimethvlenehexa-1.5-divne (19a)

yy""
(/•-Pr)3Si^ "

To a cooled (0 °C) suspension of methyltriphenylphosphonium bromide (1.03 g, 2.87 

mmol) in THF (40 ml) was added BuLi (1.79 ml of a 1.6 M solution in hexane, 2.87 

mmol). The reaction mixture was stirred for 45 min at room temperature. The resulting 

orange solution was cooled to -78 °C and a solution of l,6-bis(triisopropylsilyl)hexa-l,5- 

diyne-3,4-dione (600 mg, 1.44 mmol) in THF ( 6  ml) was added dropwise. The

mixture was stirred for an additional 30 min at this temperature, after which time TLC 

control indicated that all the starting material had been consumed. The reaction mixture 

was quenched by the addition of saturated aqueous ammonium chloride solution (50 ml) 

and extracted with hexane (50 ml). The layers were separated, the organic layer was dried 

(MgS0 4 ) and the solvents were removed in vacuo to leave a brown oü. This was 

subjected to flash chromatography (hexane) yielding the title compound as a colourless 

solid, 110 mg (0.27 mmol, 19 %), which turns yellow upon exposure to air, m.p. 50 - 52 

°C (fi’om hexane).

lEJKBr): v = 2943 cm ' (CH); 2864 (CH); 2156 (O C )

UVffiHiCk): (e) = 229nm (15700); 247 (19800)

'H-NMR ICDCh. 400 MHzl: 8  = 6.08 (s, 2H, CTfH'^; 5.72 (s, 2H, CH'T/); 1.08 (s, 42H,

S i(C H (C H 3 )2 )3 )

'^C-NMR (CDCh 100.5 MHzl: 8  = 128.9:125.1; 103.2; 94.2; 18.6; 11.2

EI-MS (70eVl. m/z ('%>: 414 (13.4) [M*]; 371 (86.1) [M  ̂ - C 3H 7];  329 (100) pvT -

CsHij]; 287 (62.2); 245 (38.7); 108 (96.7)

Elemental analvsis: CzeHt^Sii (414.8214): calcd. C 75.28, H 11.18; found C 74.80, H

II.17
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1.6 -Bist4-rgrr-butvlphenvn-3.4-dimethvlenehexa-1.5-divne (19c)

To a refluxing solution of dione 13c (614 mg, 1.66 mmol) in EtzO (20 ml) was added 

dropwise over 5 min MegSiCHzMgCl (3.32 ml of a 1.0 M solution in EtiO, 3.32 mmol). 

Heating under reflux was continued for 1 h. The mixture was cooled to 0 and thionyl 

chloride (0.24 ml, 3.32 mmol) was added via syringe. After stirring at this temperature 

for 1 h, the reaction mixture was quenched by the addition of saturated aqueous 

ammonium chloride solution (40 ml) and extracted with EtiO (40 ml). The organic 

extract was washed with water (40 ml) and brine (40 ml), dried (MgS0 4 ) and the solvent 

was evaporated in vacuo to leave a brown oil. This was filtered through a pad of silica 

(washed with 150 ml of hexane) to furnish, after the removal of the solvent in vacuo, a 

yellow solid. This was washed with a small amount of hexane to furnish the title 

compound as a colourless solid, 113 mg, 0.31 mmol, 19 %), which turns yellow upon 

exposure to air and polymerises upon heating above 130 °C.

IRrCHCk~l: V = 3011 cm ' (CH);2965 (CH);2210 (CW:)

UV ICHÆkl: (s) = 261 nm (66600); 276 (72300); 291 (62100); 336 (3000)

'H-NMR fCDCk 400 MHzl: 5 = 7.42 (d, 4H, J  = 8.4 Hz, CH); 7.35 (d, 4H, J =  8.4 Hz, 

CH); 6.15 (s, 2H, CH“H'0; 5.79 (s, 2H, C fffl'); 1.30 (s, 18H, C(CH3)s)

'^C-NMR rCDCK 100.5 MHzl: 8  = 151.8; 131.3; 128.9; 125.4; 124.1; 119.8; 92.6; 85.3; 

34.8; 31.1

EI-MS f70eV>.»i/z(%'): 366 (84.2) [IVT]; 351 (100) pvT - CHj]

HR-MS (TABT m/z: 367.2417; CigHgo+H requires 367.2426
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1.6-Bis(3.5-ditfe?-r-butvnphenvlV3.4-dimethvlenehexa-l.5-divne (19d)

Diene 19d was prepared from dione 13d using the procedure described for diene 19c. 

Removal of the solvent left a brown oil which was subjected to flash chromatography (10 

% CH2CI2 in hexane) yielding the title compound as a yellowish oil which was prone to 

polymerisation upon exposure to air and upon heating, 300 mg (0.63 mmol, 38 %). 

