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1 Introduction 

When we just take a look around, we find ourselves in a fast moving society affected by a 

highly mobile, interdependent and interconnected world offering a myriad of opportunities. 

But this situation represents a mixed blessing since besides the prodigious progress there 

are several problems we have to face. These not only grab the headlines but also receive 

particular attention in several reports of prestigious organizations like the WHO (World 

Health Organization)1 or the Shell Group2 in the context of the Global Reporting Initiative 

(GRI). Concerning health care, still many serious illnesses like AIDS (Acquired 

Immunodeficiency Syndrome) or cancer in its various types lack a reliable and effective 

treatment. In the technical field, the impending shortage of fuel and energy has to be fought 

necessitating e.g. efficient light-harvesting devices. Furthermore, environmental pollution 

and the hence accruing problems call for solutions. 

 

 

 

 

  

 

 

 

Figure 1. Reports pointing out global problems.1,2 

These needs represent an incentive for many scientists working in different fields comprising 

materials science, physics, medicine and chemistry. Special targets of interest in scope of 

those researchers are photoactive and redoxactive materials as they exhibit versatile 
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characteristics. For medicinal purposes, they would pave a path to a highly efficient non-

invasive treatment of cancer in terms of e. g. photodynamic therapy (PDT)3,4,5,6 or they could 

be used to remove pollutants from air, water or food.7 In the technical field, photoinduced 

charge separation or electron transfer processes could give rise to novel optoelectronic 

devices like switches or solar cells.8 

In their aiming for suitable compounds or materials, researchers can often rely on naturally 

occurring systems since there are many highly developed concepts which may serve as an 

example. By studying those, principles may be deduced, important structural elements 

identified and this way, novel systems can be established.  

In the case of organic photoactive materials, like the ones being subject of this work, the 

corresponding natural principle to be considered is photosynthesis – the process that 

enables green plants, several algae and some bacteria to convert solar energy into chemical 

energy in a highly efficient way.9 Being perhaps the most important biochemical pathway 

and essential for life, it has represented – and still does – a matter of interest for lots of 

scientists since the end of the 18th century.10 

Modern methods and the ongoing development of chemistry itself have provided deep 

insights into what the complex “natural photovoltaic device” in plants is looking like11 and 

how it works.12 As an example, structural details for photosystem II are depicted in Figure 2. 

 

 

 

 

 

 

 

Figure 2. Structure of photosystem II: Cofactors embedded in the protein matrix (left) and 
arrangement of the chlorophyll cofactors (right).13 



Introduction  1 

3 

N

N

N

N

O

O
O

Mg

CO2Me

As the displayed pictures illustrate, the very complex structure of photosystems is highly 

developed and therewith hard to imitate. But nevertheless, we have a concrete view on the 

active compounds and are able to isolate and characterize them – the chlorophylls, 

particularly chlorophyll a 1 whose structure is presented in Scheme 1.  

 

 

 

 

 

Scheme 1. Chlorophyll a. 

Those molecules do not only represent photoactive compounds but are also capable to 

highly efficiently transfer the harvested light energy to the reaction center where it is used 

for charge separation processes – the actual first step of photosynthesis. These properties 

make the chlorophylls or their derivatives an ideal basis for the construction of tailored 

photoactive materials as they are needed in technical or medicinal applications like e. g. 

photodynamic therapy.3,9 

As that subject is of major interest for this thesis, firstly, the underlying class of substances – 

the porphyrins – shall be introduced followed by an introduction to photodynamic therapy 

(PDT) itself.  
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1.1 Porphyrins – A General Survey 

1.1.1 Structures & Nomenclature 

The term “porphyrin” is derived from the Greek word πορψυρά meaning purple and stands 

for a huge class of organic molecules with a tetrapyrrolic structure, like e.g. 1.14 Therein four 

pyrrole rings are connected by methine bridges under formation of an aromatic macrocycle. 

The basic porphyrin structure was first postulated by KÜSTER in 191215 and later verified by 

FISCHER & ZEILE
16. The simplest representative of that class is porphin 2, which is displayed in 

Scheme 2. There, it is also illustrated, how the different positions on that system can be 

denominated. 

 

 

 

Scheme 2. Structure of porphin 2 with numbering systems according to FISCHER
17 (left) and to 

IUPAC (right)18. 

The elder nomenclature system introduced by FISCHER
17 has been based on several trivial 

names. Synthetic systems could be referred to using descriptors which have been introduced 

for the β- (blue) and the meso-positions (green) since they, in contrast to the α-positions 

(red), can carry substituents (Scheme 2). While the latter were left unspecified, the β-

positions were numbered clockwise from 1 to 8 and the meso-positions were given Greek 

letters. With the ongoing development of artificial systems, the names given became 

complicated and ambiguous. Hence, the IUPAC introduced a systematic and clear 

nomenclature system18 which has mostly replaced the FISCHER system, being only used for 

natural or semi-natural derivatives today. This newer system, also applied in this work, is 

numbering each position of the macrocycle. Side chains can be referred to as usual by 

indicating substituted positions by exponents as it is depicted in Scheme 3.  
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Scheme 3. Example for IUPAC nomenclature. Structure 3 is to be named: 
52-Bromo-5-ethylporphyrin. 

 

 

Thus, it provides a well-suited tool for the exact description of not only porphyrins but also 

porphyrinoids some of which are shown in Scheme 4. 

 

 

 

 

 

 

 

 

Scheme 4. Basic structures of selected porphyrin(oid)s. 

In the strict sense, only the top line of Scheme 4 is referred to as “porphyrins” while systems 

with structural variations, like e.g. the bottom line structures, are among “porphyrinoids” 

being the more general terminus. The shown basic structures for chlorins 4, bacteriochlorins 

5 and isobacterio-chlorins 6 derive from porphyrin 2 by reduction of one or two double 

bonds.19 Structural variations can occur when the ring system is contracted by formally 

leaving out one methine bridge to give so-called corroles 720 or by expansion of the ring 

system leading to homoporphyrins (e.g. extension by one carbon like in 8), sapphyrins 9 

(expanded by one pyrrolic unit) or even higher homologues21. Also isomeric structures like 

10, referred to as porphycene, are known.22 Finally, also many hetero-analogs of porphyrins 

are known formally coming from exchange of carbon or nitrogen atoms in porphyrin 

structures by nitrogen, oxygen, sulfur or other atoms.23 Prominent members of that class are 

represented by phthalocyanines of basic structure 11.24 
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Especially interesting are compounds of basic structures 2, 4 or 7 since those are in close 

relation to naturally occurring compounds like heme (protoporphyrin IX, 12) found in 

mammalian blood and many cytochromes, the chlorophylls in plants and bacteria and corrin 

derivatives in cobalamines (e. g. in vitamin B12). 

 

 

 

 

 

Figure 3. Structures of hemoglobin (left)25 and cytochrome c (center)26 both containing iron 
complexes of protoporphyrin IX (Fe-12) and vitamin B12 (right)27 based on a corrin structure 
13. 

 

 

 

 

 

Scheme 5. Structure of protoporphyrin IX 12 and basic structure of corrin 13. 

Because of that great importance, it is easily understandable that a lot of research work has 

been done on porphyrinoids in order to find out how fundamental processes of life are 

working. For that purpose, the systems or suitable model compounds have to be made 

accessible either from nature by isolation procedures or by appropriate synthetic pathways. 

The latter shall be discussed next.  

 

 

12 13
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1.1.2 Syntheses 

Like previously presented, the variety of porphyrinoid structures and their substitution 

patterns is inconceivably large, making a universal synthetic approach unimaginable. 

Applicable synthetic protocols have to be chosen in respect of number and positions of 

substituents and also by taking into account the symmetry of the targeted system. 

Concerning porphyrins themselves, in principle two major substitution patterns are told 

apart: β- and meso-substitution (Scheme 6).28,29 Since this work focuses on the latter, only 

appropriate methods will be discussed further on. 

 

 

 

 

Scheme 6. Examples for β-substitution (2,3,7,8,12,13,17,18-octaethylporphyrin 14, left) and 
meso-substitution (5,10,15,20-tetraphenylporphyrin, TPP, 15, right). 

Historically, the first synthetic approach to meso-substituted porphyrins was accomplished 

by ROTHEMUND in the 1930’s. He mixed benzaldehyde and pyrrole in a sealed tube and 

applied high temperature and pressure. These harsh reaction conditions have limited the 

adaptability towards aldehydes with functional groups tolerating these conditions and 

furthermore have only given poor yields.29,30 With the development of chemistry itself, novel 

catalysts and oxidants became available and allowed further optimization. The works of 

ADLER & LONGO
29,31 and of LINDSEY

29,32 have represented important milestone therein. 

Nevertheless, the principle of the reaction remained the same. It is based on condensation 

and iterative electrophilic substitution steps on the aromatic system of pyrrole (or 

derivatives) leading to the formation of porphyrinogen 18 via carbinols 16 and carbocation 

intermediates 17. Tetrapyrrolic macrocycle 18 is finally oxidized to furnish the targeted 

porphyrin (here TPP, 15). The process is depicted in Scheme 7.29 For the porphyrinogen 

formation several catalysts can be applied, amongst others TFA, as a protic catalyst, or LEWIS 

acids like BF3·OEt2.33 For the subsequent oxidation, oxygen or substituted quinones like p-

chloranil or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) can be used.29,32d,34

14 15
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Scheme 7. Iterative reaction steps in the porphyrin synthesis and subsequent oxidation of 
porphyrinogen 18 by a benzoquinone reagent.29 

Thus it appears that homogeneously substituted systems – porphyrins of A4 substitution 

pattern – are easy to synthesize and obtainable in good yields. Systems arising from different 

aldehydes can give complex product mixtures since the combination of several fragments 

occurs statistically. Hence, the yield of desired products can drop drastically and their 

purification can be considerably hampered. To overcome these disadvantages, specific 

fragments, so-called dipyrromethanes or tripyrranes prepared in advance, can be used for 

synthesis.28,29 As aryldipyrromethane fragments are of particular importance for this work, 

they should be focused on next. 

Although such compounds were already known for a long time35, it took until the early 

1990s when LEE & LINDSEY
36 and VIGMOND et al.37 made them efficiently accessible. They form 

when arylaldehydes are reacted with excessive pyrrole under the same conditions as above 

(Scheme 8) and represent moderately stable and isolable compounds. As they are to be used 

as building blocks, they should be stable enough to withstand the conditions of the 

formation of porphyrinogens. Else, decomposition would lead back to the parental aldehyde 

16 

17

18 

15 



Introduction  1 

9 

O H
N
H

+  exc.

NH HN

±[H]+

R3 R2

R1

R3 R2

R1

N

NH N

HN

A

B

A

B
N

NH N

HN

A

B

B

B
N

NH N

HN

A

B

C

B
N

NH N

HN

A

D

C

B

and pyrrole causing again multicomponent mixtures. To prevent this “scrambling”, e.g. 

appropriate aryldipyrromethanes can be obtained from more or less bulkily ortho-

substituted arylaldehydes38, with R2/R3 = CH3, CH2CH3, CH2OCH3 or the like, from 

arylaldehydes with strongly electron-withdrawing substituents, with R1 = CO2H, NO2 or 

similar or, if one modifies those fragments further on, from acylated derivatives.39 

 

 

 

Scheme 8. Synthesis of meso-aryldipyrromethanes.  

With such fragments at hand, the synthesis of several substitution patterns can be realized 

in high yields without having to separate them out of complex mixtures. Hence, not only 

different geometries can be achieved, but also a great variety of functionalities can be 

implemented into one porphyrin system (see Scheme 9). This is of great usability in terms of 

the development of new materials and specifically active (model) compounds.29,39 

 

 

 

Scheme 9. Substitution patterns AB3, trans-A2B2, trans-AB2C and ABCD (left to right) well 
accessible by one-pot strategies using different dipyrromethanes and aldehydes. 

But not only is the porphyrin itself interesting for many research groups, since most of the 

biologically active systems contain porphyrin metal complexes like it has already been shown 

in Figure 3. Moreover, it can be stated that porphyrins can serve as ligands for nearly every 

metal, semi-metals and even some nonmetals.40 

Synthetically, the metal insertion can be achieved by several standard procedures utilizing 

metal salts chosen depending on the stability of the targeted metal complex. Very labile 

complexes, like e.g. the ones of magnesium can be prepared from GRIGNARD reagents or 

magnesium salts in dry non-coordinating solvents with hindered amine bases. More stable 
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complexes are usually prepared from metal salts (most often acetates or acetylacetonates) 

in organic solvents at room or elevated temperatures. These procedures are generally well 

suitable especially for most of the lighter transition metals (e.g. Mn, Fe, Co, Ni, Cu, Zn) and 

were also applied in the course of this thesis. Sometimes, a metal carbonyl approach (e.g. for 

Ru, Os) or the utilization of metal amides as base is necessary but those are less common.40 

After having discussed the build-up of systems, it shall now be focused on the systems 

properties. 

1.1.3 Aromaticity, Spectroscopy & Electronic Properties 

Most porphyrins have a planar, conjugated π-system consistent of C-C double bonds and 

nitrogen lone pairs. In analogy to [18]annulenes, porphyrins are considered as bis-etheno 

bridged aza-analogues meaning that only nine double bonds and none of the nitrogen lone 

pairs are directly involved in the aromaticity.41 Another approach based on computational 

molecular dynamics assumes the presence of an aromatic “inner cross”. Both views are 

depicted in Scheme 10. Independent of the points of view, the systems always fulfill HÜCKEL’s 

rule (4n+2 π-electrons) and hence are considered aromatic.42,43 This feature strongly 

influences NMR and UV/Vis spectroscopy as well as reactivities. 

 

 

 

Scheme 10. Mesomeric structures of porphin 2 in respect to the abovementioned 
assumptions for the aromatic character. Analogy to diaza-[18]annulene (left) and the inner 
cross approach (right). 

The magnetic field used with NMR spectroscopy causes a ring current within the macrocycle. 

So the β-pyrrolic protons get deshielded and their resonances shift to lower field. The effect 

is stronger than for benzene analogues and thus the signals are usually observed around 

9 ppm. The same ring current effect is responsible for the shielding of the inner ring amine 

protons and gives rise to a strong shift to higher field making the resonances detectable at 

negative δ values (-2 to -4 ppm).44  
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Also the absorption of light differs from that of benzoidic aromatic systems since the 

porphyrins are intensely colored. This can be explained by the enlargement of the aromatic 

system causing shifts of the absorption bands to higher wavelengths and thus into the visible 

region of the spectrum (see Figure 4 and Table 1).  

 

 

 

 

 

Figure 4. Illustration of the electromagnetic spectrum.45 

Table 1. Absorptions of exemplary aromatic compounds with rising size of the aromatic 
system.46 

Compound λmax [nm] λ [nm] remainder bands 

benzene 189 208, 262 

[10]annulene 257 265 

[18]annulene 379 456, 764 

TPP 13 420 518, 553, 592, 648 

 

A simple model to explain the observed UV/Vis spectra for porphyrins was established by 

GOUTERMAN in the 1960s (Four-Orbital Model).47 Accordingly, the absorption spectra of 

regular porphyrins – like most of the porphyrins within this thesis – can generally be divided 

into two major regions. The first region below 500 nm comprises the most intense 

absorption – the so-called SORET band (B-band) around 400 nm. It arises from an allowed 

π → π* transition (usually S0 → Sm, m>2) and the molar extinction coefficient ε can reach 

several hundred thousand M
-1·cm-1. In the region above 500 nm, the so-called Q-bands are 

observed which also represent π → π* transitions (usually S0 → S1 and S0 → S2). Their ε values 

are much lower as those transition are only quasi-allowed (typically around 10.000 M-1·cm-1). 

In free base systems in general, four bands are detectable due to non-equivalent transition 

dipole moments resulting in two non-degenerate perpendicularly polarized π → π* 
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transitions as it is indicated in Figure 5, in which the x axis is conventionally in direction of 

the inner ring hydrogen atoms. By insertion of a closed-shell metal (e.g. Zn(II)), the system 

achieves a higher symmetry level cropping up in a reduction of the number of bands as both 

transition dipole moments become equivalent. If other metals are inserted, no additional 

bands will be observable as long as the higher symmetry is not broken but the bands might 

shift and alter intensities due to interaction of the metal (d-) orbitals with the porphyrin π-

system.48 

 

 

 

 

 

 

 

 

Figure 5. Normalized UV/Vis spectra for 54,104,154,204-tetra-t-butyl-5,10,15,20-
tetraphenylporphyrin 19 and its zinc(II) complex Zn(II)-19 in CH2Cl2. Bands are denominated 
according to GOUTERMAN. 

Other interesting properties arise from the electrochemical behavior of porphyrin systems 

which can be reversibly oxidized as well as reduced. Thus, they can act as donors or 

acceptors in electron transfer processes depending on the corresponding redox potentials 

being tunable by metal insertion or variation of the peripheral substituents. 

In general, cyclic voltammetry measurements on free base porphyrins like 15 (Scheme 6) or 

porphyrin complexes of non-electroactive metals (e.g. Zn(II) or Cu(II)) give rise to four 

reversible redox waves representing one electron transfer processes, two anodic and two 

cathodic ones. As example, the cyclic voltammogram of 5,10,15,20-tetraphenylporphyrinato-

zinc(II), Zn(II)-15 (ZnTPP), is shown in Figure 6 and the processes involving also radical ionic 

19 Zn(II)-19
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species are sketched in Scheme 11.49 From the obtained data, not only the aptitude of 

compounds for electron transfer processes (e.g. in photovoltaic devices) can be deduced, 

but also HOMO-LUMO gaps can be evaluated as they arise from the absolute potential 

difference between E½ for oxidation and reduction. The latter is of importance concerning 

transitions and energy transfer processes in photophysics which are to be determined in 

course of the development of e.g. novel sensitizers for photodynamic therapy (PDT). 

 

 

 

 

 

Figure 6. Cyclic voltammogram of 5,10,15,20-tetraphenylporphyrinato-zinc(II), Zn(II)-15. 

 

 

 

Scheme 11. Reversible stepwise reduction / oxidation in 5,10,15,20-tetraphenyl-
porphyrinato-zinc(II), Zn(II)-15 (ZnTPP), with given half-wave potentials in V. 
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1.2 Photodynamic Therapy (PDT) 

1.2.1 The History of PDT 

The term photodynamic therapy refers to the treatment of diseases by the use of light and 

photoactive pigments. That concept is not a new-fashioned contrivance as first hints to it can 

be found up to 4000 B.C. in the ancient cultures of Egypt, India and China. According to 

contemporary documents like e.g. the EBERS papyrus or the Atharva Veda, then, skin 

diseases, described as depigmented lesions fitting with clinical pictures of vitiligo or leprosy, 

were treated by application of pastes made of plants or seeds and the successive exposure 

to bright sunlight.50 Today we know that these pastes contained psoralenes 

(furanocoumarins) which represent anaerobic photosensitizers being still used in terms of 

e.g. the PUVA-treatment of psoriasis or other photochemotherapies.51 

But this knowledge is quite new as it took until the end of the 19th century when the student 

O. RAAB experimentally proved that irradiation with light in combination with fluorescing 

substrates like acridine dyes caused death of paramecia.52 Based on those findings RAAB’s 

supervisor H. TAPPEINER and his colleague H. JESIONEK established the term “photodynamic 

action” and conducted first experiments in the photodynamic treatment of patients with 

skin carcinoma in 1905 using e.g. eosin as sensitizer.53  

Figure 7. Documentation of the first PDT 
sessions on a 64 year-old patient with 
rodent ulcer before treatment (left) and 
one month after PDT with topical 
application of Magdala-red followed by 
exposure to sunlight (right). 

 

 

Around that time, tetrapyrroles entered the scene when H. W. HAUSMANN (1908) and F. 

MEYER-BETZ (1912) studied the effects of light exposure in combination with 

hematoporphyrin (Hp 20, see Scheme 12). In unorthodox experiments with white mice, 

HAUSMANN was able to prove that Hp is an effective sensitizer and that the effect is 

dependent on the light dose.54 More exceptionally, MEYER-BETZ experimented on himself and 
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demonstrated very strikingly the violent photosensitivity caused by even small amounts of 

Hp in humans.55 Those findings together with studies of A. POLICARD in 192456, who 

recognized that porphyrins tend to accumulate in tumor tissue, made the porphyrin based 

PDT to seem obvious. 

But again, it took further 40 years until a giant step forward was achieved by S. SCHWARTZ
57 in 

developing a “new generation” photosensitizer called hematoporphyrin derivative (HpD 21, 

see Scheme 12). After its preliminary use for fluorescent diagnosis, R. LIPSON and co-workers 

revealed the ability of HpD to destroy tumor tissue and presented first results in 1966.58  

The first extensive clinical trials were conducted in 1978 by T. J. DOUGHERTY and co-workers 

who mostly successfully treated over 100 cutaneous and subcutaneous malignant tumors. 

This finally led to the first commercially available form of HpD 21 for the treatment of 

several types of cancer like bladder, brain or esophageal cancers, thoracic malignancies and 

oral, head and neck cancers. Photofrin®, like the drug is called, was first approved in Canada 

in 1993 and is today perhaps the most wide-spread applied photosensitizer world-wide.59  

 

 

 

 

 

 

 

 

 

 

Scheme 12. Structures of Hp 20 and components of HpD 21 where R = -CH=CH2 or R =             
-CHOH-CH3 and n = 0-6.60 
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Certainly, Photofrin® is not the only photosensitizer already approved and applied. But 

before we are going into that matter, it should be elucidated how PDT is working and which 

role the photosensitizer is playing. 

1.2.2 Principles of PDT 

As already mentioned, PDT bases on the interaction of light with photoactive dyes unfolding 

their therapeutic (i.e. cytotoxic) properties which can best be explained using a JABLONSKI 

diagram like is presented in Scheme 13.48b,50a,61 

 

 

 

 

 

 

 

Scheme 13. Simplified JABLONSKI diagram with arrows indicating absorption, vibrational 
relaxation, fluorescence, internal conversion (IC), intersystem crossing (ISC), 
phosphorescence and energy transfer (ET) whereas states assigned with P represent states 
of the photosensitizer. 

At first, the photosensitizer in its singlet ground state (1P, S0) absorbs adequate light energy 

and becomes finally excited into its first exited singlet state (1P, S1). From this state, various 

successive processes can occur. The sensitizer can relax back into its singlet ground state in a 

radiationless fashion by internal conversion (IC) or by emission of light (fluorescence). The 

latter process can be used for tumor imaging in terms of fluorescent diagnosis. If the lifetime 

of the first excited singlet state is long enough, the sensitizer can convert into an exited 

triplet state (3P, T1) by intersystem crossing (ISC). Although this process is spin-forbidden in 

first-order approximation, good sensitizers show high ISC quantum yields. From this state, 

the photosensitizer can relax back to a ground state again by emission of light 
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Type I photoreactions Type II photoreactions

3P +  Sub → P+· +  Sub-· 3P +  3O2 → 1P +  1O2

3P +  Sub → P-· +  Sub+· 1O2 +  Sub → Sub(O)
3P +  SubH → PH· +  Sub·

(phosphorescence) or it can perform a radiationless energy transfer to another molecule 

(e.g. oxygen or other biomolecules). Depending on the exited triplet state lifetime, which is 

oftentimes quite long (up to ms), the sensitizer is also able to participate in chemical 

reactions. These facts make the sensitizer’s excited triplet state (3P, T1) the crucial point for 

photodynamic actions. 

In this context we distinguish between two types of photoreactions called Type I and Type II 

photoreactions being summarized in Scheme 14. Type I photoreactions cover electron or 

hydrogen transfer reactions between the sensitizer (3P) and organic substrates (Sub) or 

oxygen. In these cases ionic or radical species, amongst others superoxide (O2
-), 

hydroperoxyl radicals (HOO·) or hydroperoxide (H2O2), are produced being highly cytotoxic. 

In Type II photoreactions the sensitizer is reacting with present triplet oxygen (3O2, 3Σg
-) in 

terms of an electron spin exchange providing highly reactive singlet oxygen (1O2, 1Δg) in 

which the spin one of the π*-electrons has been inverted. This process has already been 

shown in the JABLONSKI diagram in Scheme 13 as energy transfer process in whose course the 

sensitizer is relaxed back to its singlet ground state (1P, S0).62 

 

 

 

Scheme 14. PDT related photoreactions outlined.62 

Generally, the Type II photoreactions are considered to be the major cause for the 

photodynamic effect since 1O2, being a highly oxidative species, only has a very short lifetime 

in a cellular environment and therewith reacts at the site of its formation. That means that 

the damaging effect occurs within regions not larger than the diameter of a cell membrane. 

The nature of the damage is thus dependent on the site of accumulation of the sensitizer, 

i.e. whether it is taken up into different cellular compartments or localized onto the cell’s 

membrane.61  

That is quite decisive since the localization of the photodamage leads to different types of 

cell death, an apoptotic or a necrotic one. In case of an apoptotic cell death, being also called 

a physiological or programmed cell death, the cell disintegrates into smaller vesicles with 



1  Introduction 

18 

intact membranes being eliminated by macrophages. This is preferable to necrotic cell death 

since that means that a cell loses its membrane integrity upon swelling setting free 

intracellular components which are hard to eliminate in the surrounding tissue.63 

Thus, a sensitizer should preferentially accumulate inside a cell to achieve a high apoptosis 

probability. But, it should be stated here, that a successful PDT treatment does not 

essentially involve the killing of every tumor cell as animal studies show that several vital 

cells can be detected in successfully photodynamically treated tissues. Accordingly, the 

death of a tumor is not only caused by eradication of all tumor cells but rather by severe 

damage of its essential vasculature by PDT.64  

With that in mind, it is possible to draw the image of the “ideal” photosensitizer. The 

requirements to be met and present realizations of those will be discussed in the following. 

1.2.3 Photosensitizers in PDT 

The actual quality of a photosensitizer can be fixed to the number of requirements it fulfills. 

Those arise amongst others from the operating mode of PDT presented in the previous 

paragraph and from general characteristics any drug should have. Some crucial items are 

listed below61,62c,65: 

• Low toxicity, mutagenicity and carcinogenicity as no patient should be poisoned or 

seriously harmed by creation of other diseases 

• Good selectivity, targetability and elimination characteristics since the sensitizer should 

preferentially accumulate in the tumor tissue and be easily eliminated from the 

organism after treatment not to cause long-time photosensitivity 

• Reliable activation and effectiveness as varying activation wavelengths, light doses and 
1O2 quantum yields from batch to batch make a reliable treatment almost impossible 

• Absorption at high wavelength to ensure a deep enough penetration of the tissue, 

ideally around 600 – 700 nm (∼ 10 mm depth) 

However many substances can behave as photosensitizers and new ones are regularly 

discovered, only very few made it to clinical trials and even fewer are readily commercially 

available. When we have a look at a list of some clinically approved sensitizers (Table 2), we 

will find mostly polypyrroles – porphyrins, chlorins and phthalocyanines whose structures 
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are shown in Scheme 15. It should be noted, that levulinic acid derivatives 22 and 23 

certainly are not photosensitizers themselves but precursors for the production of 

protoporphyrin IX 12 (see Scheme 5) in the body, a so-called endogenous photosensitizer.65 

Table 2. Overview on clinically approved photosensitizers.65 

Drug Substance Manufacturer Website 

Photofrin® HpD Axcan Pharma www.axcan.com 

Levulan® 5-aminolevulinic acid DUSA Pharmaceuticals www.dusapharma.com 

Metvix® Methyl-aminolevulinate PhotoCure ASA www.photocure.com 

Visudyne® Verteporphin Novartis Pharmaceuticals www.visudyne.com 

Antrin® Lu-texaphyrin Pharmacyclics www.pharmacyclics.com 

Foscan® Temoporfin Biolitec Pharma www.biolitecpharma.com 

Photosens® 
Al-phthalocyanine 
derivative 

General Physics Institute www.gpi.ru 

 

 

 

 

 

 

 

 

 

 

Scheme 15. Chemical structures of the clinically approved photosensitizers listed in Table 2. 
The lacking HpD structure 21 can be found in Scheme 12. 

The sensitizers displayed in Scheme 15 belong to the class of so-called 2nd generation 

photosensitizers. They were developed to overcome several disadvantages of HpD – a 1st 

generation sensitizer – like e.g. the appearance as mixture consisting of up to 25 different 

22 23 24 

25 26 27 
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dye

multiplierlinkerantibodyantibody

dye

components, the limits concerning the effective depth of tissue penetration due to the non-

optimal optical position and low absorbance of the highest Q-band (λ = 630 nm at 

ε = 3500 M-1·cm-1) and severe side effects due to accumulation in the skin causing high 

photosensitivity for up to six weeks after treatment.61,62c,66 

Although the 2nd generation sensitizers represent far more defined compounds absorbing 

more efficiently at higher wavelengths (λ = 650-730 nm at ε ≈ 40.000 M-1·cm-1)67, they are 

still far from being ideal. For example, one of the major problems to be tackled remains still 

unsolved since the compounds accumulate in tumor cells only because of their changed 

metabolism without being able to really recognize them.  

To realize an effective targeting, the so-called 3rd generation sensitizers are being developed. 

Such compounds combine a photoactive sensitizer with an antibody moiety providing a tool 

to address exclusively to malignant tissue.68 Thereby different approaches can be followed 

as either the sensitizers can be directly attached to the antibody or a conjugate might be 

formed in terms of a so-called modular carrier system. 

 

 

 

 

 

Scheme 16. Approaches to 3rd generation photosensitizers: direct conjugation of dye and 
antibody (left) vs. building up a modular carrier system (right). 

Both are considered to have their advantages and disadvantages. On the one hand, the first 

approach is easier to be synthetically realized, but one risks to severely influence the 

antibody’s properties as for sufficient therapeutic purposes usually more than one sensitizer 

has to be attached. Such multiple direct binding could affect the active targeting site or even 

might lead to a un- or refolding of the peptide structure causing the loss of activity. On the 

other hand, the setup of a modular carrier system is oftentimes laborious due to its far more 

complex structure. But it enables the complete preservation of the function of the antibody 

and a tunable photoactivity as number and species of the dyes can be varied. Both 

approaches are currently under investigation.68 
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2 State of the Art & Aims 

This thesis is majorly focused on the development of novel porphyrin structures, their 

properties and their use for photophysical applications, primarily for photodynamic therapy. 

For that purpose, well established concepts from the working group of N. JUX are to be taken 

up and it shall be tried to synergize them with current findings on PDT based on semi-natural 

chlorine structures. 

2.1 State of the Art 

Concerning the setup of novel synthetic porphyrin systems, the concept of o-(bromomethyl) 

substituted porphyrin building blocks was chosen as basic approach. Those substances 

represent tetraarylporphyrins with 1 to 8 bromomethyl groups situated on 4-t-butylphenyl 

meso-substituents in ortho-position in respect of the porphyrin core.69  

 

 

 

 

 

 

 

 

 

Scheme 17. Selected o-(bromomethyl) porphyrin building blocks. 
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They were developed by N. JUX and co-workers and proved excellently suited for the 

construction of several tailored systems with diverse applications. For example, highly 

charged porphyrins and their metal complexes were synthesized70 for the investigation of 

fundamental biochemical subjects like the binding of NO to heme proteins under 

physiological conditions71 or the modeling of cytochrome P450NOR
72. Porphyrin crown ether 

conjugates were investigated as ditopic receptors73 and metal complexes of inherently chiral 

cycloamino-porphyrin systems M-29 were accessed74 for potential application in 

enantioselective catalysis. 

The latter, an example of whom is depicted in Scheme 18, were recently synthesized by 

pyrolysis of o-(azidomethyl) porphyrins. Those reactions, affording harsh conditions, turned 

out to be unreliable and limited to metalloporphyrins. Due to the only moderate stability of 

the obtained exocyclic amino-porphyrins, free base systems were inaccessible and trials in 

order to functionalize the amine moiety in M-29 remained unsuccessful.74,75 Nevertheless, 

the concept worked and is worth to be further investigated albeit under modifications.  

Scheme 18. General structure for cycloamino-porphyrin 
systems M-29 where M = CuII, NiII or MnV. The compounds 
should be present in racemic mixtures due to atropisomerism. 

 

 

 

To tackle those problems, the architecture could be altered from amine-based to ketone-

based exocycles (Scheme 19) analog to compounds recently reported by CALLOT et al.76 For 

that purpose, the synthetic pathway has to be completely altered.  

Scheme 19. General structure for cycloketo-porphyrin 
systems M-53 where M = CuII, NiII or 2H. Also here, 
atropisomers should be formed to give a racemic mixture. 

 

 

 

M-29

M-53
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In connection with pyropheophorbide a, which can be regarded as a derivative of naturally 

occurring cycloketo-porphyrin chlorophyll a, and its applications as potential photosensitizer 

for PDT, it has recently been demonstrated that pyropheophorbide a and its conjugates fit 

well into the PDT conception. They provide well-defined active photosensitizers being able 

to be implemented into a modular carrier system for the construction of novel 3rd 

generation photosensitizers. One thoroughly investigated example was obtained by 

application of a dendro-[60]fullerene as multiplying unit carrying pyropheophorbide a-dyes 

as sensitizing unit finally conjugated to a monoclonal antibody (“Rituximab”, chimeric anti-

human CD20) serving as addressing unit.68f,77 The structure is depicted in Figure 8.  

 

 

 

 

 

 

 

 

Figure 8. Structure of novel 3rd generation photosensitizer 30: detailed structure of the 
sensitizing unit with attached hydrocarbon linker (left), visualization of that unit (red) 
conjugated to the antibody based on simple computation of one possible conformation 
(HyperChem, MM+).68f 

The concept proved to be suitable as conducted cell experiment showed, but the 

compounds are not easy to handle. Problems arise from the poor solubility of multi-

pyropheophorbide a conjugates leading to low yields in further coupling reactions and 

laborious purification protocols. Furthermore it turned out, that those poly-dye structures 

suffer from a serious decrease in the observed fluorescence and 1O2 quantum yields due to 

efficient energy trap formation leading to intrinsic quenching. It is believed, that those 

effects arise from the elevated local concentration of chromophores aggregating in parallel 

or T-contact arrangements.78  

30
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2.2 Aim of the Work 

Within the course of this thesis, novel cycloketo-porphyrin systems shall be established and 

thoroughly investigated. As they are related to pyropheophorbides, being active 

photosensitizers suited for applications in photodynamic therapy, both substance classes 

shall be compared and finally, trials are to be conducted to synergize both approaches to 

photosensitization – the fully synthetic and the nature based one – to gain the ability of 

developing novel photosensitizing systems with improved characteristics. 

Concerning the porphyrin building blocks, which represent the basis for the development of 

cycloketo-porphyrins, it seems worth to revisit the used synthetic protocols to rationalize 

their formation to be able to access those systems in multi-gram quantities. Then novel 

synthetic protocols shall be established leading to systems like M-53 (see Scheme 19) as 

rational as possible and to free base systems. Furthermore, it is to be investigated, whether 

those protocols are also applicable to obtain bis- or even higher annulated analogs of 

specific symmetries. All obtained systems shall then be characterized and thoroughly 

investigated concerning their general behavior and especially their photophysical and 

electrochemical properties. Dependent on those findings, it is to be studied, if thereof arise 

potential candidates for PDT applications and if those could be directly implemented into a 

3rd generation sensitizer concept or whether further structural modifications have to be 

performed. Also, those adapted compounds are then to be subjected to detailed studies. 

Additionally, the assumption that some of those compounds appear as mixtures of 

atropisomers, and thus are considered to be inherently chiral, shall be further investigated 

and, if possible, a pathway shall be figured out to finally be able to resolve the racemic 

mixtures.  

Meanwhile, also the isolation and transformation protocols to access pyropheophorbide a 

derivatives shall be worked over, since the isolation from higher plants (e.g. spinach and 

stinging nettles) or chlorella algae involves the very laborious separation of chlorophylls a 

and b. The use of spirulina algae can offer a good alternative therefore, which is to be 

verified. The obtained derivatives will furthermore serve as reference compounds for 

investigations on the synthesized cycloketo-porphyrin systems being regarded as artificial 

structural analogs.  
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3 Discussion and Results 

3.1 Semi-Natural Cycloketo-Porphyrins 

That substance class covers the whole family of the chlorophylls and their derivatives. 

Thereby chlorophyll a 1 is of the utmost significance, since it is the most wide-spread one 

being found in plants, algae and even some bacteria.79 Primary degradation comprises 

demetallation (→ pheophytin a 31) and the loss of the phytyl side chain leading to 

pheophorbide a 32 existing as equilibrium mixture of two diastereomers. As that fact 

seriously hampers photophysical measurements and as it could give rise to ring-opening 

side-reactions leading to chlorin e6 derivatives, further degradation by pyrolysis is performed 

destroying the allomeric center to give pyropheophorbide a 33. 

 

 

 

 

 

Scheme 20. Products from chemical modification (degradation) of chlorophyll a 1. 

3.1.1 Accessing Pyropheophorbide a 

To successfully generate pyropheophorbide a 33, chlorophyll a 1 had to be isolated. Initially 

applied protocols used mixtures of leaf spinach and stinging nettles or dried chlorella algae 

as natural source. But both, they were laborious due to time-consuming processing of the 

organic starting materials (e.g. grinding) and as the separation from unwanted chlorophyll b 

turned out to be difficult.80 Thus, switching the starting material to spirulina algae seemed 

more promising since it exclusively contains chlorophyll a 1 and as that is not being 

31 32 33 
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encapsulated in chloroplasts (intracellular organelles) but situated on the cell wall itself.81 

Hence, the following protocol was established, thoroughly explained in the experimental 

section (paragraph 6.2.2), taking into account several literature procedures82. 

Firstly, the cellular membranes of the algae had to be ruptured by soaking in water and 

subsequent quick-freezing. Upon extraction with an acetone/water mixture, crude black-

purple pheophytin a 31 was furnished after FC on silica, as obviously the magnesium(II) 

center was removed in doing so. The successful extraction could thereby nicely be visualized 

by microscopic means (Figure 9).83 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Spirulina platensis. a. Crude dry algae. b. Cellular residue after extraction. 
Microscopic views of the intact organism: c. using usual illumination, d. applying 
fluorescence conditions. e. Ruptured cells after extraction. 

Based on our experiences, it was decided not to remove the phytyl side chain but to replace 

it by a methyl group as the so formed ester derivatives were less polar easing up purification 

by FC significantly. Thus, a transesterification was carried out in methanol containing 5 wt% 

of H2SO4 which led to almost quantitative formation of the methyl ester of 32. That methyl 

pheophorbide a (Me-32) was then pyrolized in 2,4,6-collidine to give pure methyl 
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pyropheophorbide a (Me-33) as dark purple powder after FC. This compound proved to be 

well isolable and could be stored in dry form over months without any decomposition. The 

combined yield ranged between 600 and 800 mg per 100 g of algae which is in good 

agreement with nutrition analysis data showing a correspondent chlorophyll content in 

between 1.0-2.0 g. The variance of the values is due to the fact that it was dealt with natural 

products and samples of different providers. 

Thus excellently accessible pure Me-33 could then easily be converted into the 

corresponding free acid pyropheophorbide a 33 by basic saponification. That reaction (see 

Scheme 21) proceeded nearly quantitatively (92-96 % yield) so that further purification was 

unnecessary.  

 

 

 

 

 

Scheme 21. Saponification of Me-33 to 33. 

After having presented an efficient synthetic pathway it will now be focused on data 

concerning spectroscopy and photophysics. 

3.1.2 Spectroscopic and Photophysical Data 

As all abovementioned compounds are well known to literature82, a detailed discussion is set 

aside. It will rather be focused on features either proving the setup isolation protocol or 

being needed for later comparison with cycloketo-porphyrin systems. 

Since Me-33 was introduced into the isolation procedure, it should be turned to its 1H NMR 

spectrum (Figure 10) as typical example. The vinyl side chain on position 3 was not affected 

by the applied reaction protocol as it gives rise to the characteristic set of three doublets of 

doublet between 6 and 8 ppm. The effective pyrolysis is reflected by the appearance of two 

doublets at 5.24 and 5.09 ppm, respectively. Those represent the resonances of the 

Me-33 33 
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diastereotopic protons on position 132 showing a typical 2J coupling of 19.8 Hz. The 

successful displacement of the phytyl side chain by methanol is proven by the lacking of the 

corresponding aliphatic signals and the appearance of a singlet at 3.61 ppm (174). The oddly 

seeming split-up for the NH-resonances into two distinct singlets at 0.37 and -1.75 ppm is 

quite normal as the spectrum was recorded at the “high” concentration of approx. 0.08 M. 

Then, pheophorbides tend to organize themselves to form large aggregates of specific 

orientation by increased π-π interactions inducing selective ring current shifts.84 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. 1H NMR spectrum of Me-33, 400 MHz, CDCl3, rt. All signals are numbered 
according to IUPAC recommendations. 

The spectroscopic data for 33 was identical except the fact that the signal at 3.61 ppm, 

representing the methyl group of the ester, was lost.  

The UV/Vis spectrum73a,84,85 of Me-33 being displayed in Figure 11 appears of typical shape 

for porphyrins consisting of a SORET in the blue region and Q-bands in the red region of the 

spectrum (see Figure 5). Since the compound is a mostly exclusively β-substituted chlorin, 

the intensities differ quite a lot from those observed for meso-substituted tetraaryl-

porphyrins. The SORET absorption in Me-33, although representing the most intense one, 

Me-33 
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only reaches about one fourth of the extinction being found in tetraphenylporphyrin like 15 

or 19. In contrast, the Q-bands are of higher extinction coefficients, especially the one 

highest in energy, QIV, reaching more than the tenfold value compared to standard TPP’s. 

That situation, being typical for chlorin based structures, is of particular interest concerning 

PDT application as the high maximum of wavelength for QIV (λmax) allows a quite effective 

penetration of the targeted tissue in combination with a high extinction making high light 

doses unnecessary. 

Figure 11. UV/Vis spectrum 
of Me-33 in CH2Cl2 with 

given λmax values and 
corresponding molar ex-

tinction coefficients ε in 
parenthesis.  

 

 

 

 

Further photophysical parameters have also been determined (for experimental setups see 

paragraph 6.1). The pyropheophorbides appear highly fluorescent as they show fluorescence 

quantum yields of 0.2886 in comparison to TPP 15 (Φfl = 0.11)87 while they less eagerly relax 

via intersystem crossing channels. The ISC quantum yield equals 0.52 whereas it is about 0.1 

to 0.15 higher in standard tetraarylporphyrins. Looking at singlet oxygen generation, the 

pyropheophorbides show a moderate performance as the corresponding quantum yield ΦΔ 

is around 0.50 compared to 0.65 for TPP 1586,88, but one has to keep in mind that 

pyropheophorbides are rather applicable under physiological conditions than TPP being just 

barely or even insoluble in alcohols or DMSO. 

Methyl pyropheophorbide a Me-33 was also investigated electrochemically in CH2Cl2 

solution for later comparison with the novel compounds as literature data were rare and not 

fitting with the conditions applied within this thesis. The measurements were conducted 

according to the setup described in the experimental section (paragraph 6.1) at 10-3 M 

concentration. The obtained cyclic voltammogram is displayed in Figure 12. 
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Figure 12. Cyclic voltammogram of Me-33 in CH2Cl2 with indicated half-wave potentials E½ 
and cathodic peak potentials Epc given in V vs. ferrocene E(Fc/Fc+) = +0.53 V which served as 
internal standard. 

In the cathodic region, two reversible electron transfer processes are visible while in the 

anodic region only clear peaks are observed in forward direction. In the reverse direction, 

i.e. going to lower potentials, the corresponding peaks are not detectable or show a 

significantly lower anodic peak current. Thus, for those irreversible processes only cathodic 

peak potentials Epc were obtained. This is in well agreement with theory since Me-33 

represents a chlorin which can be reversibly reduced but not oxidized. The oxidation would 

go in hand with the loss of two protons finally resulting in a porphyrin structure of different 

behavior. That is also the crucial point as those processes are easily happening by 

improvident handling of such substrates under oxygen in solution.  
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3.2 Synthetic Cycloketo-Porphyrin Systems 

This class of compounds can be regarded as distantly related to the previously presented 

chlorophyll derivatives based on the porphyrin building blocks introduced by JUX
69 (Scheme 

17). Thus, a new class of substances had to be developed, beginning with a closer look on 

the already established building blocks themselves. 

3.2.1 o-(Bromomethyl) Substituted Porphyrin Building Blocks Revisited 

Those substances, representing excellent starting materials as they are easily accessible and 

convertible into diverse functional porphyrinoid targets, arise from arylaldehydes 38a or 38b 

being not commercially available. Hence, they have to be synthesized from 5-t-butyl-m-

xylene 34 by the multistep strategy depicted in Scheme 22. 

 

 

 

 

 

 

 

Scheme 22. Synthetic protocol used for arylaldehydes 38a and 38b: a. Br2, iron cuttings, 
CH2Cl2, rt, 3 h; b. Br2, CH2Cl2, hν, reflux, 0.5-6 h; c: Na, MeOH, reflux, 3 h; d. 1. n-BuLi, Et2O,    
-78 °C, 1 h; 2. add. DMF, -78 °C→rt, 2 h; 3. add. 2 M HCl, rt, 0.5 h. 

The first step, the bromination para to the t-butyl group in 3489, emerged efficient, whereas 

the subsequent functionalization of the benzylic position(s) in 35 by radical bromination90 

using N-bromosuccinimide (NBS) and dibenzoyl peroxide (DBPO) turned out to be 

inexpedient. On the one hand, the isolation of the desired targets was laborious due to 

multiple bromination on each methyl group in considerable amounts75 and on the other 

hand the used solvent CCl4 is hazardous and only limitedly accredited. These disadvantages 

could be overcome by conducting the reaction in CH2Cl2 with elemental bromine under 

34 35 

36a

36b

37a

37b

38a

38b
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irradiation with a halogen lamp. The reaction time was decreased and the yield was raised 

up to 42 % for 36a and to 58 % for 36b, respectively. Thereby multiple bromination could be 

effectively suppressed, so that most often the desired products were detected exclusively. 

Those could easily be separated by FC (SiO2, hexanes). The characterization data being 

summarized in the experimental section is in full accordance to literature.91 

The conversion of benzylic bromides 36a and 36b into their corresponding methyl benzyl 

ethers 37a and 37b, which has been essential for the next step, was quantitatively 

accomplished via SN reaction with sodium methanolate90. The subsequent aldehyde 

formation was achieved by bromine-lithium exchange followed by addition of DMF and final 

hydrolysis of the semi-acetalic adduct accordant to literature procedures90. Thus, the desired 

arylaldehydes were obtained analytically pure in good yields (65 % for 38a and 75 % for 38b). 

In order to apply LINDSEY’s method for porphyrin synthesis29, both aldehydes were converted 

into the corresponding dipyrromethanes in advance. The condensation of 38a and 38b with 

excessive pyrrole under LEWIS acid catalysis (BF3·OEt2) (LINDSEY conditions36,92) furnished 

analytically pure 39a and 39b after Kugelrohr distillation in 61 % and 64 % yield, respectively. 

 

 

 

 

 

Scheme 23. Synthesis of dipyrromethanes 39a and 39b under LINDSEY conditions. 

Subsequent condensation with 4-t-butylbenzaldehyde (and pyrrole) under slightly modified 

LINDSEY conditions29,69 provided an effective build-up of o-(methoxymethyl) substituted 

meso-tetraarylporphyrins of different symmetries being the direct precursors of building 

blocks 45 - 49 (Scheme 25). The structures of the obtained systems, their symmetries and 

synthetic details as well as the corresponding isolated yields are summarized in Scheme 24 

and Table 3.  

 

38a R = H 

38b R = OCH3 

39a R = H 

39b R = OCH3 
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Scheme 24. General outline for the synthesis of porphyrin systems 40 - 44. 

Table 3. Synthetic details for the formation of porphyrin systems 40 - 44.  

Compound m : n : p Condensation witha Oxidant Yield Symmetryb 

40 1 : 4 : 3 1. TFA (20mM), 2. NEt3 DDQ 13.6 %  bsd. on 39a CS 

41 1 : 4 : 3 BF3·OEt2 DDQ 14.2 %  bsd. on 39b C2v 

42c 

43c 1 : 1 : 0 1. TFA (20mM), 2. NEt3 DDQ 
8.8 %
8.4 % 

bsd. on 39a 
C2v 

C2h 

44 1 : 1 : 0 1. TFA (20mM), 2. NEt3 DDQ 20.4 %  bsd. on 39b D2h 

a Used solvents: CHCl3/EtOH with BF3·OEt2 and CH2Cl2 with TFA. TFA had to be neutralized before the oxidant was added. 
b The positions of the inner-ring amine protons was left unconsidered due to fast tautomerism. 
c These compounds represent stable atropisomers forming in the same reaction. 

 
While 44 formed exclusively under the applied synthetic conditions, 40 and 41 were 

accompanied by the unfunctionalized 54,104,154,204-tetra-t-butyl-5,10,15,20-tetraphenyl-

porphyrin (TTBPP) arising from excessive pyrrole and 4-t-butylbenzaldehyde being easily 

separated by FC. As 42 and 43 represent atropisomers (αα- and αβ-conformation), they 

formed in the same reaction as sole and easily separable compounds. 

The obtained systems represent the direct precursors to the o-(bromomethyl) substituted 

porphyrin building blocks which had been chosen as starting material. The conversion of the 

methoxymethyl side chains into bromomethyl functionalities was accomplished by acid 

catalyzed substitution using hydrobromic acid in quantitative yield in any case. (Scheme 25) 

As those systems as well as the porphyrin precursors are already known to literature69, a 

further discussion of characterization data is set aside. 

39a R1 = H 

39b R1 = OCH3 

40 R1 = R2 = R3 = H 

41 R1 = OCH3, R2 = R3 = H 

42 R1 = H, R2 = CH2OCH3, R3 = CH3 

43 R1 = H, R2 = CH3, R3 = CH2OCH3 

44 R1 = OCH3, R2 = R3 = CH2OCH3 
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Scheme 25. Transformation of methoxymethyl porphyrins into bromomethyl porphyrins. 

Thus, the different starting materials were well accessible in quantities of 1-2 g per run 

providing a solid basis for further investigations on the setup of novel systems. 

3.2.2 Setup of a Synthetic Pathway to Novel Cycloketo-Porphyrins 

Such systems are generally accessible by a FRIEDEL-CRAFTS acylation process like CALLOT et al. 

have recently shown76. In order to obtain structural analogs to the already synthesized 

cycloamino-porphyrin systems like M-29 (Scheme 18), the bromomethyl groups in 45 - 49 

had to be converted into ethanoic acid side chains. Different thinkable approaches therefore 

were tried and evaluated using mono-functional system 45 as a basis. The results are 

discussed in the following paragraphs. 