IBJCHCh): V = 3007 cm ' (CH); 2965 (CH); 2904; (CH); 2208 (C=C)

UV fCHÆM: (e) = 260 nm (21600); 273 (22100); 288 (20200); 332 (sh) (7200)

'H-NMR fCDCly 400 MHzl: S = 7.43 (t, 2H, 1.8 Hz, CH); 7.37 (d, 4H ,J=  1.8 Hz,

CH); 6.23 (s. 2H, CH“H'); 5.86 (s, 2H, CH“//0 ; 135 (s, 36H, C(CH3)])

'^C-NMR fCDCl^lOO.5 MHz'): 5 = 150.9; 129.0; 125.8; 124.2; 123.0; 121.9; 93.6; 84.7; 

34.8; 31.3

EI-MS r70e-V>.w/zf%3: 478 (51.2) PvT]; 219 (100)

HR-MS tFABl m/z: 479.3660; C36H46+H requires 479.3678
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2.7. [4+2] Cycloaddition Adducts

Dimethyl 1.2-bisrtriisopropvlsilvIethvnvlVcvclohexene-4.5-dicarboxvlate (21a)

(/-Pr)3 Si.
CO2 M6

COoM©
(/-POsSi

A solution of diene 19a (100 mg, 0.24 mmol) in dimethyl maleate (1.5 ml) and a trace of 

hydroquinone was heated to reflux for 1 h. After this time, excess dimethyl maleate was 

distilled in vacuo (Kugelrohr) and the residue subjected to flash chromatography 

(CHzCb/hexane 1 :1  —> neat CH2CI2), yielding the product as a colourless oil, 33 mg 

(0.059 mmol, 25 %).

'H-NMR (CDCK. 400 MHzl: 5 = 3.69 (s, 6 H, OCH3); 3.01 (t, 2H, /  = 5.0 Hz, 

CH2C//CO); 2.80 (m, 2H, CH‘H'^; 2.58 (m, 2H, 1.06 (s, 42H, Si(CH(CH3)z)3)

'^C-NMRlCDCh 100.5 MHzl: 8  = 172.7; 123.9; 106.1; 96.5; 52.1; 39.1; 30.9; 18.7; 11.2 

EI-MS (70eV~). m/z r%l: 558 (33.1) [M*]; 515 (27.1) [Ivf - C3H7]; 473 (100) |> f  - QH u] 

HR-MS (FABl. m/z: 559.3621 ; C32H5 4 0 4 S12+H requires 559.3639

Dimethyl 1.2-bis(4-rgrr-butvlphenylethynyl)-cyclohexene-4.5-dicarboxvlate (21c)

CO2M©

COoM©
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This compound was prepared in analogy to cyclohexene 21a on a 100 mg (0.27 mmol)

scale, pale yellow oil, 24 mg (0.047 mmol, 17 %).

'H-NMR (CDCk 400 MHzV 5 = 7.40 (d, 4H, 7  = 8.3 Hz, aryl CH); 7.32 (d, 4H, 7 =  8.3 

Hz, aryl CH); 3.71 (s, 6 H, OCH3); 3.11 (t, 2H, J =  8.3 Hz, CH2CHCO); 2.92 (m, 2H,

CTfH"); 2.70 (m, 2H, CH'Tf); 1.30 (s, 18H, ClCHs)])

'^C-NMR fCDClj^lOO.S MHz): 5 = 172.7; 151.6; 131.4; 125.3; 123.8; 120.3; 94.7; 88.7;

52.1; 39.3; 34.8; 31.2; 30.4

EI-MS (70eVl.ffi/z('%l: 510 (100) p < |

HR-MS (FABl. m/z\ 510.2786; C34H38O4 requires 510.2770

1.2.5.6-Tetrakist4-/er^butvlphenvlethvnvlVcvcloocta-1.5-diene (22)

A solution of diene 19c (150 mg, 0.41 mmol) in THF (2.5 ml) and a trace of 

hydroquinone was heated to reflux for 5 h. The reaction was cooled to room temperature, 

the solvent removed in vacuo and the residue subjected to flash chromatography ( 2 0  % 

CH2CI2 in hexane), yielding the title compound as a beige solid, 37 mg (0.051 mmol, 25 

%).

'H-NMR (CDCk 400 MHzI: Ô = 7.39 (d, 8 H, J=  8.5 Hz, CH); 7.29 (d, 8 H, J  = 8.5 Hz, 

CH); 2.85 (s, 8 H, CH;); 1.28 (s, 36H, C(CH3)3)

'^C-NMR fCDCl^lOO.5 MHzI: 5 = 151.2; 131.3; 127.7; 125.2; 120.7; 93.9; 91.5; 34.7; 

33.0; 31.2

EI-MS (70eV~>./«/zf%~): 733 (97.9) [MlT]; 57 (100) [(C(CH3)3)"̂ ]

HR-MS (TABl. m/z: 733.4710; CsôHôo+H requires 733.4773
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2.8. 4,5-Diethynylphthalonitriles

4.5-Bis(triisopropvlsilvlethvnvDphthalonitrile (18a)

(/-Pr)3Si.