3.2.2.1 Developing the Synthesis of a Porphyrin Ethanoic Acid Derivative 

3.2.2.1.1 Evaluating Organometallic Means 

A general approach to carboxylic acid derivatives uses organic halides, most often bromides. 

Those substrates are firstly subjected to an umpolung by generation of organometallic 

intermediates being further reacted with carbon dioxide. Possible reaction pathways are 

shown in Scheme 26 on the left. Both reaction pathways were investigated using the zinc(II) 

complex of 45 as a suitable starting material, in which the central metal is functioning as a 

40 R1 = R2 = R3 = H 

41 R1 = OCH3, R2 = R3 = H 

42 R1 = H, R2 = CH2OCH3, R3 = CH3 

43 R1 = H, R2 = CH3, R3 = CH2OCH3 

44 R1 = OCH3, R2 = R3 = CH2OCH3 

45 R1 = R2 = R3 = H 

46 R1 = Br, R2 = R3 = H 

47 R1 = H, R2 = CH2Br, R3 = CH3 

48 R1 = H, R2 = CH3, R3 = CH2Br  

49 R1 = Br, R2 = R3 = CH2Br 
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kind of “protective group” since the inner ring protons can interfere with the (generated) 

organometallic reagents. Zinc(II) complex Zn(II)-45 can easily and quantitatively be obtained 

from free base 45 by metallation under standard conditions (acetate method using CH2Cl2 

and methanol as solvents)93. 

 

 

 

 

 

Scheme 26. General approaches to carboxylic acids using organometallics (left) and a 
suitable porphyrin reactant (right). 

Firstly, the formation of a porphyrin-GRIGNARD reagent has been tried using different reaction 

temperatures (-78 °C, rt, reflux) with and without a pre-activation of the magnesium 

turnings by addition of iodine. After 3 h, CO2 was added at lowered temperature (-50 °C) and 

the reaction mixture was worked-up under acidic conditions (6 M aqueous HCl) to protonate 

the potentially formed carboxylate and also to remove the zinc(II) metal center. TLC and MS 

showed, that no conversion was achieved and the educt was recovered. Changing the 

reaction time had no influence on that outcome.75 

This made us check the second pathway by reacting the same zinc(II) precursor with n-butyl 

lithium (as 1.6 M solution in hexanes). Also here reaction times and temperature have been 

varied and the CO2 addition and work-up were performed in the same way. Unfortunately, in 

each case, no observable conversion could be detected.75  

Hence, the bromomethyl group in Zn(II)-45 seemed to be inert under these reaction 

conditions. So, one had to think of an alternative route to obtain the desired product. 

  

Zn(II)-45 
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3.2.2.1.2 An Alternative Route Using Cyanide 

Another approach to carboxylic acids involves nitrile precursors which can be introduced via 

cyanides. This alternative seemed to be adequate since cyanide is a good nucleophile, which 

could be saponified to the corresponding carboxylic acid. Thus, o-(cyanomethyl) porphyrin 

system 50 has been the logical sub-ordinate target: 

 

 

 

 

 

Scheme 27. Formation of sub-ordinate target 50. 

According to literature, the substitution of the benzylic bromide can be managed by reaction 

with NaCN or KCN in DMF at elevated temperature.94 Correspondingly, free base 

bromomethyl porphyrin 45 has been treated for 12 h. After acidic work-up, a crude product 

material was obtained which consisted of the desired cyanomethyl porphyrin 50 being 

accompanied by two by-products, which were identified as the corresponding 

hydroxymethyl porphyrin and as the (N,N-dimethylamino)methyl porphyrin derivative. 

Repeating the experiment showed that the formation of these by-products, which arose 

from water and free amine in the used DMF, could not be suppressed. Nevertheless, the 

desired sub-ordinate target 50 could be obtained in pure after (repeated) FC in yields 

ranging between 60 % and 84 %. 

To eliminate side reactions originating from the used solvent DMF, other reaction media 

have been considered. Typical organic solvents like THF or chlorinated solvents are well 

suited since the porphyrin precursor 45 is concerned, but fail in dissolving the salt providing 

the nucleophile. So crown ethers would have to be used or biphasic mixtures of solvents 

have to be applied together with phase transfer catalysts. That problem drew our attention 

to polyethylene glycols (PEGs) being capable to act as appropriate solvents as well as to 

efficiently complex alkali metal cations and thus enhance the substitution reaction.95  

45 50 
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With this in hand, trials were done using KCN as reagent in PEG 400 to react with 

bromomethyl porphyrin 45. These furnished the desired product in comparable yield 

without any observable by-products. By applying the corresponding zinc(II) porphyrin 

precursor Zn(II)-45, the yield could be risen reproducibly to 95 %. This enhancing effect 

results from the coordination of the generated ‘naked’ cyanide to the zinc(II) metal center 

increasing its local concentration close to the substitution site. This coordination 

phenomenon showed up by a color change of the solution from purple to dark turquoise.96  

Unfortunately, the same coordinative effect hampered the isolation and characterization, as 

the zinc(II) complexes eagerly aggregated becoming poorly soluble. This could be easily 

overcome by adding an acidic work-up step, which removed the zinc(II) metal center 

quantitatively96 providing well soluble and pure samples for further reactions. 

For the final conversion into a carboxylic acid, the nitrile functionality had to be hydrolyzed. 

This can be generally achieved under acidic as well as under nucleophilic conditions (see 

Scheme 28). Several standard saponification methods were therefore tried. A summary 

including conditions and outcomes is presented in Table 4. 

 

 

 

 

 

 

Scheme 28. Saponification of porphyrin ethanoic acid nitrile 50. 

  

50 51 
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Table 4. Saponification trials used for 50 mg each of o-(cyanomethyl) porphyrin 50. 

 solvent(s)/reagent(s) T t Result 

1. 
5 mL CH2Cl2, 20 mL AcOH, 20 mL 
H2SO4, 5 mL H2O 

90 °C 15 h 
inseparable mixture of carboxylic acid 
51 and amide  

2. 10 mL THF, 5 mL H2SO4, 5 mL H2O  70 °C 12 h 
carboxylic acid 51 (14 %) isolable, 
many by-products 

3. 
10 mL CH2Cl2, 10 mL HBr (5.4 M in 
AcOH), 2 mL H2O 

60 °C 12 h 
inseparable mixture of carboxylic acid 
51 and amide 

4. 
10 mL TFA, 2.5 mL H2SO4, 2.5 mL 
H2O 

75 °C 15 h 
carboxylic acid amide (93 %) only 
isolable product 

5a. 
 
5b. 

20 mL (CH2OH)2, NaHS (5 eq), 1 mL 
i-BuNH2, acidic work-up 
same as 5a. 

rt 
 
55 °C 

6 h 
 
12 h 

no conversion 
 
no conversion 

6. 
15 mL AcOH, 15 mL H2SO4, 5 mL 
H2O 

90 °C 96 h 
carboxylic acid 51 (90 %) isolated 
besides some minor degradation 
products 

 

Those trials showed that the nitrile functionality could only be efficiently attacked by acidic 

methods under forced conditions (entries 4. & 6. in Table 4), where stronger acids seemed to 

promote the amide formation while weaker ones lead to the desired full hydrolysis.75 In 

most cases, the obtained porphyrin ethanoic acid 51 was pure enough for further 

transformations. FC can be performed on silica using e.g. mixtures of toluene and THF as 

eluent.96 

3.2.2.1.3 Characterization of 45, 50 & 51 

The 1H NMR spectra show up significantly affected by altering the side chain from -CH2Br 

(45) over -CH2CN (50) to -CH2CO2H (51) as not only the chemical shift of the methylene group 

change (from 4.25 over 3.23 to 3.24 ppm, respectively) but also the spectral positions and 

splitting patterns for the β-pyrrolic and arylic protons. The situations are depicted in Figure 

13. For 45, the signals of the two distant pyrrolic units appear as one singlet which is being 

shifted upfield in 50 to overlay with the doublet of 2/8 and finally splits into two doublets 

even more upfield in 51. The same effect is detectable for the resonances of the phenyl rings 

on positions 10, 15 and 20. Besides an equivalent shift to higher field of approx. 0.08 ppm 

each, the signals also appear resolved although overlaid in a 1:2 ratio for 45, as two pseudo-

doublets for 50 and finally as two sets of three doublets in 51. This behavior is to be 

explained by the more and more pronounced differentiability of the half-space including the 

functional group and the other one containing the methyl substituent. This leads to the 

appearance of an ABCD spin system for the unfunctionalized phenyl rings in 51 (largest 
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functional side chain) while the behavior of a pseudo-AB spin system is observed for 50 

(smallest side chain) as extremes. The resonances for the aliphatic protons and the inner ring 

amines also experience a shift to higher fields as e.g. the signals for the t-Bu groups are 

found around 1.67 ppm in 45 and around 1.60 ppm in 50 and 51 and the amine protons at -

2.52 and around -2.70 ppm, respectively. 

 

 

 

 

 

 

 

 

 

 

Figure 13. Decisive regions of the 1H NMR spectra of 45, 50 and 51 measured at 400 MHz in 
CDCl3 at room temperature. Positions assigned according to IUPAC recommendations. 

The 13C NMR spectra do not monitor those changes that clearly as only the expected shifts 

for the altered side chain are detected. For 45, one signal is observed at 33.3 ppm (CH2Br) 

which becomes shifted to 23.3 ppm for CH2CN in 50 and is finally found at 34.7 ppm in the 

spectrum of 51 with an additional signal at 176.2 ppm for the carboxylic carbon atom. 

The UV/Vis spectra appear uniform with the SORET band at 420 nm and four absorptions in 

the Q-band region at 516, 551, 592 and 647 nm in each case with also comparable extinction 

coefficients around 300000 (SORET) and 12000-3000 M-1·cm-1 (Q-bands). 

Thus, further transformation leading to cycloketo porphyrin systems could be tackled being 

discussed next.  

45 

50 

51 
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3.2.2.2 FRIEDEL-CRAFTS Acylation to Form the Keto-Exocycle 

The generated carboxylic acid in 51 could undergo an electrophilic aromatic substitution on 

the porphyrin macrocycle in terms of a FRIEDEL-CRAFTS reaction. This necessitated the 

activation of the carboxylic acid by formation of the corresponding acid chloride.76 As this 

transformation might go in hand with a protonation of the inner ring nitrogen atoms, 

lowering the reactivity in the subsequent electrophilic ring closure process, the basic 

nitrogen atoms had to be protected in advance. This was realized by transformation of free 

base system 51 into its corresponding copper(II)97 or nickel(II) complex97,98. These two 

metals are well suited for this purpose since they can easily be inserted and then exhibit a 

high enough stability towards the reaction conditions.40 (Scheme 29) 

While the application of the acetate method proved efficient for the copper(II) insertion, it 

gave only unsatisfactory results for nickel(II). So the acetylacetonate approach was chosen 

providing the corresponding nickel(II) complex in high yield. Both Cu(II)-51 and Ni(II)-51 

were used as such after aqueous removal of excessive metal salts.96 

 

 

 

 

 

 

 

 

 

Scheme 29. Two step procedure for the activation of carboxylic acid 51. a. Cu(OAc)2·2 H2O, 
CH2Cl2/MeOH/AcOH, rt, 15 h or Ni(acac)2, toluene, reflux, 1.5 h. b. (COCl)2, CH2Cl2, rt, 1.5 h.  

For the subsequent conversion into the acid chloride, Cu(II)-51 and Ni(II)-51 were reacted 

with oxalyl chloride, (COCl)2, at rt. Thionyl chloride, SOCl2, could not be used since that led to 

5251 

Cu(II)-51 

Ni(II)-51 

Cu(II)-52 

Ni(II)-52 

a b 
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immediate disruption of the porphyrin system. After evaporation of solvent and reagent 

under high vacuum, the corresponding acid chlorides were directly used for the annulation 

process being depicted in Scheme 30. 

 

 

 

 

 

 

Scheme 30. FRIEDEL-CRAFTS acylation giving enantiomers arising from atropisomerism.  

Therefore, acid chlorides Cu(II)-52 and Ni(II)-52 were reacted with tin tetrachloride, SnCl4, as 

LEWIS-Acid “catalyst”.76 The color of the reaction mixture thereby immediately changed from 

reddish to dark green indicating the successful annulation. After aqueous work-up, 

purification of the targeted systems was achieved by FC over silica using mixtures of CH2Cl2 

and hexanes as eluents. 

In doing so, the nickel(II) complex furnished one product Ni(II)-53 in 52 % yield, while the 

copper(II) precursor gave rise to two distinct fractions. The major one eluting first could be 

identified as the copper(II) complex of cycloketo-porphyrin system Cu(II)-53 (65 % yield) and 

the second minor fraction turned out to be the corresponding free base system 53 (< 10 % 

yield). These observations well conformed to our assumption, that only one product each 

will be formed appearing as racemic mixture (Scheme 30) in analogy to the cycloamino-

porphyrins previously presented74. Furthermore, these outcomes implied that, for synthetic 

means, copper(II) would be the metal of choice as it delivered higher yields and indicated 

that a demetallation could be achievable leading to free base systems. 

Both Cu(II)-53 and Ni(II)-53 were fully characterized, but since the characterization data are 

closely related to those of other metal complexes, they will be presented altogether in 

paragraph 3.2.4.1.  

53
Cu(II)-52 

Ni(II)-52 
racemic mixture of Cu(II)-53 / Ni(II)-53
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3.2.2.3 Access to Free base Cycloketo-Porphyrin 51 

To conduct the necessary demetallation leading to the formation of free base 53, the 

application of strongly acidic conditions was necessary. It turned out that a mixture of TFA 

and concentrated sulfuric acid, H2SO4, in a 5:1 ratio was best suited. The reaction mixture 

turned immediately orange, indicating the protonation of the inner nitrogen atoms and 

hence the loss of the metal center. The reaction is depicted in Scheme 31 where only one 

representative enantiomer is shown. This representation will also be used in the following 

discussion to simplify matters while keeping in mind that always a racemic mixture is 

referred to. 

 

 

 

 

 

Scheme 31. Acidic demetallation leading to free base cycloketo-porphyrin system 53. 

Thus, an efficient methodology was developed providing isolable and stable structural 

analogs to previously developed cycloamino-porphyrins74. The characterization data for the 

free base and its properties will be discussed in the following. 

  

Cu(II)-53 53 
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3.2.3 Mono-Exocyclic Cycloketo-Porphyrin 53 – Characterization Data and 

Photophysical & Electrochemical Investigations  

Cycloketo-porphyrin 53 was fully characterized and subjected to photophysical and 

electrochemical investigations, but before those data will be discussed, it should be turned 

to theoretical studies based on computations to get an impression of what those systems 

are looking like. The findings and conclusions can then be seized for the discussion. 

Primary computations were conducted on the PM3 level using Materials Studio®99. As 

example the minimized structure of the free base system is shown in. More detailed 

calculations using the DFT/MCRI method were in accordance to those findings.100  

 

 

 

 

Figure 14. Minimized structural model of 53 calculated on the PM3 level with Materials 
Studio®99. Like the blue arrows indicate, the phenyl substituents are pushed out of the 
porphyrin-plane (black line) to adopt the slight bowl shape (visualized by the green line) of 
the bent porphyrin core. 

The shown structural disturbances are due to the tethering of one meso-phenyl substituent 

to the porphyrin macrocycle: The phenyl ring being usually perpendicular to the porphyrin 

plane is forced to rotate around the Cmeso-Cα-bond to fit into the build-up seven-membered 

ring. That is already causing steric impact as the annulated pyrrolic ring is slightly pulled out 

of plane. This strain is further enforced due to the presence of the oppositely lying methyl 

group interfering with the neighbored pyrrolic ring. The porphyrin macrocycle is thus forced 

to bend, which is considered to significantly influence the frontier orbital structures and 

energies. Further impact will arise from the attached ketone since that is more or less in 

plane with the porphyrin macrocycle implying conjugational effects on the electronic 

structure. These peculiarities should therewith significantly affect the chemical and physical 

properties as well as the characterization data of that class of substances.  
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3.2.3.1 IR & UV/Vis Spectroscopy 

In the IR spectrum the characteristic carbonyl vibration is found at 1683 cm-1 being in the 

typical region for α,β-unsaturated or aromatic ketones.46 This shows that the carbonyl group 

is indeed in conjugation with the porphyrin’s π-system and therewith lying more or less in 

the porphyrin plane fitting well with the assumed geometry. Other vibrations of the 

porphyrin appear nearly unaffected compared to the basic systems. 

As expected, the UV/Vis spectrum shows up quite different from the ones of the purple 

precursor systems since the obtained product is of olive-green color. To illustrate the 

difference, in Figure 15, the spectrum of 53 is opposed to the one of 51 being the direct non-

annulated free base precursor. The exact values for the observed wavelengths and the 

corresponding extinction coefficients are given in Table 5. 

Figure 15. UV/Vis spectra 
for 51 and 53 in CH2Cl2. 

 

 

 

 

 

 

Table 5. Absorption bands for 51 and 53 with given values for the band maxima (λmax) and 

corresponding extinction coefficients (ε) in CH2Cl2. 
 SORET (B) QI QII QIII QIV 

 

51 
420 

313600 
516 

13400 
551 

7300 
592 

4700 
647 

3400 
λmax [nm] 

ε [M-1 cm-1] 

53 
442 

223000 
543 

11300 
587 

9000 
-a 689 

9000 
λmax [nm] 

ε [M-1 cm-1] 
a Band appeared not separated but as shoulder of QII. 

Apparently, the annulation causes a huge bathochromic shift of all bands, whereby the SORET 

band is less shifted (∼22 nm) than the Q-bands (up to 42 nm). Concerning the extinction 

51

53
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coefficients, the behavior is not uniform as the ε value for the SORET band decreases by 

nearly 30 % while the ones for the Q-bands stay comparable or even increased. For example, 

the value for QIV appears surprisingly high – nearly triple the one observed in 51. 

Additionally, the whole Q-band region shows up quite badly resolved as if different band 

sets overlaid each other what might indicate the presence of different species like e.g. 

tautomers. 

To explain those observations, it seemed worth to compute the shapes of the molecule’s 

frontier orbitals. Calculations were performed on the PM3 level using Materials Studio®99 

and resulted amongst others the pictures presented in Figure 16. 

 

 

 

 

 

 

Figure 16. Calculated shapes of HOMO and LUMO in 53. 

Therewith, the explanation for the detected red-shift of all bands is straightforward since the 

ketone in the exocycle as well as the tethered phenyl ring become to some extend 

incorporated into to porphyrin’s π-system leading to the observed effect. The displayed 

dissymmetry of the orbitals hints to a loss of degeneracy being also deducible from the 

calculated orbital energies. As consequence, the number of energy levels and therewith the 

number of possible π → π* transitions should rise resulting in additional bands in close 

proximity to each other. That would explain the observed seemingly overlaid Q-bands. The 

increase in the corresponding extinction coefficients is considered to be due to a significant 

enhancement of the oscillator strengths of the Q-bands arising from the conjugated keto 

group. Computational studies on higher levels support these assumptions.100 

  

HOMO LUMO 
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3.2.3.2 NMR Investigations at Room Temperature 

The 1H NMR spectrum of free base system 53 shows up quite complex in comparison to the 

precursor systems as those have appeared pseudo-symmetrical leading to a reduced 

number of detected resonances. In this case, the C1 symmetry gives rise to a large number of 

partly overlaid resonance signals as it is shown in Figure 17. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. 1H NMR spectrum of 53, 400 MHz, CDCl3, rt. All signals are numbered according to 
IUPAC recommendations. 

The seven β-pyrrolic protons give rise to a set of one singlet and six doublets (3J = 4.9 Hz) 

most downfield between 9.0 and 8.5 ppm as it is to be expected for a C1 symmetric system 

with one β-substituent. These signals can be nearly all assigned via COSY (Correlated 

Spectroscopy) and NOE (Nuclear Overhauser Effect) experiments46 as they appear well 

resolved. In contrast, the ones for the arylic protons in between 8.5 and 7.3 ppm show a 

significant line-broadening and thus are overlaid making a definite assignment impossible. 

Only the protons on the tethered phenyl ring (53 and 55) are an exception as they give rise to 

two doublets at 7.68 and 7.35 ppm (4J = 1.7 Hz). This behavior corroborates the assumption 

that the porphyrin system is bent as then the rotational barriers for the meso-aryl 

53 
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substituents will significantly change while that does not affect the tethered ring being fixed. 

The line-broadening is hence due to coalescence phenomena which can be proven by VT 

NMR spectroscopy (see later).  

An outstanding feature is represented by the set of two doublets at 5.60 and 4.16 ppm with 

characteristic geminal coupling constants 2J of 11.7 Hz. In analogy to pyropheophorbides, 

they stand for the diastereotopic methylene protons in the exocycle whereas the spectral 

distance of approx. 1.5 ppm is unexpectedly large. According to NOE experiments, they can 

be assigned 32
in and 32

out. “In” thereby refers to the fact that this proton points towards the 

porphyrin core and therewith experiences a stronger deshielding providing a more 

downfield lying signal. Furthermore, this set of signals is considered to be useful for 

monitoring the conformational stability as racemization can only occur if the seven-

membered ring becomes inverted. This inversion, when thermally induced, would give rise 

to an observable coalescence phenomenon VT NMR spectroscopy could reveal. 

At higher field, the resonance signals for the t-butyl groups are observed around 1.58 ppm 

like in the precursors. The signal for the tethered phenyl moiety is slightly lying apart being 

shifted to 1.50 ppm. The shift is even larger (around 0.7 ppm) for the resonance of the o-

methyl substituent being detected at 1.17 ppm (∼1.85 ppm in the precursors) indicating a 

changed surrounding. That is considered to arise from the tilt of the phenyl substituent in all 

together with changes in the ring current of the macrocycle caused by the electron 

withdrawing ketone in conjugation and the bent structure. The latter also explains the shift 

of the inner ring NH signal by over 1 ppm to lower field being observable at -1.62 ppm 

compared to approx. -2.7 ppm in the precursors. Therewith, the signal in 53 is surprisingly 

close to one observed in pyropheophorbide a (-1.75 ppm). 

In the 13C NMR spectrum, the carbonyl group gives rise to a resonance at 192.2 ppm which is 

located in the typical region for αβ-unsaturated ketones46 proving the assumed conjugation 

and coplanarity. The rest of the spectrum appears rather nonsignificant as some signals 

experienced such a large line broadening that they vanished in the background noise while 

others show up so close to each other that a definite assignment cannot be achieved.  

As temperature variations were considered to be more fruitful, the obtained findings will be 

discussed in the following. 
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3.2.3.3 Various Temperature NMR Spectroscopy (VT NMR) 

This method provides a powerful tool to study dynamic molecular processes like 

conformational changes or proton exchange reactions in terms of tautomerism.46 In the case 

of the cycloketo-porphyrins both had to be investigated. On the one hand, measurements at 

elevated temperatures could elucidate whether the system’s conformation is stable. Hence, 

it could be concluded if a resolution of the racemic mixture is possible in principle. On the 

other hand, measurements at reduced temperatures could clarify the situation in the badly 

resolved aromatic region. 

3.2.3.3.1 VT-NMR at Elevated Temperatures 

These measurements are related to conformational changes leading to racemization in the 

inherently chiral system. This process involves the thermally activated rotation of the 

tethered phenyl ring around the Cmeso-Cα-bond leading to a ring inversion of the seven-

membered exocycle being depicted in Scheme 32. The shown enantiomers can be referred 

to using the nomenclature of axially chiral compounds which will be discussed in detail 

within paragraph 3.2.5. 

 

 

 

 

 

 

Scheme 32. Thermally activated ring inversion leading to racemization in free base 53.  

Thereby, the behavior of the resonances for the diastereotopic methylene group in the 

exocycle has been used as monitor. If a ring inversion occurred, the corresponding protons 

would change their chemical surrounding leading to coalescence, i.e. by raising the 

temperature, the signals should broaden and the couplings should break down to give an 

average signal at higher temperatures. Corresponding experiments were performed at 

400 MHz measuring frequency in a temperature range from 30 °C up to 110 °C. The sample 

enantiomer A
(Ra or P conformation) 

enantiomer B 
(Sa or M conformation) 

53
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was therefore dissolved in 1,1,2,2-tetrachloro-1,2-dideuteroethane (TClE). Figure 18 displays 

the obtained results. 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. 1H VT-NMR spectra (400 MHz) of 53 at the given temperatures as solution in TClE, 
reference spectrum (20 °C) as solution in CDCl3 (*). 

The spectra clearly depict a coalescence phenomenon for the signals of the arylic protons on 

the freely rotatable rings (left area in Figure 18) but not for any ring inversion process. The 

heating-up therewith causes an enhanced rotation of the phenyl rings on positions 10, 15 

and 20 (=X) balancing the differences in the chemical surroundings of the corresponding 

protons resulting in two average signals at 8.14 ppm (ortho positions X2/6) and at 7.81 ppm 

(meta positions X3/5), respectively. The resonances for the methylene group of the exocycle 

(right area in Figure 18) appear unaffected by the raise of temperature. Also, there are no 

observable changes in the resonances of the protons on the tethered phenyl ring. Thus it is 

to be concluded that such systems are completely stable in conformation at room 

temperature and even at elevated temperatures making the resolution of the enantiomers 

shown in Scheme 32 possible in principle. The discussion on that topic will be continued in 

paragraph 3.2.5. 
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3.2.3.3.2 VT-NMR at Lowered Temperatures 

At low temperatures, dynamic processes are slowed down significantly making them 

accessible even for relatively slow methods like NMR spectroscopy. Therewith a better 

resolution for the signals in the aromatic region should be obtainable. Corresponding 

experiments were conducted at 400 MHz measuring frequency in a temperature range from 

-10 °C down to -90 °C in dichlorodideuteromethane, CD2Cl2, as appropriate solvent. The 

obtained spectra are assorted in Figure 19. 