(/-Pr)3 Si

A solution of diene 19a (260 mg, 0.628 mmol), dicyanoacetylene^̂ "̂  ̂ (190 mg, 2.50 

mmol) and hydroquinone (15 mg) in THF (5 ml) was heated under reflux. After 5 h, 

another two equivalents of dicyanoacetylene (95 mg, 1.26 mmol) were added. After 8 h, 

TLC control indicated that all the starting material had been consumed. The solvent was 

evaporated in vacuo and the dark brown residue taken up in PhMe (5 ml). DDQ (712 mg, 

3.14 mmol) was added and the solution was heated under reflux for 24 h. The solvent was 

evaporated and the residue subjected to flash chromatography (CHzCE/hexane 1:1) 

yielding the title compound as a colourless solid, 105 mg (0.22 mmol, 34 %), m.p. 117 -  

118 °C (ft-om pentane).

IBiCHOb): V = 2949 c m  ' (CH); 2864 (CH); 2235 (C=N)

U V jC m O i): (e) = 230 nm (sh) (15700); 254 (sh) (32800); 268 (52600); 311

(20300); 339 (sh) (5500)

‘H-NMR (CDCh. 400 MHzl: 8 = 7.81 (s, 2H, aryl CH); 1.11 (s, 42H, Si(CH(CH3)2)3) 

'^C-NMR fCDCl2^100.5 MHzl: 5 = 138.0; 130.4; 114.5; 114.0; 104.5; 102.0; 18.6; 11.2 

EI-MS (70eV). m/z (%1: 488 (4.0) [M^; 445 (80.6) [M* - C(CHs)2]; 403 (100) [IVf - 

C«Hi3]; 361 (40.1); 319 (40.2); 145 (82.1)

Elemental analvsis: C3oH44N2Si2 (488.8636): calcd. C 73.71, H 9.07, N 5.73; found C 

73.61, H 9.25, N 5.79
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4.5-Bis(3.5-dit/gr/-butvnphenvlethvnvl)phthalonitrile (18d)

Phthalonitrile 18d was prepared staring from diene 19d (250 mg, 0.52 mmol) using a

procedure analogous to that of phthalonitrile 18a. The reaction time in THF was 62 h at

room temperature. The dark brown oil obtained was subjected to flash chromatography 

(CHiCb/hexane 1:1) yielding the title compound as a colourless solid, 30 mg (0.054 

mmol, 10 %), m.p. 248 -  251 °C (from hexane, decomp.).

IR fCHCh>: V = 3007 c m  ' (CH); 2964 (CH); 2240 (C=C); 2210 (CsN)

UV (CH.CM: (8 ) = 240 nm (32400); 281 (56200); 315 (35700); 357 (27700)

‘H-NMR (CDCk 400 MHzl: S = 7.92 (s, 2H, aryl CH); 7.45 (t, 2H ,J=  1. 8  Hz, aryl CH); 

7.36 (d, 4 H ,/=  1.8 Hz, aryl CH); 1.25 (s, 36H, C(CHs)3)

'^C-NMR (CDCh 100.5 MHzl: 5 = 151.2; 136.3; 131.2; 126.1; 124.5; 120.5; 114.8; 

113.8; 101.9:84.4; 34.8; 31.2

EI-MS (70eV3. m/z 1%3: 552 (90.2) [M^]; 496 (19.1); 481 (50.6); 261 (37.5); 57 (100) 

[C(CH3)3l

Elemental analvsis: C40H44N2 (552.8016): calcd. C 86.91, H 8.02, N 5.07; found C 86.72, 

H 7.95, N 4.82
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2.9. Octakis(arylethynyl)tetrapyrazinoporphyrazines

[2.3.9.10.16.17.23.24-Oktakis(phenvIethvnvlltetrapvrazinoporphvrazinato]- 

magnesiumdl) (9b)

N— IV|g —N,

A suspension of Mg-tumings (49 mg, 2.0 mmol), one small crystal of iodine and butanol 

(5 ml) was heated to reflux for 4 h. The reaction mixture was then cooled to room 

temperature and 2,3-dicyano-5,6-bis(phenylethynyl)pyrazine 16b (165 mg, 0.5 mmol) 

was added in one portion. The reaction mixture was quickly reheated to reflux for 30 

min. After approximately 5 min, the reaction became dark green. The mixture was cooled 

and the solvent removed in vacuo (Kugelrohr), yielding the crude product as a dark green 

solid. Due to its poor solubility, this compound could not be further purified.