Figure 19. 1H VT-NMR spectra of 
53 at 400 MHz at the given 
temperatures as solution in 
CD2Cl2. The reference spectrum 
(+20 °C) was taken under the 
same conditions but in CDCl3 (*). 

 

 

 

 

 

 

 

The above shown spectra deliver the expected better resolution in the aromatic area at 

temperatures down to -20 °C. The broad signals for the phenyl rings positioned on carbon 

atoms 10 and 15 then clearly show up as distinct doublets. But further lowing of the 

temperature seemingly leads to a brake-down of couplings which is also observed for the β-

pyrrolic resonances. Additionally, the signal for the inner ring protons splits upon cooling. 

More precisely, at +20 °C, the inner ring protons only show one sharp resonance signal (s,      

-1.62 ppm). Cooling then provides a significant line broadening and, from -20 °C on, the NH-

signal begins to split into two separated singlets being clearly resolved at -50 °C (-1.83 and      

-1.97 ppm). At that temperature furthermore, a second set of two singlets appears, which 
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becomes more pronounced when the temperature is further reduced. At -90 °C, two sets of 

two singlets each are detected at -1.68 and -1.94 ppm and at -1.94 and -2.07 ppm, 

respectively, where the signal at -1.94 ppm represents an overlap of two signals as 

integration proved. Thereby, the β-pyrrolic signal (position 2) and the NH-signals become 

shifted upfield as Figure 19 shows. 

This whole behavior is considered to be due to the presence of different tautomeric 

structures at lowered temperature as tautomerism is then slowed down and thus 

distinguishable structures are to be observed. That assumption is in good agreement with 

findings of M. J. CROSSLEY and co-workers who described an analog splitting of NH signals in 

other 2-substituted 5,10,15,20-tetraphenyl-porphyrins.101 The detected shift of signals to 

higher field might be explained by either conformational changes going in hand with 

stabilization of distinct tautomeric structures or by changes in the π-electron delocalization 

pathway (see Scheme 36, p. 71) or both.102 The fact that the signal for the β-pyrrolic proton 

on position 2 also experiences an upfield shift corroborates the latter explanation in analogy 

to literature data obtained for naturally occurring chlorins like e.g. rhodin g7 trimethyl ester 

or chlorin e6 trimethyl ester102. 

For our explicit case, the tautomers to be taken into consideration are shown in Scheme 33. 

 

 

 

 

 

 

 

 

 

Scheme 33. Stationery tautomeric forms of 53 (T1 - T6) and the way the formally form. 
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Obviously, only two tautomers are present since two sets of signals are detected (Figure 19). 

That appears feasible since structures T3 – T6 displayed in Scheme 33 involve directly 

neighbored hydrogen atoms being sterically demanding and therefore energetically 

unfavorable. Thus, those structures will not be observable and the following discussion will 

focus on T1 and T2.  

Because of the superimposition of the corresponding two spectra in the downfield region, 

the determination of the tautomeric ratio and of interchange rates has to be deduced from 

the NH resonances. For that purpose, line-shape analysis can be applied taking two 

processes into account which are illustrated in Scheme 34. Firstly, both considered 

tautomers can interconvert (T1 ⇄ T2 and T1* ⇄ T2*), whereby both protons move to 

different pyrrolic moieties. Secondly, the protons are able to change their positions within 

the same tautomer (T1 ⇄ T1* and T2 ⇄ T2*).103  

 

 

 

 

 

 

 

 

 

Scheme 34. Potentially observable intramolecular proton exchange processes within 53. 

Assuming that tautomerism (i.e. T1 ⇄ T2 and T1* ⇄ T2*) is significantly faster than inherent 

proton interchange within the tautomers, the observed line-shapes give rise to an 

approximate 9 : 1 ratio in favor of the thermodynamically more stable tautomer.103 

Unfortunately, we have not been able to identify which tautomer that is. Following 

CROSSLEY
101, the electron withdrawing ketone moiety as 2-substituent should be in favor of 
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structure T2 whereas performed computational studies indicate that T1 is of lower energy 

and thus more favorable. Reasons why the practical assignment is hard to circumstantiate 

are summed up in the following. 

Firstly, exploitation of the NOE (nuclear overhauser effect) would require at least one 

separately lying resonance in close spatial proximity to one of the inner-ring protons. Such a 

resonance is not observable since all signals lie very close to each other. Secondly, HMBC 

(heteronuclear multiple bond correlation) could be investigated necessitating the exact 

knowledge of the spectral position of the pyrrolic carbon atom on which the ketone exocycle 

is situated. But to find out that, low temperatures have to be applied as the signal is very 

broad at room temperature due to the discussed tautomerism. So the solution has to be 

aimed at in future workings. 

3.2.3.4 Photophysical Investigations 

These studies were performed within the group of our cooperator Prof. Dr. Beate RÖDER in 

Berlin. Cycloketo-porphyrin system 53 was subjected to fluorescence experiments in DMF 

solution. Those samples have shown up stable towards long-time exposure to daylight (one 

week) or laser-light (one hour) as absorption measurements before and after those periods 

proved. Thus, that substance class shows no intense photobleaching.104 

3.2.3.4.1 Fluorescence Spectroscopy at Room Temperature 

Steady-state fluorescence spectroscopy was done at different excitation wavelengths using 

pyropheophorbide a 33 as reference (Φfl = 0.28)86. The compound thereby only shows a 

weak fluorescence with Φfl = 0.03 upon excitation at 450 nm compared to “conventional” 

porphyrins like e.g. TPP 15 (Φfl = 0.11)87.  

Figure 20. Steady-state fluorescence 
spectra of 53 upon excitation at 
different wavelengths.  
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Like Figure 20 depicts, the compound is not in compliance with KASHA’s rule105 as the spectral 

position and the shape of the fluorescence spectra depend on the excitation wavelength. 

Time-dependent fluorescence spectroscopy in terms of time correlated single photon 

counting (TCSPC) at 532 nm excitation wavelength elucidated a tri-exponential fluorescence 

decay meaning that apparently three different fluorophores were present in the solution 

under investigation. That can generally have many reasons, since it could be dealt with 

impurities, different present conformations or even specific aggregates, like dimers. In order 

to get a global analysis on the fluorescence kinetics, decay associated fluorescence 

spectroscopy (DAFS)106 was applied. The analysis107 furnished the data on those three 

components being displayed in Table 6. 

Table 6. Results from DAFS analysis concerning fluorescence life-times τ and proportions P 
of fluorophores A, B and C in the solution of seemingly pure 53. Excitation at 532 nm. 

τA [ns] ± 0.02 τB [ns] ± 0.1 τC [ns] ± 1 P(A) ± 0.03 P(B) ± 0.02 P(C) ± 0.01 

1.15 3.3 10 0.90 0.09 0.01 

 

Further analysis on the obtained data made a correlation between the obtained DAFS 

spectra and the initially recorded steady-state fluorescence spectrum possible.107 Thus, the 

original spectrum was split into three spectra representing the fluorescence spectra of the 

contributing components A, B and C like it is shown in Figure 21.  

 

 

 

 

 

 

 

 

Figure 21. Steady-state and DAF spectra correlated. Excitation wavelength: 532 nm. 
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C 
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The origin of those three components was clarified taking into account the following facts: 

• 53 appears “chemically pure”, meaning at least >98 % purity bsd. on analytic means 

• component C is only detectable as it has a quite different fluorescence life-time and 

as the fluorescence of the major components is a priori low  

• regular metallo-porphyrins like Zn(II)-53 (which will be discussed later) only show one 

major fluorophore 

• variations in concentration (e.g. high dilution) do not change the ratio P(A) : P(B) 

Thus, C could be assigned an impurity – maybe free base TTBPP 19 or any other synthetic 

residue. Concerning A and B, it seemed to be clear, that they could not be monomer and 

dimer or any other aggregate and that it has to be a specific feature of free base compound 

53. One possible explanation could be the presence of distinct tautomeric structures with 

differing photophysical properties, like the already presented VT-NMR studies hinted to. 

3.2.3.4.2 Fluorescence Spectroscopy at Varied Temperatures108 

To verify the abovementioned assumption, temperature dependent absorption and 

fluorescence spectra were recorded in solution. Changing the temperature should thereby 

have a significant effect onto the equilibrium position between both tautomeric structures 

resulting in varying shapes in both spectra. Some results are depicted in Figure 22. 

 

 

 

 

 

 

Figure 22. Temperature dependent absorption spectra (left) and fluorescence spectra (right, 
excitation at 532 nm) of 53. 

From those findings, several conclusions can be deduced. The ratio 𝑟  of tautomers 

P(A):P(B) is temperature dependent whereas at lower temperatures, one tautomer (e.g. 

tautomer A) becomes more predominant. A quantitative evaluation can then be achieved by 
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utilization of equation (1), contemplating the maxima of a specific Q-band in tautomers A 

and B. 

𝑟 =  𝑂𝐷  [𝑄 (0,0)]𝑂𝐷  [𝑄 (0,0)]                        (1) 

At 240 K (-33 °C), 𝑟  equals 12 while at room temperature it is determined to be 4. Thus, by 

lowering the temperature, tautomer A becomes more and more predominant. Based on 

theoretical studies, tautomeric structure T1 (Scheme 33) is considered to be of lower energy 

(thermodynamically more stable) and should hence be assigned tautomer A. To really deliver 

solid proof, further investigations will have to be conducted as already mentioned. 

Nevertheless, it is possible to deduce the energetic difference for the NH-tautomers ∆𝐸  (in 

the ground state, analogous for exited states ∆𝐸 ) from the temperature dependent 

spectra in accordance to VAN’T HOFF’s theory using equation (2), in which the ratio 𝑟  is 

referred to and 𝐶 represents a constant, 𝑘  BOLTZMANN’s constant and 𝑇 the temperature in 

K.  𝑙𝑛 𝑂𝐷  [𝑄 (0,0)]𝑂𝐷  [𝑄 (0,0)] = 𝑙𝑛 1𝑟 = 𝐶 − ∆𝐸𝑘 𝑇                  (2) 

The corresponding VAN’T HOFF-plot is shown in Figure 23. 

 

 

 

 

Figure 23. Temperature dependency of 𝑟 of tautomers A and B of 53. 

Finally, we were able to construct a potential diagram depicting possible conversions and 

potential barriers being shown in Figure 24. Hence is to be concluded, that the potential 

barrier for the conversion A → B is higher in the S1 state than in the ground state S0. 

Therewith, a photoinduced conversion from A to B by selective excitation of A is not 

possible. 
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Figure 24. Postulated energy diagram depicting the S0 and S1 states of tautomers A and B of 
53 based on calculated values. Furthermore displayed: lowest energy transitions and energy 
differences for both states. The temperature dependent equilibrium of A and B was used as 
basis. 
 

3.2.3.4.3 Transient Absorption Spectroscopy on ps-Level (ps-TAS) 

To get further insight into the compound’s behavior concerning relaxation by IC or ISC, ps-

TAS – a pump-probe method – could be utilized to investigate the dynamics of ground state 

repopulation after photoexcitation and depopulation of the first excited state S1 via time 

dependent changes in the absorption behavior.96,109 

These measurements furnished fluorescence life-times and values for the ISC quantum yield 

(ΦISC). Together with the already determined fluorescence quantum yield (Φfl), the quantum 

yield for IC (ΦIC) can be obtained using equation (3). Φf  +   ΦISC  +   ΦIC  =   1                   (3) 

For compound 53, the measurements result in a ΦISC value of 0.88 (± 0.03) being quite high 

compared to other porphyrin structure like e.g. pyropheophorbide a 33 (ΦISC = 0.52)86 or TPP 

15 (ΦISC = 0.68). Therewith, ΦIC for 53 can be determined to 0.09 (± 0.04). 

To explain this enhanced ISC transition, one has to take into account that the macrocyclic π-

system is being distorted. That feature should have a significant impact on the spin-orbit 

coupling in such systems leading to the observed effect. A verification of that assumption 

ℎ𝜈  

ℎ𝜈  
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has been delivered by theoretical simulations which were done in the group of C. MARIAN 

using the combined density functional theory / multi-reference configuration interaction 

(DFT/MRCI) method.100 Those confirmed our assumed geometry and delivered values for the 

vertical excitation energies (Table 7). 

Table 7. Calculated vertical excitation energies based on excitation from the ground state 
geometry (E(S0) = 0 eV).104 

singlet system ΔE [eV] triplet system ΔE [eV] 

S1 1.7866 T1 1.5635 

S2 2.1681 T2 1.9183 

 

Since the T1 state is lying curtly below the S1 state energetically, the intersystem crossing is 

possible in principle. Taking into account the also calculated value for the corresponding 

spin-orbit coupling matrix element of 0.92 cm-1 being significantly higher than in planar free 

base porphin 2 (0.04 cm-1), the distortion of the porphyrin core indeed results into an 

enhanced spin-orbit coupling between S1 and T1 leading to increased probabilities of related 

processes.104 

3.2.3.4.4 Singlet Oxygen Luminescence 

The data being already discussed imply an effective population of the first excited triplet 

state (T1) in 53 being considered a crucial state for photodynamic action. By energy transfer 

via collision with present triplet oxygen, 3O2, this state of a sensitizer can be quenched while 

singlet oxygen (1O2, 1Δg) is produced.110 The effectiveness of such a process can be described 

in terms of the corresponding quantum yield of singlet oxygen generation, ΦΔ, accessible by 

measurements of the 1O2 luminescence at 1270 nm.111 Corresponding experiments were 

done using TPP 15 (ΦΔ = 0.6588) as reference system.  

The obtained value of 0.85 ± 0.03 for ΦΔ is very close to ΦISC and therewith suggests that the 

efficiency of the energy transfer T1 → 3O2 is to be estimated close to 1 for 53.96 
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3.2.3.5 Cyclic Voltammetry 

Also the electrochemical behavior of the novel system 53 was investigated in comparison to 

precursor system 40 and methyl pyropheophorbide a Me-33. The voltammograms are 

assorted Figure 25. 

 

 

 

 

 

 

 

 

 

 

Figure 25. Cyclic voltammograms of 53, its precursor 40 and methyl pyropheophorbide a 
Me-33 in CH2Cl2 solution. Dashed-dotted lines stand for the positions of the half-wave 
potentials of TPP 15112 representing a standard 5,10,15,20-tetraphenylporphyrin. 

The measurements were performed in CH2Cl2 (c = 10-3 M) using tetra-n-butyl ammonium 

hexafluorophosphate (c = 0.1 M) as supporting electrolyte at 25 °C in a three electrodes 

arrangement with a gold disc electrode (0.07 cm2), a platinum wire as counter electrode and 

a Ag/AgCl-electrode (3 M NaCl) as reference. As scan rate 50 mV/s was chosen and ferrocene 

was added as internal standard with E(Fc/Fc+) = 0.53 V (see also paragraph 6.1). The thus 

resulting half-wave potentials are included in Table 8.96  

The voltammogram of 53 clearly shows that both, two-step oxidation as well as two-step 

reduction, are fully reversible as it is also the case for non-annulated standard porphyrin 

systems like e.g. 15. The obtained half-wave potentials (E½) in the cathodic region are shifted 

by approx. 0.3 V to higher values compared to 40, a non-annulated precursor of 53, or to 

53

40
Me-33



3  Discussion and Results 

60 

other TPP’s like e.g. 15 without any functional groups. That implies that a reduction of 53 is 

easier to achieve due to the electron withdrawing ketone substituent affecting the electron 

density of the porphyrin’s π-system. Interestingly, those potentials are pretty close to the 

one’s observed for chlorin Me-33 (methyl pyropheophorbide a, see Scheme 20, p. 25). In the 

anodic region, the behavior appears well comparable to other tetraarylporphyrins indicating 

the oxidation processes are not much affected by the annulation. In all can be stated that 

the annulation affects the HOMO-LUMO gap as it leads to enhanced electron acceptor 

properties.49 

Table 8. Half-wave potentials for the given compounds obtained by measurements in CH2Cl2 
(c = 10-3 M) vs. ferrocene E(Fc/Fc+) = 0.53 V as internal standard. 

Compound E½
Red2 [V] E½

Red1 [V] E½
Ox1 [V] E½

Ox2 [V] 

53 -1.23 -0.95 +1.02 +1.25 

40a -1.53 -1.19 +1.02 +1.37 

15b,112 -1.45 -1.14 +1.05 +1.35 

Me-33 -1.23 -1.05 (+0.97)c (+1.43)c 
a  54,104,154,204-tetra-t-butyl-52-(methoxymethyl)-56-methyl-5,10,15,20-tetraphenylporphyrin (see Scheme 24, p. 33) . 
b  literature data on 5,10,15,20-tetraphenylporphyrin (see Scheme 6, p. 7) 
c values for observed cathodic peak potentials Epc

Ox1 and Epc
Ox2, due to irreversibility  
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3.2.4 Chemical Reactivity of Mono-Exocyclic Cycloketo-Porphyrin 53 

As it has been dealt with a novel class of substances, also their chemical properties needed 

to be investigated. Majorly those investigations focused on two subjects, the abilities of the 

system to act as ligand and the opportunities the exocyclic ketone entails.  

3.2.4.1 Metal Complexes 

Based on the knowledge that the ability to form metal complexes is a common general 

feature of porphyrins, it was tried to synthesize different metal derivatives of 53 by 

application of standard procedures. The results have throughout been excellent leading to 

the conclusion that the annulated structure is beneficial for the metallation process. Trials 

provided metal complexes of Cu(II), Ni(II), Fe(III), Mn(III/V), Sn(IV), Co(II/III), In(III) and Zn(II) 

serving as proof of principle that many metals independent on their size or oxidation state 

can be implemented. Aiming at the development of novel photosensitizing materials, only 

the zinc(II) and indium(III) complexes were subjected to further investigations, as those 

metal centers are known to enhance the corresponding characteristics. Additionally, the 

nickel(II) and copper(II) complexes, being of interest from the synthetic point of view, were 

included into those investigations. 

While the latter, Cu(II)-53 and Ni(II)-53, were directly obtained from the cyclization 

procedure as mentioned before, Zn(II)-53 was synthesized utilizing the acetate method from 

free base 53. Thereby the reaction of the free base in CH2Cl2 with zinc(II)acetate, 

Zn(OAc)2·2H2O, dissolved in methanol, led to quantitative conversion within one hour.93,96 To 

obtain In(III)-53, free base 53 was reacted in benzonitrile with indium(III)chloride, InCl3, and 

sodium acetate as base.70b,113 The reaction furnished the desired target in 83 % yield with an 

additional chloro ligand as counterion at the trivalent indium center as MALDI-TOF-MS 

proved (m/z = 1041 [Chloro-In(III)-53]+ (100 %), m/z = 1006 [In(III)-53]+ (83 %)). 

Those complexes have been characterized by NMR as accurately as possible whereas the 

obtained data for Cu(II)-53 is not very conclusive. Due to paramagnetism a significant 

broadening of signals is being observed in the quite narrow area between 9 and 1 ppm 

containing the resonances for the arylic and the aliphatic protons like it is summed up in the 

experimental section. For the β-pyrrolic protons, no signals are observable at all. This is not 

surprising as it is known that even for highly symmetric Cu(II)-porphyrins these resonances 
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(being supposed to appear around +40 ppm) are expected to be terribly broadened (up to 

48 kHz) and hence impossible to detect.114 

The 1H NMR spectra for the remainder compounds, abstracts of which are being depicted in 

Figure 26, appear diamagnetic and nicely reflect the characteristic impacts of the 

implemented metal ions.  

 

 

 

 

 

 

 

 

 

 

Figure 26. Aromatic regions of the 1H NMR spectra of selected metal complexes measured at 
room temperature in CDCl3 (*) at 400 MHz in comparison to free base system 53. 

The signals for the β-pyrrolic positions within the studied diamagnetic metal complexes 

appear as resolved as it is the case for free base 53 but experience significant shifts to lower 

field except those situated on non-annulated pyrrolic units in the nickel(II) complex being 

shifted upfield. More drastic changes are observed for the arylic signals not only being 

shifted but also affected in their line broadening. While for Ni(II)-53 a huge line broadening 

effect is found, the signals appear better resolved for the indium(III) complex In(III)-53. For 

Zn(II)-53 nearly every position is providing a clear signal being comparable to spectra of the 

free base system at lowered temperatures (see Figure 19). 

Ni(II)-53

In(III)-53

Zn(II)-53

53
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To explain this behavior, electronic and structural effects of the metal centers have to be 

taken into account.  

Nickel(II) being the most electronegative metal center (EN(Ni) = 1.91)115 and also the 

smallest one (rNi(II) = 0.63 Å)116 is thus perfectly fitting within the macrocycle allowing an 

efficient orbital overlap and therewith a pronounced electronic communication leading to 

the huge shifts observed for the signals of the β-protons. Due to the filled dz2 orbital, axial 

ligands are repelled and such complexes exist as bare metal species in mostly square planar 

coordination geometry while distortions of the usually planar macrocycle are common to 

provide saddled or ruffled conformations.40 As this eases rotational processes, the intense 

line broadening for the arylic resonances becomes well comprehensible.  

Indium(III) and zinc(II) being less electronegative (EN(In) = 1.65, EN(Zn) = 1.78)115 represent 

larger ions (rIn(III) = 0.74 Å, rZn(II) = 0.82 Å)116 which adopt out-of-plane conformations when 

they form porphyrin complexes being five-coordinate in a square pyramidal fashion. This is 

leading to differentiable half-spaces within the porphyrin molecule affecting the rotational 

barriers of the meso-phenyl substituents and also the chemical shifts of the protons lying in 

those half-spaces. With rising rotational barriers, the signals become sharper while the then 

differentiable chemical surroundings above and below the macrocycle’s plane provide larger 

signal differences (Δδ). These facts explain the better resolution observed in those spectra 

whereas the effects appear strongest for zinc(II) complex Zn(II)-53. That fact becomes 

plausible by taking into consideration that indium(III) is smaller and that the additional 

ligand in indium(III) porphyrin complexes is very labile (binding constants too small to be 

measured in most cases) leading to fast exchange processes on the NMR timescale.40 

In connection with the photophysical properties, UV/Vis and steady-state fluorescence 

spectra were recorded and investigations were conducted concerning the different 

relaxation pathways from the first exited singlet state and singlet oxygen generation. 

The UV/Vis spectra have the typical shape for metallated porphyrins consisting of the SORET 

absorption in the blue region and two Q-band absorptions in the red region of the spectrum 

(Figure 27). For Zn(II)-53 and In(III)-53, the whole spectra are significantly bathochromically 

shifted by 8 and 10 nm, respectively, for the SORET band and between 32 and 49 nm for the 

Q-bands. In the spectra obtained for Ni(II)-53 and Cu(II)-53 the corresponding shifts are non-

uniform as only the QI-band depicts a red shift by 17 and 28 nm, respectively, while the 
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other band stays at the same wavelength or even shows a blue shift of 18 nm for Ni(II)-53. 

That behavior is in good agreement with GOUTERMAN’s theories stating that more 

electropositive metal centers cause a more pronounced red shift of the spectrum. Also the 

observed extinction coefficients go in line with theory as the ε values for the Q-band of 

lowest energy increase with lowered EN.47,48a Exact values are gathered in Table 9.  

Figure 27. UV/Vis spectra of the alongside 
listed metal complexes of 53 normalized to 
the SORET absorption. Measurements 
conducted in DMF. 

 

 

 

 

Table 9. UV/Vis data for metal complexes of 53 in comparison to those for free base 53: 
Wavelengths of absorption maxima given in nm with corresponding extinction coefficients in 
parenthesis given in M-1·cm-1.  

Band Ni(II)-53 Cu(II)-53 Zn(II)-53 In(III)-53 53 

SORET (B) 443 (184000) 442 (246500) 450 (264600) 452 (226800) 442 (223000) 

QI 560 (9800) 571 (11000) 589 (10400) 592 (10200) 543 (11300) 

QII 605 (10600) 623 (12500) 655 (12400) 658 (16300) 587 (9000) 

QIV - - - - 689 (9000) 

 

Fluorescence measurements were performed within the group of our cooperators (AG 

RÖDER, Berlin) under the same conditions as for free base 53. The data show very low 

fluorescence quantum yields for Zn(II)-53 and In(III)-53 while Ni(II)-53 and Cu(II)-53 are non-

fluorescent. An explanation therefore can again be found by following GOUTERMAN’s 

findings.47,107c As both zinc(II), [Ar] 3d10, and indium(III), [Kr] 4d10, represent closed shell ions, 

they should behave like regular porphyrins being fluorescent while copper(II), [Ar] 3d9, and 

nickel(II), [Ar] 3d8, exhibit additionally appearing singlet and triplet states leading to an 

Ni(II)-53
Cu(II)-53
Zn(II)-53
In(III)-53
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effective quenching. The corresponding energy level diagrams depicting the different 

situations are shown in Scheme 35. 

 

 

 

 

 

 

 

Scheme 35. Energy levels in different metalloporphyrins. Red lines represent COULOMB 
exchange interactions (CEI), green lines stand for spin-orbit couplings whereat dotted lines 
resemble normal measures and straight lines depict enhanced effects.47,104,107c 

In the copper(II) case, a low lying singlet state on the energy level of the corresponding T1 

state evolves due to CEI and is strongly coupled with the S1 state above while it does not 

couple with T1. So the fluorescence is quenched as consequence of relaxation involving that 

singlet state. For nickel(II) porphyrins, low lying triplet states exist which enhance spin-orbit 

couplings and thus make relaxation via fluorescence or IC in the singlet system improbable. 

So the relaxation will majorly occur in the triplet system either by IC processes or by 

phosphorescence which is especially pronounced for other metalloporphyrins of that group 

(e.g. palladium species).47,104,107c 

Hence, the following discussion on photophysical parameters will concentrate on the 

fluorescent derivatives Zn(II)-53 and In(III)-53 whose data are summarized in Table 10104.  

Measurements elucidated that both metalloporphyrins fluoresce at lower wavelengths (blue 

shifted compared to 53) while they show lowered fluorescence quantum yields and shorter 

decay times (see Table 10). These effects are comprehensible if one takes into account that 

metallation also affects the energies of the frontier orbitals and those of the excited singlet 

and triplet states in regular systems. Additionally, in both cases only one major fluorophore 

(proportion > 97 %) was detected serving as further proof for the presence of tautomeric 

structures in the free base. 
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Table 10. Photophysical parameters for Zn(II)-53 and In(III)-53 in comparison to free base 
53. 

 λfl [nm]a τ [ns]b Φfl
c ΦIC

d ΦISC
e ΦΔ

f 

Zn(II)-53 702 0.6 0.02 0.08 0.90 0.86 

In(III)-53 689 0.3 0.01 0.17 0.82 0.74 

53 716/695g 1.15/3.3g 0.03 0.09 0.88 0.85 
a maximum in the fluorescence spectra in DMF at 532 nm excitation wavelength 
b fluorescence decay time determined in DMF via TCSPC at 532 nm excitation wavelength 
c quantum yield of fluorescence in DMF with pyropheophorbide a 33 (Φfl = 0.28) as reference 
d quantum yield of internal conversion in DMF 
e quantum yield of intersystem crossing in DMF determined via ps-TAS 
f quantum yield of singlet oxygen generation in DMF with 5,10,15,20-tetraphenylporphyrin 15 (Φfl = 0.65) as reference88 
g values for the two present tautomeric structures of 53 

Measurements using the ps-TAS technique96,109 and singlet oxygen luminescence96,111 

provided corresponding ΦISC and ΦΔ values being slightly lower for In(III)-53 compared to 

free base 53 while Zn(II)-53 gives rise to nearly identical values. Thus, no further 

enhancement of transition via intersystem crossing or singlet oxygen generation can be 

achieved by insertion of zinc(II) or indium(III) while both complexes still are well suited for 

PDT applications. 

The electrochemical behavior was studied for all metal complexes in focus by cyclic 

voltammetry analog to free base 53 (see paragraph 6.1). The obtained voltammograms are 

depicted in Figure 28 and determined half-wave potentials are given in Table 11. 

Table 11. Determined half-wave potentials, E½, for selected metal complexes of 53 in 
comparison to the free base system given in V vs. ferrocene E(Fc/Fc+) = +0.53 V (see 
paragraph 6.1 for procedure details). Values in italics refer to literature data for metal 
complexes of TPP 15 or the free base. 

Compound E½
Red2 [V] E½

Red1 [V] E½
Ox1 [V] E½

Ox2 [V] Ref. 

Cu(II)-53 (-1.35)a  -1.80 -0.99  -1.33 +1.01  +0.98 +1.37  +1.21 117 

Ni(II)-53 -  -b -1.01  -1.23 +1.09  +1.10 +1.39  +1.22 118 

In(III)-53 -1.16  -1.48 -0.81  -1.09 +1.22  +1.16 +1.52  +1.45 119 

Zn(II)-53 -1.39  -1.84 -1.04  -1.39 +0.90  +0.78 +1.13  +1.11 120 

53 -1.23  -1.45 -0.95  -1.14 +1.02  +1.05 +1.25  +1.35 112 
a not conclusive as peaks are only sparsely pronounced 
b no corresponding (quasi-)reversible process detected 

 

 



Discussion and Results  3 

67 

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0 0.8 1.0 1.2 1.4 1.6 1.8

10 μA

E [V]

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Cyclic voltammograms for selected metal complexes of 53. 

In the anodic region of the spectra the usual behavior of porphyrin systems is detected with 

two reversible redox processes in each case. The determined values for the half-wave 

potentials are in good agreement with literature data for the corresponding metal 

complexes of TPP 15 although the potentials for the second oxidation step, E½
Ox2, appear 

slightly higher for the copper(II) and the nickel(II) complex (shifts of 0.17 V and 0.16 V, 

respectively) indicating a more difficult second oxidation. This is to be seen in connection 

with the electron withdrawing ketone substituent on the macrocycle and thus plausible. 

In the cathodic region the same behavior is found as for free base system 53 since all 

observed half-wave potentials are strongly shifted to higher values by 0.22 to 0.44 V. This 

enhanced reducibility is also a result of the electron withdrawing ketone moiety in 

conjugation to the porphyrin core. While for the zinc(II) and indium(III) complexes two 

reduction processes are found, only one each can be resolved for the corresponding 

copper(II) and nickel(II) complexes being again in full accordance to literature. In the 

Cu(II)-53 
Ni(II)-53 
In(III)-53 
Zn(II)-53 
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voltammogram for Cu(II)-53 an additional, not pronounced irreversible process can be 

detected whose origin is unclear. It might arise from the formation of an instable copper(I) 

complex. 

Altogether it can be stated that substances of the here presented synthetic cycloketo-

porphyrin type are acclaimed in equal measures to other porphyrin systems concerning their 

coordination chemistry. In agreement with theory, the indium(III) and zinc(II) complexes 

show good characteristics in terms of singlet oxygen sensitization with appropriate 

absorption bands at 658 and 655 nm, respectively, and with extinction coefficients of 

sufficient values. Especially interesting are the findings on In(III)-53 as such complexes could 

be applied in terms of a combined photo-radio-therapy.  

This therapeutic method would comprise tumor imaging and treatment by using one single 

substance as the complex could also be formed using radioactive indium-111. This 

radionuclide decays nearly exclusively (99 %) via electron capture with a half-life t½ of 2.8 d 

to cadmium-111. The emitted γ-radiation can be excellently detected by radiation tubes or 

scintillation counters providing a good tool to recognize tumorous tissue. Additional in situ 

irradiation with laser-light concentrated on those areas would then allow a concurrent 

photodynamic treatment. First investigations with highly charged porphyrin systems also 

derived from the porphyrin building blocks used within this thesis showed that accumulation 

and detection in tumor tissue is possible (mice experiments).70b Investigations concerning 

such an application of cycloketo-porphyrin systems have been started, but unfortunately, no 

clear results could be obtained up to now. 

3.2.4.2 Reactions Involving the Exocyclic Ketone Moiety 

In establishing the exocycle by a FRIEDEL-CRAFTS annulation procedure, a ketone is generated 

on the porphyrin core and therewith a functionality being desirable from a synthesist’s point 

of view since that should allow a great variety of modifications. Some possible examples 

gathered in Table 12 have been taken into account and corresponding transformations were 

subjected to trials according to standard procedures or protocols known to literature. But 

curiously, in most of the cases the starting material was recovered more or less 

quantitatively. Sometimes, a conversion could be detected by TLC, but all efforts to isolate 

and characterize any formed product failed. 
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Table 12. Possible reactions of the ketone group in cycloketo-porphyrins with potential 
reagents. 

Reaction Reagents 

acetal formation  ethanol; 1,2-dihydroxyethane; trimethyl orthoformate 

imin/enamine formation piperidine; prolin methyl ester 

thioketone formation LAWESON’s reagent 

reductive alkylation organolithium reagents (e.g. BuLi); GRIGNARD reagents 

reduction lithium aluminum hydride, boron hydrides 

 

The low or even inexistent reactivity can be explained by different approaches. One might 

think that those effects could be due to steric shielding of the ketone, but as computational 

studies showed, this group is coplanar to the porphyrin so that many possible trajectories 

are left unhindered (see Figure 14). Thus, it might be due to electronic reasons. As the drawn 

formulas depict, the ketone group is not only just an aromatic one as it can be also regarded 

as a vinylogous amide structure or as part of a MICHAEL system conjugated to a diaza-

[18]annulene (Scheme 36). The latter approach thereat seems less probable since simple 

calculation did not hint to it. However, both could lead to a reduced reactivity towards 

mechanisms involving an attack of a nucleophile.  

Furthermore, computational studies on higher levels (DFT/MRCI) evolve another explanation 

since those hint to the presence of a partial radical character on the carbonyl which is 

considered to cause a reversal in polarity to a certain extent which would doubtless lead to 

changes in the reactivity towards nucleophiles.100 

 

 

 

 

 

Scheme 36. Possible ways to look at the exocyclic ketone in 53: a vinylogous amide (left) or a 
part of a conjugated MICHAEL system (right). 

Which explanation finally fits or which influences are really contributing remains unclarified. 
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3.2.5 Inherent Chirality and Resolution of Cycloketo-Porphyrin 53 

3.2.5.1 General Remarks on Chiral Porphyrin Systems 

Although the general chemistry of synthetic porphyrins is extremely rich, the chirality of 

such porphyrin systems appears more or less poorly treated like e.g. a search in the 

database SciFinder®121 only delivers less than 450 hits. Additionally, there is no general 

approach to chiral porphyrins deducible since the systems become chiral for different 

reasons. A good overview is given in The Porphyrin Handbook122. Most of the examples 

known to literature are referred to as chiral porphyrins because they carry chiral 

substituents or the system itself contains stereogenic centers. Prominent examples are given 

in Scheme 37 where 54 represents a chirally substituted system, which has firstly been 

reported by HALTERMAN in 1991123, while previously presented Me-33 stands for a semi-

natural system with embedded stereogenic centers. Porphyrin 54 thereby is extensively 

investigated as its ruthenium complexes can be applied as stable and selective catalysts for 

asymmetric epoxidation and cyclopropanation124. Similar reaction can also be accomplished 

using naturally occurring enzymes containing also porphyrins as active centers. But in these 

cases, the selectivity is rather dependent on the specific chiral peptide surrounding of the 

reaction center than on the chirality of the porphyrin itself. 

 

 

 

 

 

Scheme 37. Chiral 5,10,15,20-tetrakis-(1,2,3,4,5,6,7,8-octahydro-1:4,5:8-dimethano-
antracene-9-yl)-porphyrin 54 and methyl pyropheophorbide a Me-33 with given 
configurations at the stereogenic centers. 

Another type of chiral porphyrins arises from categorically chiral arrangements of 

substituents on the porphyrin macrocycle (molecular asymmetry) without any stereogenic 

centers. Thus, those systems represent inherently chiral systems like e.g. 55 which is one of 

54 Me-33 
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the very rare examples being accessible in enantiomerically pure form by predetermined 

synthesis.125 The system thereby is of C4 symmetry, a generally chiral point group. 

Scheme 38. Inherently chiral 1,7,12,17-tetrakis-(4’-
methoxynaphthalene - 1’ - yl) - 2, 8 ,13 ,18 - tetra-methyl- 
porphyrin 55 with given conformational descriptors 
according to literature125. 

 

 

 

All systems of that kind represent stable and resolvable structures, but their chirality bases 

on effects implemented by substituents on a mostly planar π-system. Porphyrin systems 

being chiral due to deformations of their π-systems are known, but are not stable as the 

enantiomers exist in a dynamic equilibrium like it is shown in Scheme 39. Such examples 

arise e.g. from highly substituted systems like 56 which has to adopt a distorted 

conformation in the macrocycle because the substituents interfere with each other 

sterically. A resolution can be done when the conformations are stabilized e.g. by hydrogen 

bonding to mandeleic or acetic acid.126 

 

 

 

 

 

 

Scheme 39. Saddle-shaped dodeca-substituted porphyrin 56 and its schematically depicted 
enantiomeric structures in a dynamic equilibrium. 

That principle of attaching other functional molecules has also given rise to a lot of porphyrin 

based systems for applications in chiral recognition127 or for studies on chiral memory 

55

56 
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effects128. But also here, in most cases, it is dealt with achiral porphyrins adopting chiral 

supramolecular structures. To conclude, it can be stated, that chiral porphyrin systems 

without stereogenic centers existing in stable and resolvable conformations without any 

auxiliaries seem to be unknown up to now. 

3.2.5.2 Inherent Chirality in Cycloketo-Porphyrin Systems 

Cycloketo-Porphyrin systems like 53 can be seen as analogs to chiral porphyrin 56 as their 

chirality also evolves from a distorted π-system due to reasons already discussed, but, based 

on the VT NMR data, their conformations are considered to be perfectly stable at room 

temperature in solution without additional stabilizers making a resolution possible. The 

enantiomers already shown in Scheme 32 can be assigned using the recommendations for 

axial chirality since the chirality arises from the positioning of substituents along a chiral axis 

which is represented by the elongation of the Cmeso-Cα-bond. For the assignment of 

descriptors the substituent of lowest priority – in this case o-ArCH3 – is placed in front 

downwards while the opposite position is denoted priority 1 (Scheme 40). The neighbored 

pyrrolic positions are then to be 2 and 3 with the annulated position being higher in priority. 

If the rotation arising from those priorities is clockwise, the configuration is denoted Ra or P, 

else Sa or M (counter-clockwise). 

Scheme 40. Assignment of 
stereochemical descriptors in 53. 

View  along  the  Cmeso-Cα-bond 
from the 5-phenyl substituent 
towards  the  porphyrin  core.       
The corresponding enantiomeric 
structures are shown below. 

 

 

 

 

As cycloketo-porphyrin 53 is lacking functionalities an enantiomerically pure chiral auxiliary 

could be attached to, a chemical generation of diastereomers is not possible. For such a 
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purpose an additional functionality would have to be implemented (see paragraph 3.2.8). 

Also attempts to co-crystallize 53 with amino acids or other enantiomerically pure carboxylic 

acid derivatives failed. Thus, chiral chromatography was considered to resolve the mixture 

basing on diastereomeric interactions of the two present enantiomers with the 

enantiomerically pure stationary phase of the column leading to different retention times. 

Correspondingly, experiments were performed in the group of G. BRINGMANN utilizing a HPLC-

CD coupling being able to directly identify the enantiomers present. The separation was 

achieved on a Lux column (Phenomenex®, Cellulose-1) at room temperature using an eluent 

mixture consistent of iso-propanol and hexanes in a 3 : 97 ratio on an analytical level. The 

experimental setup (see paragraph 6.1) allowed the detection via UV/Vis absorption and 

also by online CD measurements at 435 nm in a stopped-flow mode.129 The results obtained 

for 53 are shown in Figure 29. 

The obtained elugrams clearly show two LC-UV peaks correspondent to two present 

enantiomers with retention times between 5 and 6 minutes in an approximate 1 : 1 ratio. 

While those species exhibit identical UV/Vis spectra, they show opposite CD effects. The 

fraction eluting first (peak A) thereby provides a negative CD signal and the second fraction a 

positive one at 435 nm. To determine the absolute configurations, full online CD spectra 

were recorded giving mirror-imaged CD curves with a negative first COTTON effect around 

435 nm for peak A and a positive one for peak B.  

To provide a robust and reliable assignment of the absolute configuration to the two atropo-

enantiomers, quantum chemical CD calculations129b,130 were conducted starting with a 

conformational analysis of the P-enantiomer of 53 with RI-BP86/SV(P)131. The analysis 

delivered eight relevant conformers for which single CD and UV/Vis spectra were calculated 

with the semiempirical ZINDO/S-CIS method132. These were summed, energetically weighted 

according to the BOLTZMANN statistics, to give a theoretical CD curve for the P-enantiomer of 

53. The corresponding CD curve for the M-enantiomer of 53 could be easily obtained by 

mirroring the spectrum calculated for P at the zero line. After UV/Vis correction133, both 

were compared to the experimentally obtained spectra. Thereby, the calculated CD curve for 

the M-enantiomer perfectly fits with the online CD curve of peak A while the one obtained 

for the P-enantiomer matches the CD curve measured for peak B. The absolute 

configurations hence are assigned like it has already been shown in Scheme 40. 
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Figure 29. Top: Elugrams obtained by HPLC (analytical level, Phenomenex® Lux column, 
isocratic solvent system iso-propanol:hexane = 3:97, flow 0.8 mL·min-1) for 53 utilizing 
detection via UV/Vis absorption (HPLC-UV) or via the absorption of circularly polarized light 
(HPLC-CD) at a wavelength of 435 nm. Bottom: online circular dichroism spectroscopy 
(online CD) of the resolved fractions. 

Thus, cycloketo-porphyrin 53 represents the first example of an inherently chiral porphyrin 

system due to a distorted π-system being perfectly stable and resolvable without the need 

of external stabilizers. 

  



Discussion and Results  3 

75 

N

NH

N

HN
O

N

NH

N

HN
O

N

NH

N

HN
O

leave out

leave out

3.2.6 Studying the Structure-Properties-Relations 

As it has been a great surprise that such a kind of simple system like 53 can disclose the 

previously presented extraordinary features, it needed further investigations on the 

structure-properties-relationship (SPR) to reveal how characteristic features in the 

cycloketo-porphyrin might be caused. So the next part of the work is strongly connected to 

the study of similar systems with just minor changes and to investigate their behavior. 

3.2.6.1 Possible Influences & Choice of Reference Systems 

In principle, two features present in 53 are considered to have significant influence on the 

chiral and photophysical behavior: On the one hand the seven-membered ring structure in 

the keto-exocycle and, on the other hand, the opposite lying methyl group ortho in respect 

to the porphyrin core. In order to figure out in how far these features contribute to the 

overall performance of that system, two models (Scheme 41 middle and right) were chosen 

lacking one or both of that structural features. The t-butyl substituent on the tethered 

phenyl ring was also left out in the model compounds since it is not considered to have any 

observable impact and as that eased the synthetic access to systems 57 and 58. Both were 

then obtainable from methyl 2-formylbenzoate. 

 

 

 

 

 

Scheme 41. Mother compound 53 and simplified model compounds 57 and 58 with changes 
marked with arrows. 

The synthesis of the shown model compounds will be discussed within the following 

paragraphs. 

57 58 53 
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3.2.6.2 104,154,204-Tri-t-Butyl-52-(Methoxycarbonyl)-5,10,15,20-Tetraphenylporphyrin 

60 as General Precursor for 57 and 58 

To access both model systems, the same precursor porphyrin 60 was used arising from the 

condensation of methyl 2-formylbenzoate 59 and 4-t-butylbenzaldehyde with pyrrole under 

LINDSEY conditions (Scheme 42).96 This approach delivering the desired target in high yield 

(17.4 % based on 59) was preferred to the corresponding dipyrromethane approach as that 

only gave 1.8 % of 60 overall.  

 

 

 

 

 

Scheme 42. Chosen synthesis of precursor porphyrin 60. Conditions: 1. BF3·OEt2, CHCl3, rt, 
1 h; 2. add. DDQ, 2 h. 

Since 60 exhibits a great resemblance to precursors like 45, 50 and 51 previously dealt with, 

the discussion on characterization data will focus on specialties.  

The aromatic region of the 1H NMR spectrum of 60 shows up far more complex as the 

lacking of the alkyl substituents gives rise to the typical resonance pattern of an ABCD spin 

system in the 5-substituent. Thus, four signals are observed at 8.39 (dd), 8.15 (dd), 7.86 (dt) 

and 7.81 (dt) ppm, respectively. The methyl group of the ester provides a singlet at 2.72 ppm 

strongly shifted upfield compared to the parental aldehyde (3.91 ppm) implying a 

positioning above the porphyrin core. 

The ester functionality is also clearly visible in the 13C NMR spectrum where the carboxylic 

carbon atom characteristically resonates at 168.2 ppm while the signal for the methyl group 

is found at 51.4 ppm.  

By MS only the molecular mass peak was found at m/z = 841 and in the IR spectrum the 

pronounced carbonyl vibration for the ester was detected at 1735 cm-1. 

59 

60 
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With 60, we obtained a well suited system for transformation into either 57 or 58. The 

general reaction outline is depicted in Scheme 43 and discussed in the following paragraphs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 43. Synthetic outline for the formation of 57 and 58 from 60.96  

3.2.6.3 Synthesis and Characterization of Six-Membered Ring Analog 58 

Like Scheme 43 displays, the synthesis of 58 was quite straightforward and should be 

discussed first. The necessary porphyrin methanoic acid precursor 65 was easily obtained 

from 60 by basic saponification using a solution of KOH in a mixture of THF, ethanol and 

water. This reaction gave the desired compound in 94 % isolated yield after FC based on 60.  

The characterization data of 65 only shows minor but significant changes compared to the 

precursor. E.g. the resonances for the methyl group of the ester are lacking in the recorded 

NMR spectra. Unfortunately, the acidic proton of the acid moiety cannot be detected due to 

fast proton-deuteron exchange with the applied solvents. In the IR spectrum, the carbonyl 

60

61  X = OH

62  X = Br

63  X = CN

64  X = CO2H

57 

65 

58 
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vibration is shifted from 1735 to 1692 cm-1. The other data can be found in the experimental 

section. 

For the following ring-closure, the same synthetic protocol was applied as for the conversion 

of 51 to 53 (see Scheme 43 and paragraphs 3.2.2.2 and 3.2.2.3). Also here the copper(II) 

complex was formed first, followed by the activation of the carboxylic acid and subsequent 

annulation. Then demetallation, achieved under analog acidic conditions, finally furnished 58 

in 61 % yield based on 65.96  

As the results from optical and electrochemical investigations shall be surveyed together 

with the ones for the other mono-exocyclic systems 53 and 57 (paragraph 3.2.6.5), only the 
1H NMR data are to be discussed here. 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. 1H NMR spectrum of 58, 400 MHz, CDCl3, rt. Signals are numbered according to 
IUPAC recommendations. 
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At first sight, the spectrum displayed in Figure 30 seems to be comparable to the one of 53 

as it shows the expected features like e.g. the appearance of seven β-pyrrolic resonances 

most downfield and three singlets around 1.58 ppm representing the three t-butyl groups in 

the periphery. Both facts nicely reflect the C1 symmetry pattern. 

While, analog to 53, the signal for the inner ring protons is strongly shifted to lower field, the 

shift appears extremely huge for 58. The signal, being observed at -0.56 ppm, is shifted over 

2.1 ppm compared to the precursor 60 and also more than 1 ppm in comparison to 53. Thus, 

the electronic structure of the macrocycle appears strongly influenced by changing the size 

of the exocycle. 

Furthermore, a closer look reveals that the aromatic region is completely contrary to the 

situation observed for 53 as the protons on the non-annulated phenyl rings give solely rise to 

well resolved signals (o-/m-ArH) while surprisingly the resonances of the tethered phenyl 

ring appear significantly broadened (53-6). Additionally, the splitting pattern of the signals 

assigned to the freely rotatable phenyl rings looks like three sets of two doublets overlaying 

at about 8.0 and 7.7 ppm, respectively. This almost seems to equal the situation being 

observed in non-annulated symmetric porphyrin systems. Thus, it can be concluded, that in 

58 the two half-spaces above and below the porphyrin plane are not distinguishable so that 

three pseudo-AB systems appear in the spectrum. These observations imply that six-

membered ring analog 58 is not stable in configuration as the exocycle seems to be 

invertible. This is also supported by the line-broadening of the signal for β-pyrrolic proton on 

position 7 at the neighboring pyrrolic unit. 

Further discussion on structural details is provided together with those on the second model 

compound in paragraph 3.2.6.5. 
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3.2.6.4 Synthesis of Seven-Membered Ring Analog 57 

To synthesize 57 from porphyrin methyl methanoate 59, the problem of the extension of the 

side chain by one carbon atom had to be solved first. Since the substrate is a carboxylic acid 

derivative, it was considered to try an ARNDT-EISTERT reaction134 which would lead directly 

from 65 to Cu(II)-64 like it is shown in Scheme 44.  

 

 

 

 

 

Scheme 44. Adapted ARNDT-EISTERT homologation. Applied steps: 1. Cu(OAc)2·H2O, 2. C2O2Cl2, 
3. CH2N2, 4. Ag(I) catalyst, heat. 

To protect the inner-ring positions of the porphyrin, copper(II) was inserted before the 

carbon acid chloride has been generated using oxalyl chloride, C2O2Cl2. After complete 

evaporation of solvent and chlorinating agent, the obtained red residue was reacted with 

freshly prepared diazomethane, CH2N2, at lowered temperature (-10 °C). Upon evaporation, 

water and dioxane were added together with the necessary silver(I) catalyst, Ag2O, which 

was also freshly prepared. After reacting that mixture under reflux over night, a reddish 

product was isolated and indentified as metallated methyl ester derivative Cu(II)-59 without 

any detectable by-products. This approach has thus not been applicable to that kind of 

system, so that the more complex way depicted in Scheme 43 had to be chosen. 

This protocol managed the elongation of the side chain by nucleophilic attachment of 

cyanide like it has already been described for 53 (see paragraph 3.2.2). That necessitated the 

initial conversion of the carboxylic acid moiety into a good leaving group like our well 

approved bromo substituted methyl group. Thus, porphyrin methyl methanoate 59 had to 

be reduced to the corresponding alcohol, hydroxymethyl porphyrin 61, by reaction with 

lithium aluminum hydride, LiAlH4, in THF.135 For protective means, the zinc(II) complex was 

prepared in advance while the metal was removed in the course of the applied work-up. 