UV/Vis (THFl: Imax = 362 nm; 679 

FAB-MS. m/z (%\. 1347 (4.8) [MH^]

MALDI-TOF-MS. m/z: isotopic cluster peaking at 1346 [M ]̂
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[2.3.9.10.16.17.23.24-Octakis(4-/er^butvlphenvlethvnvlltetrapvrazinoporphvra7inato]- 

magnesium tlD (9cl

N—Mg

Tetrapyrazinoporphyrazine 9c was prepared from dicyanopyrazine 16c ( 2 2 1  mg, 0 . 5  

mmol) in analogy to 9b, yielding the crude product as a dark green solid. Due to its poor 

solubility, 9c could not be purified.

UV (THF): Àmax =389 nm; 676

MALDI-TOF-MS. m/z: isotopic cluster peaking at 1796 [M ]̂
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[2.3.9.10.16.17.23.24-Octakist 3.5-dit fer/-butvl)phenvlethvnvntetrapvrazino- 

porphvrazinato] -magnesiumtlD (9d)

N— l\/|g —

N

Tetrapyrazinoporphyrazine 9d was prepared from dicyanopyrazine 16d (277 mg, 0.5 

mmol) in analogy to 9b. The crude product was purified by flash chromatography 

(CH2CI2 —► 20 % Et2 0  in CH2CI2), followed by gel permeation chromatography, using 

THF as eluent, yield 117 mg (52 pmol, 42 %).

IRtKBrl: v = 2956 cm'* (CH); 2202 (C=C)

UV (THFl: (e) = 317 nm (87000); 394 (205000); 612 (44000); 676 (338000)

*H-NMR (THE. CDCk 400 MHzl: Ô = 7.79 (s, 16H, CH); 7.64 (s, 8 H, CH); 1.43 (s, 144 

H, C (C H 3 )s)

*^C-NMR (THF. CDCl^lOO.5 MHzl: Ô = 151.0; 150.1; 148.1; 141.8; 126.5; 124.1; 

121.3; 98.6; 86.9; 34.5; 30.8

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2243 [M ]̂

Elemental analvsis: C,;2H,6gNi6Mg«2 H2 0  (2279.4458): calcd. C 80.09, H 7.61, N 9.83; 

found C 79.60, H 7.70, N 9.44
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[2.3.9.10.16.17.23.24-Octakisr 3.5 -di( /grr-bntvDphenvlethvnvlltetrapvrazino- 

porphvrazinato]-zinc(ID (17)

N— Zn —N

To a solution of Mg-tetrapyrazinoporphyrazine 9d (70 mg, 31 pmol) in THF (15 ml) was 

added / 7-toluenesulfonic acid (285 mg, 1.5 mmol) and the reaction stirred for 30 min at 

room temperature. The reaction mixture was then poured into a suspension of Zn(OAc)2  

(283 mg, 1.5 mmol) in THF (10 ml) and the mixture stirred at room temperature for 10 

min. The solvent was evaporated in vacuo and the residue subjected to flash 

chromatography (20 % EtiO in CH2CI2), yielding the product as a dark green solid, 71 

mg (31 pmol, 1 0 0  %).

IRrKBrt: V = 2958 cm ' (CH); 2201 (CW:)

UV (THFl: Imax (s) = 289 nm (40000); 387 (211000); 611 (44000); 673 (323000) 

‘H-NMR ITHF. CDCh. 400 MHz'): 5 = 7.74 (s, 16H, CH); 7.59 (s, 8 H, CH); 1.37 (s, 

144H, C(CH3)3)

'^C-NMR (THF. CDCh 100.5 MHzl: 5 = 149.9; 149.7; 146.5; 140.7; 125.4; 123.0; 

120.1; 97.4; 85.6; 33.5; 29.7
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MALDI-TOF-MS. m/z: isotopic cluster peaking at 2284 (100) [M ]̂

Elemental analvsis: C]52H16gN 16Zn#2H20 (2320.5108): calcd. C 78.67, H 7.47, N 9.66; 

found C 78.09, H 7.47, N 9.13

[2.3.9.10.16.17.23.24-Octakis(4-(triisopropvlsilvloxv)phenvlethvnvntetrapvrazino- 

porphvrazinato]-magnesium(ID (9j)

(/-Pr)3 S iq  0Si(/-Pr)3

(/-Pr)3 SiO

(/•-Pr)3 SiO

N— Mg —N

#  %

0Si{/-Pr)3

0Si(/-Pr)3

(/-Pr)3 SiO 0Si(/-Pr)3

Tetrapyrazinoporphyrazine 9j was prepared from pyrazine 16j (100 mg, 0.14 mmol) in 

analogy to 9b. The crude product was purified by flash chromatography (first CH2CI2 , 

then 20 % THF in CH2CI2), followed by gel permeation chromatography using THF as 

eluent, giving the product as a dark green solid, 33.7 mg (12.3 pmol, 35 %)

IR(KBrt: V = 2944 c m '  (CH); 2866 (CH);2198 (C=C)

UVrTHF): Xmax (e) = 401 nm (221000); 613 (46000); 676 (347000)

MALDI-TOF-MS. m/z (%): isotopic cluster peaking at 2745 (73) [M  ̂+ Na]; 2588 (100) 