After FC the desired sub-ordinate target 61 was obtained in pure as purple powder (87 % 

yield based on 59). 

65 Cu(II)-64 

ARNDT-EISTERT 
homologation 
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The conversion into the corresponding bromomethyl porphyrin 62 was then achieved by 

reaction with HBr (5.4 M in glacial acetic acid) in CH2Cl2 for 3 h at rt. Unfortunately, the 

desired bromomethyl porphyrin could only be gained in 37 % yield since the reaction with 

the present acetic acid lead to considerable amounts (∼50 % yield) of analog acetoxymethyl 

porphyrin system 66 (Scheme 45). This side reaction might be avoided if the reaction was 

conducted with aqueous HBr in dioxane, but as 62 was obtained in sufficient amounts for 

further experiments, we set optimization studies aside. 

 

 

 

 

 

Scheme 45. Bromination of hydroxymethyl porphyrin 61 leading to products 62 and 66 in an 
approximate ratio of 5 : 7 in favor of 66. 

Compounds 61 and 62 were fully characterized. The obtained data can be found in the 

experimental section while here only a brief overview should be presented. The successful 

transformation could nicely be proven by MS as that class of substances does not tend to 

significantly fragment. Starting from ester 60 (m/z = 841 [M]+·), we obtained 61 

(m/z = 813 [M]+·) and finally bromomethyl derivative 62 (m/z = 876 [M]+·) showing the 

characteristic fragment of m/z = 795 [M-Br]+· being typical for all synthesized systems of that 

kind.  

Also unambiguous was the 1H NMR data. While the side chain being altered only shows one 

resonance for the methyl ester as singlet at 2.72 ppm (CO2CH3), the one in the reduced 

species 61 gives two signals: one doublet at 4.31 ppm (3J = 5.2 Hz, CH2OH) and one triplet at 

1.21 ppm (3J = 5.6 Hz, CH2OH). In 62, again only one resonance for the CH2Br group is 

detected at 4.31 ppm as singlet being in the typical region for bromomethyl porphyrins. 

After having obtained pure 62, the synthetic pathway was back on track and the previously 

presented procedures for cyanation, hydrolysis and ring-closure could be applied in analogy 

to the synthesis of 53.96 The cyanation via the corresponding zinc(II) complex of 62 furnished 

61 62 66 
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cyanomethyl porphyrin system 63 in high isolated yield (95 % based on 62). Upon acidic 

saponification, the corresponding porphyrin carboxylic acid 64 could be obtained in 85 % 

yield and provided the basis compound for the FRIEDEL-CRAFTS annulation procedure. Also 

here, the full characterization of the intermediates is displayed in the experimental section. 

For brief monitoring of the transformations not only the rising polarity from 62 over 63 to 64 

could be used but also MS (for 63: m/z = 823 [M+H]+· and for 64: m/z = 841 [M]+·) and 1H 

NMR data as the methylene group in the side chain underwent the already discussed 

characteristic shift from 4.31 ppm (62) over 3.42 ppm (63) to 3.35 ppm (64).  

For the build-up of the exocyclic ketone, 64 was firstly converted into the corresponding 

copper(II) complex. Then, according to paragraph 3.2.2.2, the carboxylic acid was treated 

with oxalyl chloride, C2O2Cl2, and tin tetrachloride, SnCl4. Upon acidic demetallation, free 

base cycloketo-porphyrin 57 was isolated in 65 % yield based on 64 as a dark green 

powder.96  

Like for 58, the detailed discussion of characterization data will be done later (paragraph 

3.2.5.6) while here, only the 1H NMR spectrum is to be presented (Figure 31).  

For 57, the splitting pattern for the β-pyrrolic protons again reflects the present C1 

symmetry. The signals appear mostly clearly resolved as one singlet (9.16 ppm) and three 

sets of doublets in between 9.09 and 8.71 ppm (3J ∼ 4.8 Hz). More upfield, the signals for the 

phenyl substituents are visible but partially show an intense line broadening and strong 

overlays. Thus, 57 is sharing major spectral characteristics with 53, which is also reflected by 

the remainder of the resonances apart from the ones arising from the ABCD spin system in 

the 5-phenyl substituent since that is not present in 53. These signals can be definitely 

assigned as outstanding doublets of doublets (7.84 and 7.23 ppm) or doublets of triplets 

(7.56 and 7.50 ppm). The exocyclic methylene group expectedly provides a pair of doublets 

at 5.63 and 4.23 ppm with geminal couplings of about 11.7 Hz due to diastereotopicity. Like 

for 53, the t-butyl groups of the system give rise to three well resolved singlets around 

1.63 ppm being in full accordance to the system’s C1 symmetry. The inner-ring NH-protons 

resonate at -1.70 ppm. That is being well comparable to the situation in 53, where the signal 

is also shifted upfield by of over 1 ppm compared to the precursor. 
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Figure 31. 1H NMR spectrum of 57, 400 MHz, CDCl3, rt. All signals are numbered according to 
IUPAC recommendations.  

With these two analogs at hand, it shall now be turned to the relations between those and 

the parental system 53 and the comparison of those three systems. 
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3.2.6.5 Comparative Studies 

Since the characterization data of cycloketo-porphyrin systems 53, 57 and 58 is very closely 

related to each other, they should be compared concerning not only basic characterization 

data but also in terms of their photophysical and electrochemical properties. Before we go 

into that matter, it shall again be started with theoretical aspects and visualizations based on 

computational studies.  

3.2.6.5.1 Computer-Assisted Simulations 

To illustrate the effects of the implemented changes from 53 over 57 to 58 minimized 

structures were calculated on the PM3 level being shown in Figure 32.96,99 

 

 

 

 

Figure 32. Minimum structures of 53, 57 and 58 (left to right) computed on the PM3 level 

with given angular degrees for the dihedral angle between the Cmeso-Cα bond within the 
porphyrin and the plane of the phenyl substituent. 

Obviously, diminishing the steric demands of the tethered phenyl ring by going from 53 to 

57 and shortening the tether itself, as done by going further to 58, force the annulated 

phenyl ring to tilt further towards the porphyrin plane. This effect is most pronounced in 58 

as then the phenyl ring becomes nearly coplanar with the porphyrin macrocycle. The more 

pronounced rotation is thereby accompanied by a greater bending of the porphyrin core – 

both cis standing phenyl substituents are pushed out of plane (see also Figure 14, p. 43). 

Form the structural point of view, this should result in changes of the rotational barriers for 

the non-tethered phenyl substituents. That effect is providing for example the already 

presented bad resolution in the arylic areas of the 1H-NMR spectra for 53 and 57. 

From an electronic point of view, the orbital shapes and coefficients as well as the 

corresponding energy levels will be affected as the porphyrin’s π-system will be more and 

more “extended” as the tethered phenyl substituent comes into coplanarity. Therewith the 
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orbitals will show a more pronounced mingling. These changes, depicted in Figure 33, will be 

observable in the photophysical as well as in the electrochemical datasets.  

 

 

 

 

 

 

 

 

 

 

Figure 33. Calculated shapes of the frontier orbitals (top line: LUMOs, bottom line: HOMOs) 
for compounds 53, 57 and 58 (left to right).96,99 

As the 1H NMR spectra have already been briefly discussed, their comparison should be 

focused on next. 

3.2.6.5.2 1H NMR Spectroscopy 

Although all spectra prove the presence of C1 symmetric porphyrin compounds with 

annulated ketone exocycles, the six-membered ring analog 58 appears well distinct from 53 

and 57 containing seven-membered exocycles. The latter appear perfectly stable in 

configuration while 58 does not. This could be proven by VT NMR as well as by the 

characteristic splitting pattern for the arylic protons at room temperature, as in 53 and 57 

the different half-spaces above and below the plane of the macrocycle are distinguishable 

(distinct signals for individual protons) which is not the case for 58.  

Nevertheless, the annulation is considered to give rise to a distortion in the porphyrin 

macrocycle in each case consequently changing the rotational barriers of the peripheral 
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phenyl substituents. For 53 and 57 those are clearly lowered since a significant line 

broadening is observed representing the presence of a coalescence-like state. Connatural 

situations are also found in non-annulated tetraarylporphyrins with distinguishable half-

spaces but at higher temperatures. As for 58, the exocyclic structure seems to be flexible 

itself, no definite statement is possible according to the underlying data. 

Since the rising tilt of the tethered phenyl ring is supposed to affect the electronic structure 

of the porphyrin core by mingling with its orbitals, variations in the porphyrin’s ring current 

are to be observed resulting in significant shifts of resonances for protons inside or situated 

directly on the periphery of the macrocycle. And indeed, this is detected for all studied 

compounds whereas the shifts seem to be the more pronounced the more the tethered 

phenyl ring is tilted. Exemplarily, some observed signals are gathered in Table 13. 

Table 13. Chemical shifts δH of selected signals in compounds 53, 57 and 58 with given 
position number based on measurements at 400 MHz in CDCl3 at rt. 

Compound δH(2) δH(NH) dihedral anglea 

53 8.96 -1.62 55° 

57 9.16 -1.70 46° 

58 9.24 -0.55 15° 
a angle between the Cmeso-Cα-bond and the plane of the tethered phenyl substituent (see also Figure 32, p. 84) a 

3.2.6.5.3 UV/Vis Spectroscopy 

Just like the NMR spectra, also the UV/Vis spectra of 53 and 57 appear similar while 58 

differs quite a lot (Figure 34). While for all compounds a huge bathochromic shift of all bands 

is observed compared to the precursors, it is most pronounced for 58 as the summarized 

data in Table 14 depicts.  

The rising bathochromic shift nicely reflects the more pronounced interaction of the 

tethered phenyl ring’s orbitals with those of the porphyrin macrocycle when the substituent 

becomes more tilted. The effect, being in full accordance to literature data of extended π-

systems46,48a, appears most pronounce for 58 where the tethered substituent is nearly 

coplanar and thus in significant conjugation. Since 53 and 57 do not differ that much in their 

torsion of the tethered phenyl ring it is also not surprising that their spectra are very similar. 

Interestingly, 58 shows a considerable shoulder on the SORET band which is also detectable 
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for 53 and 57 but much more less pronounced. That is considered to be due to the 

appearance of low lying A’’ states in the energy region of the SORET states arising from 

electronic excitation of an electron in an in-plane orbital of the keto group to π* orbitals of 

the porphyrin. 100 That effect appears more pronounced the more effective the conjugation 

between the 5-substituent and the macrocycle is. Furthermore, the highest Q-band 

absorption shows up more intense compared to those of lower wavelengths as the attached 

keto group enhances the Q-band oscillator strengths the more effective conjugation is 

possible.100 

Figure 34. UV/Vis spectra 
of compounds 53, 57 and 
58 as solution in CH2Cl2. 

 

 

 

 

 

 

Table 14. UV/Vis data: maximum wavelengths (λmax) of compounds 53, 57 and 58 and their 

extinction coefficients ε opposed to those of precursor system 51. 
Compound SORET (B)a QI

a
 QII

a
 QIII

a
 QIV

a
 

53 
442 

(223000) 
543 

(11300) 
587† 

(9000) 
-‡ 689 

(9000) 

57 
438 

(182000) 
540 

(8200) 
584† 

(7100) 
-‡ 

686 
(5000) 

58 
465 

(99500) 
579 

(5000) 
644 

(7700) 
-‡ 

745 
(9300) 

51 
420 

(313600) 
516 

(13400) 
551 

(7300) 
592 

(4700) 
647 

(3400) 
a λmax with corresponding ε value given in parenthesis a 
† band contains a shoulder at higher wavelength 
‡ no separate corresponding band detectable  
 

 

53

57

58
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3.2.6.5.4 Photophysical Measurements 

Also these data were gathered in cooperation with the group of Prof. Dr. B. RÖDER at Berlin. 

The data obtained by steady-state fluorescence spectroscopy (see Figure 35) is very 

consistent with the UV/Vis data as all compounds show a significant red-shift (λmax 

determined at 450 nm is 709 nm and 701 nm for 53 and 57, respectively, compared to 

778 nm for 58). Like their extinction coefficients, also their fluorescence quantum yields Φfl 

are significantly lowered being determined 0.03 for 53 and 57 and 0.05 for 58 compared to 

0.11 for TPP 15.96  

Figure 35. Steady-state fluorescence 
spectra of 53, 57 and 58 at an 
excitation wavelength of 450 nm. 

 

 

 

 

As already presented for 53, decay associated fluorescence spectroscopy reveals that also 57 

and 58 are existing as discriminable tautomeric structures with different fluorescence life-

times and varying populations of the different species as Table 15 depicts. Obviously, the 

ratio between the major tautomers A and B decreases with increasing level of distortion.  

Table 15. Fluorescence life-times τ and proportions of present fluorophores P obtained from 
DAFS analysis on 53, 57 and 58 in DMF. Excitation at 532 nm. 

 τA ± 0.02a τB ± 0.1a τi ± 1a,b P(A) ± 0.03 P(B) ± 0.02 P(i) ± 0.01b Torsionc 

53 1.15 3.3 10 0.90 0.09 0.01 35° 

57 1.2 3.3 10 0.84 0.14 0.02 44° 

58 1.6 3.6 10 0.75 0.24 0.01 75° 
a  values given in ns a 
b “i” refers to an impurity present in the solution which cannot be excluded from DAFS analysis 
c dihedral angle between the Cmeso-Cα-bond and the plane of the tethered phenyl substituent (see also Figure 32, p. 84) 

Furthermore, ps-TAS was applied and singlet oxygen luminescence measurements were 

conducted to obtain quantum yields for ISC, IC and 1O2 generation (ΦΔ), respectively. The 

results are summarized in Table 16. 

53

57

58
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Table 16. Quantum yields of fluorescence (Φfl), inter system crossing (ΦISC), internal 

conversion (ΦIC) and 1O2 generation (ΦΔ) for systems 53, 57 and 58 in DMF. 

Compound Φfl ± 0.01a ΦISC ± 0.03 ΦIC ± 0.04 ΦΔ ± 0.03b 

53 0.03 0.88 0.09 0.85 

57 0.03 0.75 0.22 0.65 

58 0.05 0.23 0.72 0.22 
a  excitation at 532 nm, pyropheophorbide a as reference (Φfl = 0.28) a 
b excitation at 515 nm, 5,10,15,20-tetraphenylporphyrin (TPP, 15) as reference (ΦΔ = 0.65)88 

This data nicely illustrates again the differences between six-membered ring derivative 58 

and its seven-membered ring analogs 53 and 57. While the latter show a significant 

relaxation from the first excited singlet state via ISC (S1 → T1), 58 tends to relax in a 

radiationless fashion by IC processes. This could be explained by the higher flexibility in the 

structure of 58 compared to 53 and 57 as NMR data have already shown. Nevertheless, all 

system exhibit a highly efficient energy transfer (T1 → 1O2) being estimated to be around 0.9 

for 57 and close to 1 for 53 and 58.  

3.2.6.5.5 Cyclic voltammetry 

The influence of the ongoing increase in conjugation of the tethered phenyl ring’s orbitals 

into those of the porphyrin macrocycle is also visible in CV. The obtained half-wave 

potentials are given in Table 17 while the corresponding voltammograms are displayed in 

Figure 36. 

Table 17. Half-wave potentials E½ for the given compounds obtained by measurements in 
CH2Cl2 (c = 10-3 M) vs. ferrocene E(Fc/Fc+) = 0.53 V as internal standard (for experimental 
setup see paragraph 6.1). 

Compound E½
Red2 [V] E½

Red1 [V] E½
Ox1 [V] E½

Ox2 [V] 

53 -1.23 -0.95 +1.02 +1.25 

57 -1.20 -0.84a +1.10 +1.35 

58 -1.01 -0.63 +1.07 +1.38 

15b,112 -1.45 -1.14 +1.05 +1.35 
a process is not fully reversible a 
b literature data on 5,10,15,20-tetraphenylporphyrin (see Scheme 6, p. 7) 
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Figure 36. Cyclic voltammograms of 53, 57 and 58 in CH2Cl2 solution with potentials given 
versus ferrocene E(Fc/Fc+ = +0.53 V). See paragraph 6.1 for experimental details. 

As the cathodic region of the voltammograms depicts, also here the behavior of 53 and 57 is 

almost similar and the half-wave potentials are comparable although 57 shows a reduction 

step at -0.84 V which seems to be not fully reversible. This partial irreversibility might be 

connected with a partial radical character of the ketone moiety showing up in the DFT/MRCI 

calculations, but the real origin is not yet understood.96,100 Although the measured half-wave 

potentials appear already high compared to non-annulated systems, compound 58 again 

shows a quite different behavior being even more easy to reduce (E½ values are much higher 

than for 53 or 57). That is again reflecting the enhanced impact of the conjugation to the 

electron withdrawing ketone moiety and the tethered phenyl ring.  

The anodic region is well contrasting those finding, since here, all systems show the typical 

values for tetraphenylporphyrins of that kind meaning that the annulation itself as well as 

the increasing enhancement of conjugation does not significantly affect the oxidation 

potentials.  

  

53 

57 

58 
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3.2.6.5.6 Conclusions from Investigations on the Structure-Properties-Relations 

The investigations on variations of the fundamental structural elements elucidates that a 

seven-membered exocycle is of significant relevance whereas oppositely lying substituents, 

like e.g. the methyl group in 53, seem to be less relevant. That particular kind of annulation 

seems to provide a sufficient distortion level in the porphyrin macrocycle structurally and 

energetically while it stabilizes the systems configuration at the same time. A six-membered 

connection appears more flexible and too influencing on the porphyrin core due to 

enhanced conjugational effects. Thus, the second seven-membered ring structure 57 should 

also give rise to separable enantiomers while the six-membered ring analog 58 should not. 

For the latter, it is more likely that the flexibility of 58 leads to a dynamic equilibrium of 

enantiomeric structure being non-resolvable as it is the case for dodeca-substituted system 

56. For clarification, investigations by chiral HPLC-CD coupling are currently in progress. 

Thus, for the further development on that kind of system in terms of PDT applications, the 

basic structure was to be preserved to a large extend since the performance can significantly 

change although only minor changes are implemented (57 and 58 only differ by one -CH2- 

group!). 

As then, the principle features of the kind of annulation have been investigated, it seemed 

worth to study the effect, a poly-annulation might cause on the system’s behavior. 
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3.2.7 Approaching Polyexocyclic Cycloketo-Porphyrin Systems 

By considering the formation of poly-annulated systems, one has to keep in mind that the 

formation of a ketone exocycle, like it is present in 53, causes dissymmetry within the 

system as the closure process might occur from above or below the porphyrin plane. This is 

of less relevance for mono-functional precursors as then enantiomers are formed (e.g. 

simplified representable by  and ) having the same chemical and physical properties. By 

switching to bis-functional precursors, this fact becomes of vital importance as different 

kinds of ring closure can provide compounds of diastereomeric relation with different 

chemical and physical characteristics. Additionally, one second aspect concerning 

regiochemistry has to be included into considerations, as in mono-functionalized precursors 

both pyrrolic units, the ring closure can occur to, are equivalent. If one annulation has taken 

place, these units become differentiable providing additional possible products. Thus, from 

one bis-functional starting compound, in principle four products can be obtained in one 

reaction; pictorially represented by , ,  and , (see Scheme 46) plus 

corresponding enantiomers. 

Evidently, some control in terms of pre-organization has to be exerted to prevent ending up 

in inseparable mixtures. Fortunately, the already introduced building-blocks (Scheme 17) 

provide the capability to control at least some regiochemistry since they are accessible as 

compounds with defined and stable αα- (48) and αβ-conformation (47).69 Starting from a 

precursor like 46 represents an even simpler alternative as there both functional groups are 

situated on the same phenyl ring allowing only one possible ring closure scenario to give 

enantiomeric structures. 

The following paragraphs will hence concentrate on bis-functional compounds derived from 

the abovementioned possible starting materials 46, 47 and 48 whose syntheses have already 

been presented in paragraph 3.2.1. A pictorial outline showing the relations between them 

and the corresponding bis-cycloketo-porphyrins is included in Scheme 46. 
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Scheme 46. Possible structures of bis-annulated systems: 67 and 68 arising from 48, 69 and 
70 from 47, and 71 from 46, respectively. For 68, 69 and 71 only one representative 
enantiomer is displayed while 67 and 70 are supposed to be „meso-forms“. 

3.2.7.1 Porphyrin Di-Ethanoic Acid Derivatives 

As the general procedures to access porphyrin ethanoic acid derivatives have already been 

optimized for mono-functional compounds, the pathway for the conversions of 46, 47 and 

48 to the corresponding porphyrin di-ethanoic acids appeared straightforward. 

Firstly, bromomethyl porphyrin systems 46-48 were converted into the accordant 

cyanomethyl derivatives 72-74 by application of the same general conditions96 via zinc(II) 

complex intermediates. In contrast to mono-functional derivatives, a higher amount of KCN 

48

47

46 

67 ( ) 68 ( )

69 ( ) 70 ()

71 ( ) 
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(75 eq.) was used. The subsequent acidic saponification96, conducted in complete analogy, 

furnished porphyrin di-ethanoic acids 75-77. While the reactions and the compounds are 

depicted in Scheme 47, the corresponding yields, being throughout good to excellent, are 

given in Table 18. 

 

 

 

 

 

 

 

Scheme 47. Synthetic access to porphyrin di-ethanoic acids 75-77 via cyanation and 
subsequent saponification. Applied conditions: a. 1. Zn(OAc)·2 H2O, CH2Cl2/MeOH, rt, 6h; 2. 
KCN, PEG400, rt, 24h; 3. aq. HCl, CH2Cl2, rt, 10 min; b. AcOH/H2SO4/H2O, 95 °C, 96h. 

Table 18. Overview on the isolated yields for the reactions depicted in Scheme 46. 

Pathway Yield of bis-cyanation Yield of full saponification Overall yield 

46 → 75 95 % 88 % 83.6 % 

47 → 76 88 % 83 % 73.0 % 

48 → 77 95 % 85 % 80.8 % 

 

Thus, the direct precursors for the next step – the bis-annulation – were obtained providing 

the abovementioned pre-organization: 75, having both acid functionalities on the same 

phenyl substituent, one above one below the porphyrin plane, and 76 and 77 carrying those 

groups on trans-standing phenyl rings. Thereby, both side chains are situated in one half-

space for 77 (αα-conformation) and oppositely for 76 (αβ-conformation). Both purity and 

conformation were verified by 1H-NMR spectroscopy like it is depicted in Figure 37 before 

the bis-annulations were tackled.  

46 R1=Br, R2=R3=H 

47 R1=H, R2=CH2Br, R3=CH3 

48 R1=H, R2=CH3, R3=CH2Br 

72 R1=CN, R2=R3=H 

73 R1=H, R2=CH2CN, R3=CH3 

74 R1=H, R2=CH3, R3=CH2CN 

75 R1=CO2H, R2=R3=H 

76 R1=H, R2=CH2CO2H, R3=CH3 

77 R1=H, R2=CH3, R3=CH2CO2H 
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Figure 37. Aromatic regions of the 1H NMR spectra of 75 (top), 76 (middle) and 77 (bottom) 
arising from measurements at 400 MHz at rt in THF-d8 (75) or CDCl3(*)/THF-d8 (76 and 77). 
The pyrrolic protons, the protons on the functionalized aryl ring(s) and those on the non-
functionalized aryls rings are highlighted in red, blue and green, respectively.  

The 1H NMR spectrum of 75 shows the typical splitting pattern for AB3 systems. The pyrrolic 

protons appear as two doublets for the pyrrolic units close to the functionalized phenyl 

substituent and as one singlet for the more distant ones. This is well comprehensible, as the 

brake in symmetry is too distant to exert any impact. The resonances for the non-

functionalized phenyl rings show up as pseudo-AB spin systems, i.e. as two sets of doublets, 

since the upper and the lower half-space are equivalent. While the resonances for the 

protons in meta position appear in exactly the same position (only one doublet for 6 H more 

upfield), the additional splitting of the corresponding ortho signal more downfield arises 

from the differentiability of the cis- (10, 20) and trans-standing (15) non-functionalized 

phenyl rings. A similar situation is found for 76, as also here the half-spaces are not 

distinguishable whereas they are in 77 providing the characteristic splitting pattern for an 

AA’BB’ spin system.  
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3.2.7.2 Synthesis of Bis-Annulated Cycloketo-Porphyrin Systems (BCKPs) 

As copper(II) complexes turned out to be best suited to access free-base systems after 

annulation, the obtained porphyrin di-ethanoic acids were firstly converted thereto by 

application of the acetate method96,97. Subsequently, they were transformed into their 

corresponding acid chlorides by reaction with oxalyl chloride, C2O2Cl2, and finally cyclized 

using tin tetrachloride, SnCl4, as appropriate FRIEDEL-CRAFTS catalyst.96 Upon acidic 

demetallation (TFA : H2SO4 = 5 : 1, rt, 45 min96), five BCKPs were obtained in pure after 

chromatography (67-71, Scheme 46, p. 93). The corresponding yields for those compounds 

are summarized in Table 19. Thereby is to be kept in mind that 67 and 68 as well as 69 and 

70 arose from one sole reaction each. 

Table 19. Yields in which BCKPs 67-71 were isolated after the applied annulation protocols 
based on the corresponding porphyrin di-ethanoic acids 75, 76 and 77 (Scheme 47, p. 94). 