[M̂  ̂+ Na-Si(CH(CH3)2)3)]

Elemental analvsis: Ci6oH2ooNi6 Si«0 :Mg*2 H2 0  (2760.4666): calcd. C 69.62, H 7.45, N 

8.12; found C 67.15, H 7 .7 .0 2 , N 8.05
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[2.3.9.10.16.17.23.24-Octakis(4-(butoxvcarbonvlmethoxv')phenvlethvnvl)tetra- 

pvrazinoporphvrazmato] -magnesiumdP (9o)

BUO2 CCH2O OCH2CO2BU

BUO2 CCH2O

BUO2CCH2 O

N— Mg —N

OCH2CO2 BU

OCH2 CO2 BU

BUO2 CCH2 O OCH2CO2 BU

Tetrapyrazinoporphyrazine 9o was prepared from pyrazine 16n (267 mg, 0.5 mmol) in 

analogy to 9b. The reaction time was 1 h. The crude product was purified by flash 

chromatography, first eluting the impurities with EtzO, then eluting the product with 

MeOH/ CH2CI2 (2:3), yielding the title compound as a dark green solid, 127 mg (53 

pmol, 42 %). An analytically pure sample was obtained by gel permeation 

chromatography using THF.

IR (KBr): v = 2958 cm'  ̂ (CH); 2198 (C=C); 1752 (C=0)

UV TTHFI: Xmax (e) = 255 nm (89000); 383 (112000); 618 (15000); 679 (56000) 

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2389 [M ]̂

Elemental analvsis: C]36H,2oN,«024Mg*2H20 (2422.8666): calcd. C 67.42, H 5.16, N 

9.25; found C 67.10, H 5.26, N 8.76
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[2.3.9.10.16.17.23.24-Octakis(4-rbutoxvcarbonvlmethoxvV2.6-dimethvlphenvl- 

ethvnvntetrapvrazinoporphvrazinato]-magnesiumriD (9t)

BUO2 CCH2 O

BUO2 CCH2 O

BUO2CCH2O OCH2CO2 BU

N—l\̂ g —N

OCH2CO2 BU

OCH2 CO2 BU

BUO2 CCH2 O OCH2CO2 BU

Tetrapyrazinoporphyrazine 9t was prepared from pyrazine 16s (200 mg, 0.34 mmol) in 

analogy to 9b. The crude product was purified by flash chromatography (three times, 

CH2CI2 —► 2 0  % Et2 0  in CH2CI2), yielding the title compound as a dark green solid, 8 8  

mg (34 pmol, 40 %). An analytically pure sample was obtained by gel permeation 

chromatography using THF.

IRXKBr): v = 2957 cm'  ̂ (CH); 2185 (C=C); 1754 (C=0)

UV (THF): (s) = 255 nm (246000); 261 (223000); 401 (241000); 612 (53000); 677

(330000); 760 (21000)

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2613 [M ]̂

Elemental analvsis: Cis2Hi52Ni6 0 2 4 Mg*2 H2 0  (2647.2954): calcd. C 68.96, H 5.94, N 

8.47; found C 67.83, H 5.67, N 8.28
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[2.3.9.10.16.17.23.24-0ctakis(4-( carboxvmethoxvlphenvlethvnvntetrapvrazino- 

porphvrazinato]-magnesium(ID (9p)

HO2 CCH2 O

HO2 CCH2O

HO2 CCH2O OCH2 CO2 H

N— IV|g —N

#  %

OCH2 CO2 H

OCH2 CO2 H

HO2 CCH2O OCH2CO2 H

To a solution of octabutyl ester 9o (30 mg, 12.6 pmol) in THF (1 ml) and MeOH (1 ml) 

was added potassium hydroxide (0.5 ml of a 1.0 M solution in water, 0.5 mmol) and the 

reaction mixture was stirred for 14 h at room temperature. After that time, the reaction 

mixture was neutralised with 1 M hydrochloric acid and the solvents were evaporated in 

vacuo, leaving a dark green solid which was triturated with a small amount of water to 

remove potassium chloride and then dried at 0.1 mm Hg at 80 °C for 12 h, 16.2 mg.

IR (KBr>: v = 3425 cm ' (OH); 2923 (CH); 2194 (C ^ ) ;  1736 (0=0)

UV (DMSOl: A-max = 365 nm; 687
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[2.3.9.10.16.17.23.24-Octakis( 4-( carboxvmethoxvV2.6-dimethviphenvl- 

ethvnvDtetrapvrazinoporphvrazinatol-magnesiumdl) (9u)

HO2 CCH2O OCH2CO2 H

HO2 CCH2O

HO2 CCH2O

N— IV|g —N

OCH2 CO2 H

OCH2CO2 H

HO2 CCH2 O OCH2CO2 H

Tetrapyrazinoporphyrazine 9u was prepared from tetrapyrazinoporphyrazine 9t (162 

mg, 62 pmol) in analogy to 9p. The product was obtained as a dark green solid, 76 mg. 

IRiKBr): v = 3384 cm ' (OH); 2921 (CH); 2179 (CW:); 1736 (C=0)

UV (DMSOl: Xmax = 403 nm; 6 8 8
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[2.3.9.10.16.17.23.24-Octakisr4-( ( ( methoxvethoxv')ethoxv)ethoxvV2.6-dimethvl- 

phenvlethvnvl]tetrapvrazmoporphvrazinato]-magnesium(ID (9v)

CH3 0 (CH2CH20)3 (0 CH2CH2)3 0 CH3

(0 CH2CH2)3 0 CH3CH3 0 (CH2CH20)3

N—IVjg —N,

(0 CH2CH2)3 0 CH3CH3 0 (CH2CH2 0 )3'

CH3 0 (CH2CH20)3 (0 CH2CH2)3 0 CH3

Tetrapyrazinoporphyrazine 9v was prepared from pyrazine 16v (200 mg, 0.28 mmol) in 

analogy to 9b. The reaction time was 30 min. The crude product was purified by flash 

chromatography, first eluting impurities with THF/CH2CI2 3:1, then eluting the dark 

green band with THF/MeOH 4:1; dark green, waxy solid, 93 mg (32 pmol, 46 %). An 

analytically pure sample was obtained by gel permeation chromatography using THF. 

IRtKBrk V = 2870 cm ’ (CH); 2187 (C=C); 1107 (C-0)

UV rPMSOl: (s) = 413 nm (189000); 618 (49000); 684 (320000)

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2869 [MT]

Elemental analysis: Ci6oHi84Ni6 0 3 2 Mg»2 H2 0  (2903.6282): calcd. C 66.18, H 6.53, N 

7.72; found C 66.49, H 6.63, N 7.81
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2.10. Octaethynylphthalocyanines

[2.3.9.10.16.17.23.24-Octakis(triisopropvlsilvlethvnvnphthalocvaninato]-magnesiumriD 

(14a)
(/-POaSi ,Si(/-Pr) 3

(f-Pr)aSi\^ M ' ==N ^ S i(/-P r)3

N— Mg —N

(/-POaSi

{ i - P r h S r  \  f  Si(/-Pr) 3

Si(/-Pr) 3

A mixture of phthalonitrile 18a (20.0 mg, 41 pmol) and Mg(0 Bu)2  in BuOH (0.5 ml of a

I.0 M solution previously prepared by heating a suspension of Mg-tumings (97.5 mg, 4.0 

mmol) and a crystal of iodine in BuOH (4.0 ml) for 4 h) was heated under reflux for 2 h. 

The solvent was evaporated in a Kugelrohr apparatus leaving a dark green solid, which 

was purified by flash chromatography (10 % -> 20 % EtOAc in hexane), then by gel 

permeation chromatography with THF as eluent yielding the title compound as dark 

green solid, 7.7 mg (3.9 pmol, 38 %).

IR (KBrt: V = 2942 cm ‘ (CH); 2865 (CH); 2144 (C=C)

UV (THF): (e) = 261 nm (61000); 279 (41000); 311 (47000); 382 (139000); 641

(4500); 680 (39000); 713 (372000)

'H-NMR ITHF - CDCk 400 MHzl: 8  = 9.51 (s, 8 H, aiyl C H );  1.32 (s, 168H, 

S i(C H (C H 3 )2 )3 )

‘̂ C-NMR (THF - CDCk 100.5 MHzl: 8  = 152.8; 137.4; 127.6; 125.5; 106.2; 96.0; 18.1;

II.1

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2001 [M* + Na]
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Elemental analysis: C]2oHi76NgSigMg*2H20 (2015.3699): calcd. C 71.52, H 9.00, N 5.56; 

found C 71.17, H 9.15, N 5.23

[2.3.9.10.16.17.23.24-Octakis( 3.5-di-(^er/-butvl)phenvlethvnvl)phthalocvanjnato] - 

magnesiumdl) (14d)

N— IV|g —N

Phthalocyanine 14d was prepared from phthalonitrile 18d (23 mg, 41 pmol) as described 

for 14a. The crude product was purified by flash chromatography (eluting first with 

CH2CI2 , then with 1 0  % Et2 0  in CH2CI2), followed by gel permeation chromatography 

(THE), yielding the product as a dark green solid, 4.0 mg (1.8 pmol, 17 %).