 67 from 77 68 from 77 69 from 76 70 from 76 71 from 75 

Overall Yield 51 % 12 % 58 % 14 % 70 % 

 

Although the combined yields turned out to be excellent (> 60 %), 68 and 70 were only 

formed in very low quantities implying some sort of directing effect in the formation of the 

second exocycle disfavoring a diagonal positioning. Further discussion on that is done in 

paragraph 3.2.7.7. Firstly, it should be focused on characterization and photophysical data.  

3.2.7.3 NMR Spectroscopy  

As already deducible from introductive Scheme 46, the BCKPs under investigation exhibit 

quite different symmetry patterns majorly determining their NMR spectroscopic data. While 

the chiral members of that group are of C2 symmetry (68, 69 and 71), the achiral “meso-

forms” appear to be of higher symmetries (Cs for 67 and Ci for 70). These assignments 

concerning symmetry patterns thereby renounce the appearance of NH-tautomers since 

those will not be observable at room temperature by NMR. 

To sustain clarity, the spectra will not be compared to each other on the whole but step-wise 

focusing on corresponding decisive regions. The complete data is summarized in the 

experimental section. To start with, it should be concentrated on the assignment of the 

abovementioned symmetry patterns. 
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These can be deduced from the aromatic areas of the corresponding 1H NMR spectra as well 

as from the numbers and intensities of the resonances for the t-butyl groups in the 13C NMR 

spectra. Extracts of the corresponding spectra are assorted in Figure 38.  

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Comparison of NMR data for BCKPs 67-71 at rt in CDCl3. Left: Aromatic regions of 
the 1H NMR spectra (400 MHz), right: zoomed parts of the aliphatic regions of the 
corresponding 13C NMR spectra (100.5 MHz). For 1H NMR, the ortho-positions of the free 
rotatable phenyl rings are highlighted in red, meta-positions in blue. The remainder signals 
are numbered according to IUPAC recommendations. 

As the appearance of the β-pyrrolic positions as one singlet and two doublets (3J ∼ 4.7 Hz) 

for 2 H each in the 1H NMR spectra shows, all systems seem to contain pyrrolic units 

equivalently influenced by distortions implying higher symmetry patterns. Furthermore, 

most arylic resonances appear rather well resolved indicating higher corresponding 

rotational barriers as observed for 53.  

Interestingly, the NMR data of 67 and 69 and of 68 and 70 appear pair wise almost identical 

although they are derived from different distinct starting geometries. This can be explained 

by the fact, that they arise from annulations on identical positions, i.e. on 3 and 17 (67 & 69) 

and on 3 and 13 (68 & 70), respectively. The difference in attacks from above or below being 

67

68

69

70

71
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of rotational or mirror symmetry thereby also gives rise to symmetrical distortions of the 

non-annulated pyrrolic units hence providing NMR spectra only differentiable by knowledge 

of the precursor. 

With that in mind, however, the classification was achieved by taking into account the 

spectral data displayed in Figure 38 and computational models of those systems. 

For both 67 and 69, four doublets are observed with characteristic three-bond couplings of 

8.1-8.6 Hz resembling the appearance of two different pseudo-AB spin systems – one for 

each “free” phenyl ring. This indicates that the two present half-spaces in the systems are 

identical. While this is straightforward as 69 is concerned, the situation for 67 needs further 

explanation. On the one side, based on computed structural models, the ketone 

functionality is nearly perfectly coplanar with the porphyrin so that a pseudo-AB spin system 

for the 20-phenyl substituent becomes feasible. On the other side, only the ortho methyl 

groups are able to deliver a differentiation between the half-spaces. But, based on our 

experience (see discussion on p. 38-39), those are too small to be capable of that which 

explains the second pseudo-AB spin system. Together with the 13C NMR spectra, where the 

t-butyl groups appear as two sets of three signals in a 1:1:2 ratio – two differentiable signals 

for the “free” phenyl rings and one combined for the tethered ones – the assignment was 

accomplished. Thus, 67 is to be of Cs symmetry while 69 appears C2 symmetric.  

In 68 and 70, the situation is different as the corresponding resonances are observed as four 

doublets of doublet of corresponding couplings of 3J ∼ 8.1 Hz and 4J ∼ 1.7 Hz, respectively, 

being in compliance with the appearance of ABCD spin systems. That means, upper and 

lower half-space represent different surroundings close to the regarded phenyl rings causing 

different chemical shifts. But as additionally each signal stands for 2 H, both ABCD systems 

appear identical, telling that the situation is exactly the same for both “free” phenyl rings. 

That is corroborated by the 13C NMR spectra, where only one signal for both rings is 

observed instead of the two signals in a 1:1 ratio for 67 and 69. Thus, taking also the 

precursor’s symmetry into account, 68 is to be C2 symmetric while 70 appears to be of Ci 

symmetry. 

Compound 71, in contrast, represents a far easier example as only a C2 symmetric 

conformation appears reasonable. That assumption can be confirmed by the corresponding 

NMR data as for the two cis-standing phenyl substituents (positions 10 and 20) signals are 
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detected as two doublets standing for pseudo-AB spin systems like in 67 & 69. This indicates 

the presence of identical half-spaces like it can be expected. Furthermore, the analogy to 

mono-functionalized 5396 is visible as the signals for the 15-phenyl substituent are 

concerned, which show a significant line broadening. Thus, the system seemingly becomes 

more flexible in the most distant areas in respect to the annulation sites.  

In the 13C NMR spectrum, unfortunately, the signals appear non-resolvable as the “free” 

phenyl rings seem too similar. 

Alike the aromatic region, the remainder areas of the 1H NMR spectra show up swayed by 

the positioning of the two exocycles influencing the chemical shifts of the methylene 

protons therein as well as the one of the inner ring amine protons (Table 20). 

Table 20. Comparison of the chemical shifts δ of the resonances for the exocyclic methylene 
groups and the inner ring amines in 67-71 as resulted from measurements at 400 MHz in 

CDCl3 at rt. δ values given in ppm. 

Compound Annulated positions δH(CH2) ΔδH(CH2) δH(NH) 

67 3 & 17 5.15/4.05 1.10 -0.17 

68 3 & 13 5.45/4.09 1.36 -0.94 

69 3 & 17 5.16/4.04 1.12 -0.15 

70 3 & 13 5.46/4.10 1.36 -0.93 

71 3 & 7 4.37/3.85 0.52 -1.36 

 

Concerning the methylene bridges, the corresponding signals are shifted more downfield as 

the distance between the annulated positions grows. This effect is going in hand with an 

augmentation in the spectral distance ΔδH of the corresponding doublets. All this implies an 

enhancing distortion which seems to be logic as the more distance is in between the rigid 

ketone moieties, the more impact can be exerted. For example, the ketones in 71 influence 

each other due to their close proximity as those in 68 or 70 have more or less independently 

impact on the core system. 

The deviation from planarity is also affecting the resonances of the inner ring amine protons 

even though not in exactly the same fashion since now, also conjugational effects have to be 

taken into consideration. That was not applicable on the discussion before as the peripheral 

phenyl substituents appear electronically decoupled in computational analyses.100  
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Thus, the most drastic NH-shifts to lower field are observed for the 3-17 bis-annulated 

systems being around 2.5 ppm compared to the precursor, while those are around 1.7 and 

1.3 ppm for the systems being 3-13 or 3-7 annulated, respectively. In this regard, the 

conjugational impact of the electron withdrawing ketone groups is of major importance. For 

example, in 68 (largest shift), the whole π-system is involved as the ketone groups sit on 

opposite sides while in 71 (lowest shift), only four bonds of that π-system might be directly 

affected. 

This explanation is also supported by the resonances of the carbonyl carbon atoms in the 

corresponding 13C NMR spectra. Also here, the signals experience a shift to lower field when 

the size of the conjugated system between the ketone groups is increased46 from 71 

(190.1 ppm) over 67 & 69 (191.0 ppm) to 68 & 70 (192.2 ppm). 

3.2.7.4 UV/Vis Spectroscopy 

The UV/Vis spectra of BCKPs 67-71 show up even more bathochromically shifted as the ones 

obtained for the mono-exocyclic compounds. The shifts range between approx. 40 nm for 

the SORET band and up to approx. 85 nm for the highest Q-band to higher wavelengths, i.e. 

about the doubled value compared to 53. The extinction coefficients thereby are slightly 

lower than for 53, but as they are in the same order of magnitude (1.3-1.9·105 M-1·cm-1), the 

spectra are presented in a normalized fashion for comparison in Figure 39. As also here, the 

spectra of 67 & 69 and 68 & 70 appear almost identical, only one of the pairs is displayed to 

sustain clarity. The whole datasets are included in the experimental section. 

Figure 39. Normalized 
UV/Vis spectra of selected 
BCKPs in DMF solution. 
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A special feature of those spectra is represented by the appearance of split SORET bands 

observable as shouldered peaks in the spectra of 71 (462/483 nm) and of 68 & 70 

(451/468 nm) while an almost separated band is detectable for 67 & 69 (454/490 nm and 

455/489 nm). This seems to be again reflecting the regiochemistry as the spectral distance 

between those two absorption is equivalent for corresponding pairs. The diagonal 

positioning of the exocycles, providing the largest spectral distance of those two bands, 

seems to be somehow special, as those spectra show the SORET band of lowest wavelength 

(451 nm) but also the most red-shifted Q-band (731 nm). Thus, it can be concluded, that this 

diagonal coupling of two exocyclic ketone moieties results in different perturbations of the 

first and higher excited singlet states. That means, the S0 → S1 energy gap decreases 

(bathochromic shift of Q-bands) whereas the energy difference between the ground state 

and Sn states becomes bigger (hypsochromic shift of at least parts of the SORET region). 

3.2.7.5 Photophysical Data 

These data were obtained in cooperation with the group of Prof. Dr. B. RÖDER at Berlin. The 

steady-state fluorescence spectra being depicted in Figure 40 are in good agreement with 

the previously presented absorption spectra. The fluorescence maxima are detected at 

810 nm for 71, at 775 nm 68 and 774 nm for 70, respectively, and at 731 nm for both 67 and 

69 (all upon excitation at 532 nm). The obtained spectra of the investigated compounds 

thereby not only show different bathochromic shifts but also different shapes. For 68, 70 

and 71, the bands appear much broader than for the other two compounds being consistent 

with the corresponding band-shapes of the highest Q-bands. Additionally, for those latter 

ones, a vibronic shoulder at higher wavelengths is observed whereas that could not be 

resolved for 68, 70 and 71. 

Figure 40. Fluorescence spectra of 
BCKPs 67-71 in DMF solution at an 
excitation wavelength of 532 nm.  
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Time-resolved experiments show a mono-exponential decay of the first excited singlet state 

in each case compared to bis-exponential decays for mono-exocyclic systems 53, 57 and 58. 

That is not surprising since the effect is due to the presence of distinguishable tautomers in 

the mono-exocyclic compounds having the NH-protons situated on opposite lying nitrogen 

atoms. In all bis-exocyclic systems, those positionings are equivalent and thus only one 

major tautomer is to be observed. 

Like for the mono-exocyclic compounds, also here the determined fluorescence quantum 

yields (Φfl) are quite low. The quantum yields for intersystem crossing (ΦISC) vary between 

0.46 and 0.68 and are therewith significantly lower than for 53 (ΦISC = 0.88). Thus, the spin-

orbit coupling seems to be significantly lowered in efficiency by the bis-annulation process 

itself and it appears furthermore affected by the regiochemistry. The same applies for the 

capability of 1O2 generation. The values are thereby highest for 67 and 69, followed by those 

for 68 and 70 ending up at the lowest ones for 71. This can be seen as the consequence of an 

also influenced efficiency of the energy transfer between a BCKP in its triplet state (T1) and 

dissolved oxygen in the sample, ηET(T1→3O2). The corresponding values are determined 

close to 1 for 67 and 69 (and therewith comparable to 53) but else significantly lower (down 

to 0.57 for 71, in the worst case). The underlying data is gathered in Table 21. 

Table 21. Photophysical parameters for 67-71 in DMF: quantum yield of fluorescence (Φfl) 

and fluorescence decay time τfl, quantum yield for intersystem crossing (ΦISC), singlet oxygen 

quantum yield (ΦΔ) and estimated efficiency of energy transfer ηET from the triplet sensitizer 
to triplet oxygen. 

Compound Φfl
a,b τfl [ns]a ΦISC

c ΦΔ
d ηET(T1→3O2) 

67 0.016 0.83 0.68 0.65 0.96 

68 0.03 1.48 0.63 0.52 0.83 

69 0.016 0.83 0.68 0.62 0.91 

70 0.035 1.49 0.67 0.52 0.78 

71 0.02 0.73 0.46 0.26 0.57 
a excitation at 532 nm a 
b reference used: 5,10,15,20-tetraphenylporphyrin 15 (Φfl = 0.11)87 
c estimated by ps-transient absorption spectroscopy technique 
d reference used: 5,10,15,20-tetraphenylporphyrin 15 (ΦΔ = 0.65)88 
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3.2.7.6 Cyclic Voltammetry 

Compounds 67-71 were investigated under the same conditions as the mono-exocyclic ones 

53-58 (see paragraph 3.2.3.5). The obtained voltammograms are depicted in Figure 41.  

 

 

 

 

 

 

 

 

 

 

Figure 41. Cyclic voltammograms of 67 (almost identical to 69), 68 (almost identical to 70) 
and 71 measured in CH2Cl2 solution (c = 10-3 M) vs. ferrocene, E(Fc/Fc+ = +0.53 V), as internal 
standard. For further experimental details see paragraph 6.1, p. 139. 

For the interpretation, the data have to been seen in comparison to those for 53 as 

corresponding mono-annulated system on also to non-functionalized porphyrin 15 

representing a standard tetraphenylporphyrin systems of that kind. The corresponding 

values for the obtained half-wave potentials are summarized in Table 22. 

Concerning the anodic regions of the voltammograms, the oxidation potentials of the BCKPs 

appear well comparable to standard porphyrins like 15 and also to mono-exocyclic system 

53. Thus, also the presence of two electron withdrawing ketone groups seems to have no 

effect on the oxidability of the porphyrin core. In contrast, the attachment of a second 

ketone does clearly affect the cathodic region since the reductions steps are observed at 

very high potentials, meaning an ease of reduction. The shift is that drastic compared to 15 

that in all these systems both reductions are mostly completed at potentials higher than the 

67 (69)

68 (70)

71
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first reduction potential of a standard tetraarylporphyrin. As one could have expected, the 

shift should be doubled compared to the one in 53 in respect to non-annulated systems. But 

that is not at all the case, since also here, the positioning of the exocycles turns out decisive. 

The lowest shifts are observed for 3 & 17 bis-annulated systems 67 and 69, higher ones for 

71 (3 & 7 bis-annulated) and the highest for 68 and 70 being annulated in diagonal fashion (3 

& 13). Additionally, not only the reduction potentials themselves are shifted but also their 

difference ΔE½
Red is affected. While in 67, 69 and 71 the Δ value is approx. 0.36 V, in 68 and 

70 only half the value (0.19 V and 0.18 V) is found. Therewith it can be nicely proven, that 

the setup of analog systems of different symmetries provides a nice tool to fine-tune their 

electronic properties due to effects on the shapes and coefficients of their frontier orbitals. 

Table 22. Half-wave potentials E½ given in V versus ferrocene, E(Fc/Fc+) = +0.53 V, obtained 
from measurements in CH2Cl2 solution (c = 10-3 M). For the exact experimental setup see 
paragraph 6.1, p. 139. 

Compound E½
Red2 [V] E½

Red1 [V] E½
Ox1 [V] E½

Ox2 [V] 

67 -1.15 -0.79 +1.10 +1.38 

68 -0.86 -0.67 +1.07 +1.31 

69 -1.16 -0.79 +1.10 +1.38 

70 -0.85 -0.67 +1.08 +1.31 

71 -1.04 -0.69 +1.05 +1.31 

5396 -1.23 -0.95 +1.02 +1.25 

15a,112 -1.45 -1.14 +1.05 +1.35 
a literature data on 5,10,15,20-tetraphenylporphyrin (see Scheme 6, p. 7) a 
 

3.2.7.7 Preferential Formation of Certain BCKPs during Synthesis 

After having discussed the properties of the setup BCKPs, the remainder question, why some 

of those are preferentially formed during synthesis, shall be clarified. As already mentioned, 

the 3 & 17 bis-annulation appears favored over the corresponding double ring closure in 3 & 

13 fashion by approximately 4 : 1. This could be generally due to electronic and/or steric 

reasons. Assuming, both annulations take place in a successive manner, the distortional 

effect of the first exocycle on shape and coefficients of the frontier orbital to be attacked has 

to be taken into account. A further effect could arise from the paramagnetic metal center by 

spin delocalization effects as copper(II) complexes were used. Also, the steric impact of the 

first cyclization could provide a preference as one pyrrolic unit might be deviated from 
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planarity in a fashion that brings the carbon atom to be attacked in closer proximity to the 

reactive site. 

To get further insight, it was decided to repeat the ring closure with diamagnetic nickel(II) as 

central metal and to compute possible intermediate structure focusing of their geometry 

and orbital shapes utilizing the αα-conformer as model. 

The practical approach resulted in the formation of the corresponding nickel(II) complexes 

Ni(II)-67 and Ni(II)-68 in comparable overall yield and also comparable product ratio. Thus, 

any effect of a paramagnetic metal center is negligible and can be excluded from 

considerations. The theoretical modeling delivered pictorial insights like the one being 

displayed in Figure 42. 

Figure 42. Calculated possible intermediate in the bis-
annulation process with one closed ring (with attached 
catalyst) on the PM6 level (Spartan®136, Materials 
Studio®99) with displayed shape of the HOMO which is 
considered to be attacked by the electrophile. 
Potential annulation sites 13 and 17 are marked by 
arrows. 

 

 

While the sterics seem to be almost equivalent for both possibly attacked pyrrolic units, the 

orbital coefficients largely differ as evidently higher electron density is to be found at the 

favored position 17. Certainly, the calculations on that moderate level cannot serve as 

absolute proof, but they imply that the reason of the preference is rather found in the 

changed electronic structure of the intermediate state analog to directing effects also 

observed in standard bis-functionalization of benzene and other aromatics. 

3.2.7.8 Conclusions from the Studies on Bis-Annulated Systems 

Those compounds nicely demonstrate that not only the choice of specific substituents but 

also the regiochemical arrangement in a molecule provides an excellent tool to fine-tune the 

electrochemical and physical properties. In terms of applicability of those compounds for 

photosensitizing purposes, the performance turned out to not as good as that of 

13 ↑ 

17  
← 
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corresponding mono-annulated compound 53. Thus, although the BCKPs are slightly easier 

accessible synthetically, it has to be focused on mono-annulated derivatives for the further 

development of 3rd generation photosensitizing systems as their characteristics are 

significantly more promising. 

Concerning the chirality of those systems, also investigations via chiral HPLC-CD coupling are 

aimed at. First results were obtained for C2 symmetric, 3-17 αβ-bis-annulated 69. The 

corresponding atropo-enantiomers could be resolved on a Phenomenex® Chirex 3010 

column using a rising solvent gradient (CH2Cl2/hexanes). Thereby, the elugrams clearly show 

two eluting fraction in a 1 : 1 ratio of retention times of 69.3 and 76.7 min, respectively. 

Online-CD spectroscopy delivered also mirror-inverted CD-spectra analog to those of 53 

shown in paragraph 3.2.5.2, p. 74. The data is not displayed here, as further verification and 

CD spectroscopy at higher sample concentrations is currently worked on in cooperation with 

the group of G. BRINGMANN. 

3.2.7.9 Cycloketo-Porphyrins with Higher Annulation Patterns 

The obtained good results for bis-annulated systems delivered the question, if even more 

annulations are possible. The next well accessible higher homologue of JUX’s building blocks 

thereto is represented by tetrakis-o-(bromomethyl) substituted porphyrin 49 being 

displayed in Scheme 25. Accordingly, the already described procedures70b,96 were applied to 

firstly give the corresponding o-(cyanomethyl) substituted system 78 and finally porphyrin 

tetra-ethanoic acid derivative 79 like it is depicted in Scheme 48. 

 

 

 

 

 

Scheme 48. Synthesis of porphyrin tetra-ethanoic acid 79. Applied conditions: a. 1. 
Zn(OAc)·2 H2O, CH2Cl2/MeOH, rt, 24h; 2. KCN (100 eq.), PEG400, rt, 24h; 3. aq. HCl, CH2Cl2, 
rt, 10 min; b. AcOH/H2SO4/H2O, 95 °C, 96h. 

49 78 79 
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Since all those systems are of high symmetry (D2h), the corresponding NMR spectra appear 

quite simple. Furthermore are 49 and 79 already known to literature69,70b, so that the 

discussion will focus on 78 whose 1H NMR spectrum is displayed in Figure 43. The data on 79 

is included in the experimental section. 

 

 

 

 

 

 

 

 

 

 

Figure 43. 1H NMR spectrum of 78 measured at 400 MHz in CDCl3 at rt. Signals are numbered 
according to IUPAC recommendations. (Ar’ = functionalized phenyl rings) 

The β-pyrrolic as well as the arylic protons on the non-functionalized meso-substituents give 

rise to two doublets each with characteristic couplings of 3J = 4.8 Hz (β-pyrr.) and 3J = 8.3 Hz 

(arylic), respectively, which is completely in line with the D2h symmetry pattern. The signal 

for the methylene group carrying the functionality is detected as a singlet at 3.29 ppm, i. e. 

shifted upfield by 0.78 ppm compared to the o-bromomethyl substituted precursor 

(4.07 ppm) analog to the other compound series under investigation. The t-butyl groups are 

observed as two singlets in a 1 : 1 ratio at 1.67 and 1.63 ppm being also typical for that 

substitution pattern. Finally, most upfield, the resonance for the inner ring amine protons is 

found at -2.62 ppm. 
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The remainder characterization data being summed up in the experimental section 

appeared well comparable to the ones for other porphyrin building blocks of that kind and 

will hence not be further discussed here. 

For the annulation, also 79 was initially transformed into its corresponding copper(II) 

complex by reaction via standard conditions in acidified CH2Cl2.96,97 The conversion into the 

tetra-ethanoic acid chloride turned out to be difficult as Cu(II)-79 could not be solubilized in 

the usual CH2Cl2 / oxalyl chloride mixture. The conversion was finally conducted in pure 

oxalyl chloride, C2O2Cl2, at room temperature over a period of 6 h. After complete 

evaporation of the reagent being also the solvent, the activated derivative of Cu(II)-79 could 

be taken up in CH2Cl2 and reacted with the tin tetrachloride catalyst, SnCl4. Thereby the color 

did not change to green as it was observed in all other cycloketo-porphyrin syntheses but 

the brownish solution brightened up to get a salmon-like color. TLC monitoring indicated the 

formation of two species as it was expected (see Scheme 49). 

 

 

 

 

 

Scheme 49. Synthesis of tetra-annulated cycloketo-porphyrins 80 and 81 from Cu(II)-79. 
Applied conditions: 1. C2O2Cl2, rt, 6h; 2. SnCl4, CH2Cl2, rt, 20 min; 3. TFA, H2SO4, rt, 1h. 

After work-up, the crude product mixture was complete evaporated to subject it to the 

demetallation procedure already described96, but the material could not be solubilized 

under these conditions. Thus, the reaction was repeated, the obtained product mixture 

concentrated and demetallated as it is known that the free-base system exhibit a higher 

solubility. But also then, it was not possible to obtain soluble products. 

So it has to be concluded that multiple annulation to poly-exocyclic compounds seems 

possible but does not deliver soluble compounds to be purified and characterized. Hence, 

the study of other poly-annulated compounds was set aside and it was further focused on 

the implementation of an additional functional group to mono-annulated systems. 

Cu(II)-79 80 81
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3.2.8 Cycloketo-Porphyrin Systems with Additional Functionality 

To exploit the properties of the synthesized cycloketo-porphyrin systems for applications in 

terms of PDT or any other technical device, it was necessary to modify the structure of 53 to 

gain the ability of attaching it covalently to antibodies, multiplying units or functional 

surfaces.68 

Based on the aforementioned findings, it was decided to leave the exocycle as well as the 

remaining β-positions untouched since the electrochemical and photophysical behavior 

might else be negatively affected. Also the oppositely lying methyl substituent should not be 

changed as an enlargement would raise the steric hindrance hampering the closure of the 

exocyclic ring. So modifications are to be carried out on one of the three peripheral t-butyl 

phenyl substituents. 

Therefore two approaches were taken into account. Firstly, already known bis-functional 

system like 42 or 43 could serve as basis since those can be mono-functionalized to achieve 

the ring closure whilst the residual functionality could finally be converted into the desired 

anchor. Secondly, the porphyrin architecture could be changed from an AB3-type to AB2C in 

which the A substituent provides the appropriate functionality for the formation of the 

exocycle while the C substituent possesses the desired anchor or a precursor for that. These 

approaches are sketched in Scheme 50 and discussed in the following paragraphs. 

 

 

 

 

 

Scheme 50. Possible approaches to modified cycloketo-porphyrins derived from basic 
structure 53 via dissymmetric functionalization of e. g. 42 (left) or by construction of an 
AB2C-type system (right) where in both cases -X represents a coupleable group like -NH2,       
-OH or -CO2H.  

  

53
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3.2.8.1 Using Bis-Functional Compounds to Approach a Modified Form of 53 

First investigations were starting off from symmetrically substituted bis-o-(methoxymethyl) 

substituted porphyrin 43 whose substituents lie on trans-standing phenyl rings in αβ-

conformation in respect of the porphyrin plane. The dissymmetric functionalization was 

tried on the di-ether (from 43) and on the di-bromo stage (from 48) like it is shown in 

Scheme 51. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 51. Dissymmetric functionalization of 42 to give cyanomethyl precursors 83 and 84.  