IRJKBr): v = 2953 cm ' (CH);2201 (C C )

UV (THF>: (s) = 278 nm (85000); 307 (87000); 391 (177000); 649 (61000); 689

(48000); 723 (421000)

'H-NMR ITHF - CDCk. 400 MHzl: 5 = 9.64 (s, 8 H, CH); 7.59 (s, 16H, CH); 7.47 (s, 8 H, 

CH); 1.32 (s, 144H, C(CH3);)
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'^C-NMR (THF - CDCl^lOO.5 MHz): Ô = 152.6; 149.7; 136.8; 125.6; 125.3; 124.9; 

121.9; 121.6; 95.3; 86.9; 33.5; 29.9

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2254 [M  ̂+ Na]

Elemental analysis: Ci6oHi76NgMg#2H20 (2235.5064): calcd. C 84.60, H 7.99, N 4.93; 

found C 84.52, H 8.01, N 4.92

2.11. Tetra-[6,7]-quinoxalinoporphyrazines

[2.3.11.12.20.21.29.30-Octakis(triisopropvlsilvlethvnvlltetra-[6.7]-quinoxalinopor- 

phvrazinato]-magnesium(ID (15a)
(/-Pr)3 Si Si(/-Pr) 3\ y

(/-Pr)3 Si

(/■-POaSi

N— Mg —N

Si(/-Pr) 3

Si(/-Pr) 3

(/-Pr)3 Si Si(/-Pr) 3

A mixture of Mg-tumings (39 mg, 1.6 mmol), one small crystal of iodine and butanol (5 

ml) was heated to reflux for 4 h. The mixture was then cooled to room temperature and 

dicyanoquinoxaline 25a (216 mg, 0.4 mmol) was added in one portion. The reaction was 

quickly reheated to reflux for 1 h. The mixture was cooled to room temperature, the 

solvent removed in vacuo (Kugelrohr), yielding the cmde product as a dark blue solid. 

This was purified by flash chromatography (5 % EtOAc/hexane -> 40 % EtOAc/hexane)
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followed by gel permeation chromatography using THF as eluent, giving the title 

compound as a dark blue solid, 95 mg (43 pmol, 43 %).

IR tKBrl: v = 2943 cm'  ̂ (CH); 2866 (CH); C=C absorption not visible

UV riH Fl: Xmax (G) = 244 nm (175000); 249 (210000); 255 (226000); 389 (288000); 553

(18000); 703 (58000); 731 (54000); 771 (510700)

Fluorescence: X@xc = 388 nm (THF), Àem = 788 nm

^H-NMR (THF - CDCk 400 MHzI: Ô = 10.03 (s, 8 H, aryl C H );  1.29 (s, 168H, 

S i(C H (C H 3 )2 )3 )

'^C-NMR (THF - CDCl^lOO.5 MHzl: Ô = 152.3; 139.6; 138.8; 138.6; 121.5; 103.3; 97.4; 

17.3; 10.2

MALDI-TOF-MS. m/z\ isotopic cluster peaking at 2187 [M ]̂

Elemental analvsis: C^gHneNieSigMg (2187.9034): calcd. C 70.27, H 8.11, N 10.24; 

found C 70.25, H 8.43, N 10.00

[2.3.11.12.20.21.29.30-Octakis(triisopropvlsilvlethvnvlltetra-f6.71-quinoxalinopor- 

phvrazinato]-zincHD (28a)
(/•-Pr)3 Si Si(/-Pr) 3

{/■-Pr)3Si

(/-POaSi

N— 7n

/  \
(/-Pr)3 Si Si(/-Pr) 3

Si(/-Pr) 3

Si(/-Pr) 3
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A mixture of Li-metal (1.2 mg, 1.7 mmol) in pentanol (1 ml) was heated to 100 °C until 

all the lithium had dissolved. The solution was cooled to room temperature, 

dicyanoquinoxaline 25a (100 mg, 0.19 mmol) was added and the reaction reheated to 130 

°C for 1 h. To the reaction mixture was then added Zn(0 Ac)2  (60 mg, 0.33 mmol) and 

heating was continued for another 3 h. After cooling to room temperature, the solvent 

was distilled in vacuo (Kugelrohr) and the residue purified by flash chromatography (5 % 

EtOAc/hexane 40 % EtOAc/hexane) followed by gel permeation chromatography, 

giving the pure title compound as a dark blue solid 41 mg (18 pmol, 39 %).

IRJKBr): v = 2943 cm'* (CH); 2866 (CH); C=C absorption not visible

UV (THFh Imax (e) = 380 nm (249000); 547 (27000); 702 (58000); 731 (56000); 770

(507000)

*H-NMR (THF - CDCK 400 MHzk Ô = 10.03 (s, 8 H, aryl C H );  1.31 (s, 168H, 

S i(C H (C H 3 )2 )3 )

*^C-NMR (THF - CDCl^lOO.5 MHzk Ô = 152.4; 139.6; 138.7; 138.0; 121.6; 103.4; 97.5; 

17.2; 10.2

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2228 [M ]̂

Elemental analvsis: Ci28H,76Ni6SigZn (2228.9684): calcd. C 68.98, H 7.96, N 10.05; found 

C 68.62, H 8.22, N 9.87
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[23.11.12.20.21.29.30-Octakis(3.5-dirfer/-butvllphenvlethvnviltetra-r6.71- 

quinoxalinoporphvrazinatol-magnesiumfin (15d)

N— IV|g —N

Tetraquinoxalinoporphyrazine 15d was prepared from dicyanoquinoxaline 25d (242

mg, 0.4 mmol) in analogy to 15a. To enhance solubility of the starting material, PhMe (2 

ml) was added to the reaction mixture. The crude product was purified by flash 

chromatography (eluting first with CH2CI2 , then with 2 0  % Et2 0  in CH2CI2) followed by 

gel permeation chromatography (THE), yielding the pure product as a dark green solid, 

70 mg (29 pmol, 29 %).

IR(KBrt: V = 2960 cm ' (CH); 2204 (C C )

UV (TRFV Xmax (e) = 244 nm (196000); 249 (232000); 255 (244000); 261 (200000); 286 

(139000); 394 (305500); 571 (26100); 704 (59400); 730 (59400); 770 (516800) 

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2442 [M*)
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Elemental analvsis: Ci68Hi76Ni6Mg.2H20 (2479.685): calcd. C 81.38, H 7.32, N 9.04; 

found C 81.65, H 7.20, N 8.59

[2.3.11.12.20.21.29.30-Octakisr4-(triisopropvlsilvloxvlphenvlethvnvlltetra-[6.7]- 

quinoxalinoporphvrazinato]-magnesiumdP (15j)

N— IV|g —

Tetraquinoxalinoporphyrazine 15j was prepared from dicyanoquinoxaline 25j (160 mg, 

0.22 mmol) in analogy to 15a. To enhance solubility of the starting material, PhMe (1 

ml) was added to the reaction mixture. The crude product was purified by flash 

chromatography (eluting first with CH2CI2 , then with THE) followed by gel permeation 

chromatography (THE), giving the pure product as a dark green solid, 56 mg (19 pmol, 

35%).
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IRXKBr): v = 2943 cm'* (CH); 2866 (CH); 2202 (C=C)

UV tTHF): Xmax (e) = 397 nm (264000); 548 (22000); 693 (43000); 705 (45000); 732 

(46000); 772 (411000)

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2924 [M ]̂

Elemental analvsis: C176H208Ni6 0 gSigMg.2 H2 0  (2960.7058): calcd. C 71.39, H 7.22, N 

7.57; found C 71.55, H 7.14, N 7.44

[2.3.11.12.20.21.29.30-Octakis[4-t(rmethoxvethoxvlethoxvlethoxvV2.6-dimethvl- 

phenvlethvnvl]tetra-[6.7]-quinoxalinoporphvrazinato]-magnesiumtlD (15v)
R R

R = (OCHgCHzlsOCHa

N— l\/|g —N

Tetraquinoxalinoporphyrazine 15v was prepared from dicyanoquinoxaline 25v (55 mg, 

73 pmol) in analogy to 15a. The crude product was purified by flash chromatography 

(first eluting impurities with Et20/CH2Cl2, then eluting the product with THF/MeOH
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4:1), followed by gel permeation chromatography, yielding the title compound as a dark 

green waxy solid, 10 mg (3.3 junol, 18 %).

IRJXBr): v = 2922 cm'  ̂ (CH); 2191 (C=C); 1134 (C-0)

UV (DMSOk Aonax (G) = 266 nm (159000); 273 (159000); 287 (157000); 584 (13000); 

788 (38000)

MALDI-TOF-MS. m /z: isotopic cluster peaking at 3066 [M^]

Elemental analvsis: CiyeHi92N 16 0 3 2 Mg.2 H2 0  (3103.8674): calcd. C 68.11, H 6.36, N 

7.22; found C 65.78, H 6.09, N 6.85

12.3.11.12.20.21.29.30-Octakisdodecvltetra-[6.7]-quinoxalinoporphvrazinato1- 

magnesiumHH (271

N— IVjg —

Tetraquinoxalinoporphyrazine 27 was prepared from dicyanoquinoxaline 26f (206 mg, 

0.4 mmol) in analogy to tetraquinoxalinoporphyrazine 15a. The crude product was 

purified by flash chromatography (eluting first with CH2CI2, then with 2 0  % Et2 0  in 

CH2CI2) followed by gel permeation chromatography (THF), yielding the pure product as 

a dark blue solid, 64 mg (31 pmol, 31 %).

IROCBrt: V = 2922 cm ' (CH); 2852 (CH)
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U V J jm ):  A^ax (G) = 271 nm (81500); 310 (79400); 364 (133100); 483 (7300); 660 

(52500); 700 (50400); 735 (431000)

Fluorescence: Aexc = 364 nm (THF), Aem = 749 nm 

MALDI-TOF-MS. m/z: isotopic cluster peaking at 2091 [M ]̂

Elemental analvsis: Ci36H208Ni6Mg(2091.5562): calcd. C 78.10, H 10.02, N 10.72; found 

C 77.76, H 10.22, N 10.67
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