The mono-bromination of 42 gave satisfactory yields around 30 % besides traces of educt 

and fully brominated byproduct 47. The following cyanation via the corresponding zinc(II) 

complex gave pure 83 in 95 % yield. In contrast, the mono-cyanation of 47 was unsuccessful 

as only traces of 84 were observed besides large educt amounts and some fully cyanated 

× 

42

47 82 

83 84 

× 
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porphyrin. So it was tried to obtain 84 from 83 by treatment with HBr in glacial acetic acid. 

Also this approach turned out to be unsuccessful as the initially formed traces of product 

reacted further to give a mixture of educt 83 and presumably partially hydrolyzed 

derivatives. That product mixture was not purified as the full hydrolysis was targeted 

anyway. 

Subsequently, both 83 and the mixture obtained from its tried bromination were subjected 

to the set up conditions for nitrile hydrolysis. Unfortunately, this led to an immediate 

rupture of the applied porphyrin systems as the initially green acidic solutions turned black 

within a couple of minutes. Due to that, the reactions were immediately quenched and the 

residing materials were analyzed. But there was no porphyrinoid material left which was 

very surprising and not at all expected. Although side reactions have been taken into 

consideration before, e.g. the formation of hydroxymethyl or acetoxymethyl derivatives 

from 83, up to now, no plausible reasons for that drastic failures were found since the other 

porphyrin systems under investigation endured these conditions without any considerable 

decomposition and also since systems 83 has been formed under acidic conditions.  

Thus, that kind of approach was rejected and it was turned to the set up of AB2C-type 

porphyrin systems. Therefore, the characterization data for compounds 82 and 83 will not 

be discussed here but is summarized in the experimental section. 

3.2.8.2 Approaching a Modified Form of 53 via AB2C Type Porphyrin Precursors 

To access a suitable system of the principle architecture displayed in Scheme 50, a 

corresponding functionality –X had to be chosen fulfilling the following requirements: 

• X, being already present in the parental aldehyde, should be (strongly) electron 

withdrawing to allow the formation of a stable dipyrromethane not scrambling under 

the conditions of porphyrin synthesis 

• X (or at least a protected form thereof) should be able to endure the conditions of 

the subsequent modifications necessary for the formation of the exocycle 

• X should represent (or be convertible into) a functionality easily coupleable to groups 

present in polypeptides or on functional surfaces like e.g. amines or carboxylic acids, 

if possible without needing to utilize special linkers 



3  Discussion and Results 

112 

NH HN OH
N

NH

N

HN

NO2

O

+O

NH HN

NO2

+   2
a.-c.

CH2Cl2

With all this in mind, a nitro group (-NO2) seemed the subject of choice since it perfectly fit 

with the abovementioned items and as 4-nitrobenzaldehyde is commercially available. 

Hence, the first step was to synthesize the appropriate AB2C-type porphyrin system and then 

convert it into the corresponding nitro-phenylporphyrin carboxylic acid. 

3.2.8.2.1 Access to a 154-Nitro-15-Phenyl Derivative of 51 

As the targeted system is of trans-AB2C-type (see Scheme 9, p. 9), it was accessible via cross-

condensation of 54-tert-butyl-52-(methoxymethyl)-56-methyl-5-phenyldipyrromethane 39a 

(see Scheme 23, p. 32) and 54-nitro-5-phenyldipyrromethane 85 with 4-tert-

butylbenzaldehyde like it is shown in Scheme 52. Necessary 85 was therefore synthesized 

according to literature procedures 4-nitrobenzaldehyde and pyrrole.137  

 

 

 

 

 

Scheme 52. Synthesis of AB2C-type porphyrin system 86: a. TFA, 1 h, rt; b. add. NEt3, 5 min, 

rt; c. add. DDQ, 2 h; rt. 

During the synthesis, a huge amount of porphyrinoid material was formed consisting of 

various types of porphyrin systems as the reaction generally proceeds statistically. Attempts 

to separate individual systems turned out only partially successful. The major part of the 

obtained material persistently stayed a binary mixture of compounds with negligible 

difference in Rf values. Those two products were identified by MS, one being of A2B2-type 

(87, see Scheme 53) arising from the condensation of two fragments of 85 (m/z = 816) and 

the other being the desired target 86 (m/z = 886). Numerous TLC trials with different binary 

and ternary eluent mixtures showed that repeated FC might lead to the desired separation 

but would involve a considerable loss of product. But since the unwanted by-product could 

not react in the subsequent substitution reaction altering the methoxy substituent in the 

side chain into a bromide, it was decided to use the obtained material as such. Based on the 

39a 85 86 
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experience with analog compounds, the substitution would involve a significant change in 

polarity so that then a proper separation should be easy to achieve (Scheme 53). And 

fortunately, exactly that eventuated and targeted compound 88 could be isolated in pure 

form in excellent 14.9 % overall yield based on dipyrromethane 85. 

 

 

 

 

 

 

 

 

 

 

Scheme 53. Substitution of methoxide by bromide within the mixture containing 86 finally 
leading to separable compounds 87 & 88 following the “purification via conversion”-
principle. 

By having 88 in hands, the approved protocols for cyanation and subsequent hydrolysis 

could be applied (paragraph 3.2.2.1.2, p. 36). Thus, the correspondent zinc(II) complex of 88 

was generated93,96 and reacted with potassium cyanide to give cyanomethyl derivative 89 

which was then saponified under acidic conditions96 to finally yield porphyrin ethanoic acid 

90 being the precursor for the annulation procedure. That pathway is shown in Scheme 54. 

Hence, 90 could be obtained in 80 % overall yield from 88 (87 % for 89 and subsequently 

92 % for 90) well in line with the expected stability of the nitro group toward the synthesis 

conditions.  

86 

87 

88 

87 
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The intermediates as well as the product were fully characterized and the corresponding 

data shall be discussed in the following. 

 

 

 

 

 

Scheme 54. Access to 154-nitro-substituted porphyrin ethanoic acid 90. Applied conditions: 
a. 1. Zn(OAc)2, CH2Cl2/MeOH, 15 h, rt; 2. KCN, PEG400, 24 h, rt; 3. aq. HCl, CH2Cl2, 10 min, rt; 
b. HOAc/H2SO4/H2O, 96 h, 95 °C. 

3.2.8.2.2 Characterization of 154-Nitro-Substituted Precursor Systems 88, 89 and 90 

The behavior of those compounds concerning mass spectrometry is well comparable to the 

other porphyrin precursor systems as they do not tend to fragment. Thus, the molecular 

peaks for [M]+· appear always clearly resolved at m/z = 935 (88), m/z = 881 (89) and 

m/z = 900 (90), respectively. Only in the bromomethyl compound 88, a minor fragment can 

be detected at m/z = 854 due to the loss of the bromine atom. 

The NMR spectra show up typical for porphyrins with AB2C substitution pattern with four 

resonances for the β-pyrrolic protons appearing as doublets with characteristic two-bond 

couplings around 4.7 Hz. Also within this series of compounds, the alteration of the side 

chain from bromomethyl over cyanomethyl to carboxymethyl causes significant changes of 

the spectra. The corresponding regions of the 1H NMR spectra are depicted in Figure 44. 

The spectra appear strictly dependent on the size of the altered side chain as the signals of 

the freely rotatable phenyl rings (10 & 20) are concerned. While for the smallest moiety       

(-CH2CN in 89), the signals appear as two clear doublets at 7.77 and 8.13 ppm, the slightly 

larger -CH2Br group in 88 gives rise to a splitting of the resonance signals, but only for the 

protons in ortho positions in respect of the porphyrin core. For the largest side chain             

(-CH2CO2H in 90), both resonance sets (for ortho and meta protons) are split into two 

doublets each as then the two half-spaces above and below the porphyrin plane appear 

clearly different and so do also the chemical shifts for the corresponding protons. That effect 

88 90 89
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is also visible for the nitrophenyl substituent, although not that pronounced due to the 

larger distance to the altered side chain, as the signal for the ortho positions around 

8.35 ppm becomes broadened. Thus, the behavior of those systems is in good correlation 

with the previously presented AB3-type systems. Also here can be detected the upfield shift 

for the signal of the CH2 group in the side chain from about 4.1 ppm in the bromo precursors 

to about 3.2 ppm for the carboxylic acid derivatives. As also the remainder characterization 

data, being summarized in the experimental section, is well comparable to those of already 

discussed precursors it is not further treated here. 

 

 

 

 

 

 

 

 

Figure 44. 1H NMR spectra of 88 (top), 89 (middle) and 90 (bottom) measured at rt and 
400 MHz in CDCl3. Resonances for the nitro-substituted phenyl ring (15) are marked in red, 
those for the modified phenyl ring (5) in blue. 

3.2.8.2.3 Accessing Cycloketo-Porphyrins with Nitrogen-Based Functionality in 154 

Position 

Thereto nitro-porphyrin ethanoic acid 90 was subjected to the previously described FRIEDEL-

CRAFTS acylation protocol using again copper(II) complexes as intermediates (Scheme 55).96 

The reactions went well and furnished the annulated copper(II) complex Cu(II)-91 in 69 % 

yield as key intermediate which could be demetallated to give free base 91 via standard 

acidic treatment (paragraph 3.2.2.3, p. 42) in 96 % yield (Scheme 55). Further reaction with 

an appropriate reducing agent finally provided amino derivative 92 like it is shown in Scheme 

56. 

88

89

90
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Scheme 55. Ring closing procedure applied to 90 to finally yield 91 via its copper(II) complex 
Cu(II)-91. Applied conditions: a.: 1. Cu(OAc)2·2 H2O, CH2Cl2/MeOH/AcOH, rt, 15 h; 2. C2O2Cl2, 
CH2Cl2, rt, 1.5 h; 3. SnCl4 , CH2Cl2, rt, 10 min; b. TFA/H2SO4, rt, 45 min. 

 

 

 

 

 

Scheme 56. Reduction protocol leading to free base 154-amino substituted cycloketo-
porphyrin 92 via its corresponding copper(II) complex. Applied conditions: a.: SnCl2 in 
EtOH/EtOAc/HCl, reflux, 3-5 h;138 b.: TFA/H2SO4, rt, 45 min. 

While the abovementioned protocol gave rise to free base 154-amino substituted system 92 

in 81.8 % isolated yield without any further reduction of the exocyclic ketone, it was not 

possible to directly apply that reduction procedure to the free base nitro derivative as that 

led to the formation of the corresponding tin(IV) complex Sn(IV)-92. Also the reaction time 

and acidity of the reaction media in reducing Cu(II)-91 had to be carefully stuck to since else 

transmetallation occurred also leading to undesirable tin(IV) complex formation. 

All those compounds were fully characterized and investigated concerning their 

photophysical parameters what will be treated in the following paragraphs. 

90 Cu(II)-91 91 

Cu(II)-91 Cu(II)-92 92 
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3.2.8.2.4 Characterization of Free Base Cycloketo-Porphyrins 91 and 92 

Both systems 91 and 92 were purified by FC and gave clear MALDI-TOF MS spectra 

exclusively showing the molecular peaks at m/z = 883 and 853, respectively.  

The 1H NMR spectra being shown in Figure 45 appear well comparable to analog non-

functionalized cycloketo-porphyrin 53.  

 

 

 

 

 

 

 

 

 

 

 

Figure 45. 1H NMR spectra of 91 and 92 measured at 400 MHz in CDCl3 at rt. Signals are 
numbered according to IUPAC recommendations. 

While the resonances for the β-pyrrolic protons give rise to the typical set of seven signals in 

between 8.70 and 8.97 ppm for 91 and 8.62 and 8.95 ppm for 92, respectively, they only 

appear well separated from each other for nitro derivative 91. This indicates that the 

functionality on the peripheral phenyl ring has an impact on the porphyrin macrocycle 

although it is situated quite far away of it. This feature should hence also be visible in the 

cyclic voltammograms which are being discussed later on. Not surprisingly, the signals of the 

phenyl ring carrying those functional groups are significantly affected. Like in 53, the signals 

for that substituent in 15 position are line-broadened due to changed rotational barriers. For 

91 (-NO2)

92 (-NH2)
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nitro compound 91, the signals are expectedly detected more upfield at 8.66 and 8.57 ppm 

(ortho-H) and at 8.11 and 8.33 ppm (meta-H) while they are observed at 8.33 and 8.15 ppm 

(ortho-H) and at 7.03 ppm (meta-H) in amino compound 92, respectively, due to the 

switching from a strongly electron withdrawing to a strongly electron donating functionality. 

The remainder resonances for the non-annulated phenyl ring, the tethered phenyl ring, the 

tether itself and the t-butyl groups appear unaffected and are found in nearly exactly the 

same spectral position as they are observed in non-functionalized 53. While the signal for 

the inner ring amine protons in 92, being found at -1.61 ppm, i.e. comparable to that in 53, 

the resonance is shifted upfield to -1.69 ppm in 91 again reflecting the impact of the 

different functionalities on the substituent in 15 position. Further NMR-data is included in 

the experimental section. 

Also the UV/Vis spectra (Figure 46) appear almost identical in comparison to the non-

functionalized system 53. Only for amino derivative 92, the bands are slightly 

bathochromically shifted by 3 to 5 nm. The extinction coefficients (Table 23) obtained for 91 

and 92 are almost identical to those of 53 except the SORET band of 92 which shows a slightly 

lower extinction. 

Figure 46. UV/Vis spectra 
of 91 and 92 opposed to 
the one of 53. All 
measurements were 
done in CH2Cl2 solution. 

 

 

 

 

Thus, it was expected that the photophysical parameters will not differ much from those 

obtained for 53 since also computational studies showed that the phenyl substituents on 

positions 10, 15 and 20 should be electronically decoupled from the porphyrin core system 

as orbital interactions are concerned100 being in contrast to the already discussed NMR data. 

The results on corresponding measurements will be discussed in the following paragraph. 

53
91
92
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Table 23. UV/Vis data for 91 and 92 in comparison to those for 53 obtained from 

measurements in CH2Cl2. Given values are absorption maxima λmax in nm and corresponding 

extinction coefficients ε in M-1·cm-1 in parenthesis. 

Compound SORET (B) QI
 QII

 QIII
 

5396 
442 

(223000) 
543 

(11300) 
587 

(9000) 
689 

(9000) 

91 
442 

(219000) 
545 

(10600) 
588 

(9700) 
688 

(8600) 

92 
445 

(183000) 
546 

(11300) 
592 

(9900) 
692 

(9100) 

 

3.2.8.2.5 Photophysical Parameters for Free Base Cycloketo-Porphyrins 91 and 92 

Both 91 and 92, were investigated in cooperation with the group of Prof. Dr. B. RÖDER at 

Berlin in terms of fluorescence spectroscopy and time-resolved measurements on 1O2 

luminescence to determine quantum yields for fluorescence Φfl and the PDT related values 

for singlet oxygen generation ΦΔ. All measurements were performed in DMF solution. 

For both systems, a general dependency of the fluorescence spectra on the excitation 

wavelength is found analog to 53. Thus, these compounds do not follow KASHA’s rule.105 

While furthermore the data obtained for nitro derivative 91 are in great accordance to those 

of non-functionalized 53, amino derivative 92 behaves quite different as the value for Φfl is 

determined one order of magnitude lower (0.003 for 92 versus 0.03 for 91 and also 53). 

 

 

 

 

 

 

 

Figure 47. Fluorescence spectra of 91 and 92 in DMF at given excitation wavelengths. 
Intensities are given in arbitrary units whereat adaptions concerning those were done to 
achieve a correlation to measured quantum yields.  
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The effective quenching can be explained by the presence of a primary amine in 92. The free 

electron pair seems to provide additional radiationless relaxation pathways. Similar effects 

are known for photosensitizers in close proximity to free amino groups in peptides or other 

organic substrates.139 

Similarly, the quantum yield of 1O2 generation appears much lower for amino derivative 92 

(ΦΔ = 0.08) while again nitro derivative 91 (ΦΔ = 0.84) gives rise to values almost equivalent 

to those of 53 (ΦΔ = 0.85). 

Primarily, those results have been quite disappointing, but it has to be taken into account 

that the potential sensitizer will not be present as free amine within a PDT system. In 

coupling the amine to a functional group, e.g. a carboxylic acid, the free electron pair would 

be embedded into the typical amide mesomerism what should have a significant impact on 

fluorescence and PDT related photophysical parameters. The effects of such a coupling has 

been investigated and will be discussed later on, since first, it will be focused on the 

electrochemical data. 

3.2.8.2.6 Electrochemical Data for Compounds 91 and 92 

To get further insight into how far the 154-nitro and -amino substitution is affecting the 

electronic structure of the porphyrin system, cyclic voltammetry was conducted under the 

established conditions summarized in paragraph 6.1 at a concentration of 10-3 M.96 The 

obtained voltammograms are depicted in Figure 48 and values are given in Table 24. 

 

 

 

 

 

 

 

Figure 48. Cyclic voltammograms of 154-nitro (91) and 154-amino derivative (92). 
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92
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Table 24. Determined half-wave potentials E½ for compounds 91 and 92 in comparison to 
those obtained for unfunctionalized 53. Values given in V vs. ferrocene E½(Fc/Fc+) = +0.53 V. 
For detailed experimental parameters see paragraph 6.1, p. 138.  

Compound E½
Red2 [V] E½

Red1 [V] E½
Ox1 [V] E½

Ox2 [V] 

91 -1.02 -0.86 +1.13 +1.35 

92 -1.08 -0.79 -a -a 

5396 -1.23 -0.95 +1.02 +1.25 
a only irreversible processes found a 

In the cathodic region, both systems show quasi-reversible redox processes whereas in the 

anodic region, only for nitro substituted 91 a reversible redox behavior is found. The 

irreversible behavior of amino substituted 92 can thereby be due to slowed electron transfer 

processes or consecutive chemical reactions leading to detectable cathodic peak potentials 

at +0.98 V and +1.08 V of higher peak current ipc and one at +1.37 V of lower ipc while the 

corresponding anodic peak potentials at +0.92 V and +0.21 V appear quite separate and only 

have very low peak currents. A reliable explanation is not possible based on this data since 

several processes might participate in causing that behavior. E.g. a generated porphyrin 

radical cation could react with the amino group of another molecule (potentials lie in region 

of the first oxidation potential of unfunctionalized 5396) or the amino group could become 

oxidized itself and show further reactions. For 91 three reduction processes are detected 

whereat the ones of higher potentials show peak currents comparable to the ones observed 

for the oxidation processes. For the third process, the half-wave potential can only be 

estimated to be around -1.25 V since no clear peaks are observable. The additional reduction 

process is thereby due the presence of the reducible nitro group. 

Interestingly, for both 91 and 92, the obtained negative half-wave potentials E½
Red are 

significantly shifted to higher values compared to 53 (see Table 24) meaning that both 

systems are easier to reduce. This effect seems to arise from the higher group 

electronegativity of -NH2 and -NO2 (calc. ENG(NH2) = 2.70 and ENG(NO2) = 3.21) compared to 

-t-Bu (calc. ENG(NH2) = 2.48).140 Thus, -NH2 and -NO2 have negative inductive effects easing 

electron uptake processes. The same effect is considered to shift the positive half-wave 

potentials E½
Ox to higher values for 91 compared to 53 meaning that oxidation is more 

difficult to achieve. Thus, the peripheral substituents do indeed influence the electronic 

structure of the core system. 
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3.2.8.2.7 Blocking the Free Amine in 92 via BOC-Protection 

To mimic the behavior of the sensitizer coupled to a PDT relevant substrate, it was decided 

to transform the free amine into the corresponding t-butyl carbamate. The reaction, the 

introduction of the so-called BOC protective group, could be easily accomplished under 

standard conditions like it is depicted in Scheme 57. 

 

 

 

 

 

Scheme 57. Transformation of amino cycloketo-porphyrin 92 into is BOC-protected form 93. 
Applied conditions: CHCl3/MeOH, NEt3, rt, 24 h. 

The reaction provided the desired target in sufficient amounts to do full characterization and 

also photophysical investigations.  

The NMR spectra of 93 prove the successful transformation as in the 1H NMR spectrum the 

amine signal at 4.01 ppm disappears and a new signal for the carbamate proton shows up at 

6.82 ppm while the corresponding t-butyl signal is detected at 1.62 ppm. The remainder 

signals are observed at nearly identical positions. The BOC protective group is also clearly 

observed in 13C NMR spectrum providing resonances at 153.1, 81.0 and 28.4 ppm, 

respectively. 

The UV/Vis spectra appears analog to the one of nitro compound 91 as the spectral positions 

are identical. The extinction coefficients show up slightly lower (approx. 20 %). The same 

analogies are found for the fluorescence spectra. A comparative illustration is given in Figure 

49. The fluorescence quantum yield Φfl for 93 was determined to be 0.03 and therewith 

equal to the one of nitro compound 91. Measurements concerning the generation of singlet 

oxygen delivered a quantum yield ΦΔ of 0.80 being pretty close to the values found for 

primal cycloketo-porphyrin system 53 (ΦΔ = 0.85)96 and nitro compound 91 (ΦΔ = 0.84). 

 

92 93 
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Figure 49. Normalized absorption (left) and fluorescence spectra (right) for 93 in comparison 
to nitro and free amino compound 91 and 92 as solution in DMF. For fluorescence: 
excitation at 540 nm (solid lines) and at 588 nm (dashed lines), respectively. 

The obtained results perfectly corroborate the previously setup assumptions. Firstly, amino 

system 92 behaves like a usual amine and can be coupled to carbon acid derivatives via 

standard protocols and secondly, the amide structure resulting from that coupling has 

photophysical characteristics resembling structural analogs 53 and 91 having a t-butyl or 

nitro substituent in 154 position. Hence, the downgrading of the photophysical parameters 

caused by the free amine can be almost fully suppressed by amide formation. 

Based on those findings, several possible strategies can be thought of to develop novel 

photoactive materials for PDT applications. Those will be discussed next. 
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3.2.9 Potential Strategies for the Development of Novel Photosensitizers 

3.2.9.1 Concepts in Focus 

With 92, a sensitizer was obtained having outstanding characteristics: 

• Fully synthetic accessibility in high yields (∼ 46 % overall from parental porphyrin 

system 88) as pure and well-defined substance. 

• High stability towards light and oxygen.104 

• Good to excellent solubility in organic solvents including alcohols and ethers without 

any tendency to self-aggregation. 

• High quantum yields for the generation of cytotoxic singlet oxygen. 

Together with the amino group, providing the ability to couple that system to any 

(carboxylic) acid moiety, 92 can be regarded as potential photoactive dye for the 

implementation into 3rd generation sensitizers like it has already been shown in Scheme 16 

(p. 20). As 92 showed up highly effective as monomer, a huge multiplier could be possibly 

unnecessary. 

Furthermore, it provides the possibility to study novel approaches to photosensitization. An 

innovative concept thereto is the utilization of the so-called FÖRSTER resonance energy 

transfer (FRET)107c describing non-radiative energy transfer mechanisms between different 

dye molecules. In the two-dye case, the donor chromophore is excited by light and 

transferring energy to a proximately situated acceptor chromophore by long-range dipole-

dipole coupling. Since the distance between these two dyes is very small (typically < 10 nm) 

it is much smaller than the wavelength of light used so that the process can be regarded as 

the emission and absorption of a virtual photon like it is depicted in Scheme 58. 

Scheme 58. Excitation of an acceptor dye by FRET 

where hν stands for photons capable to excite the 
donor dye. The linker is bringing both dyes into the 
correct orientation towards each other and could be 
further used to attach the dye-pair to an organic 
substrate or a functional surface. 
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This process would allow the utilization of light of different wavelengths since the excitation 

could then be accomplished indirectly via the donor dye and FRET and still directly via the 

acceptor itself. This would not only broaden the “active window” for excitation but also 

provide the possibility to tune the wavelength for excitation without the need to change the 

sensitizer (=acceptor) in structure but by selection of an appropriate donor. This can lead to 

an improved performance of PDT systems and also to applications in detoxification devices 

for purification of air or water. 

To clarify, whether the concept could be working, a model compound has to be designed in 

which two photoactive dyes are brought into close proximity by a covalent linkage. As the 

two different photosensitizer classes used within this thesis represent a carboxylic acid 

derivative (pyropheophorbide a 33) and an amine (cycloketo-porphyrin 92) it seemed 

obvious to simply try to couple both to obtain a conjugate.  

3.2.9.2 Approaching a Novel Photosensitizing Systems by Conjugation of Amino 

Cycloketo-Porphyrin 92 and Pyropheophorbide a 33 

The coupling reaction to obtain the desired two-dye conjugate was conducted under 

standard condition utilizing the carbodiimide method. Both dyes were reacted with 1-ethyl-

3-(3-dimethylaminopropyl)-carbodiimide (EDC) assisted by N-hydroxysuccinimid (NHS) and 

N,N-4-dimethylaminopyridine (DMAP) in DMF like it is shown in Scheme 59. 

 

 

 

 

 

Scheme 59. Formation of two-dye conjugate 94 from monomeric photosensitizers 33 and 
92. Applied conditions: 1. EDC, NHS, DMAP (catalytic) in DMF, rt, 24 h, 2. add. EDC and 92, rt, 
24 h. 

The reaction proceeded well to give conjugate 94 in good isolated yield (69 % based on 33) 

as pure and stable compound with a molecular weight of 1368.75 g·mol-1 providing a single 

92 33 94 
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peak at m/z = 1369 correspondent to [M]+ in the MALDI-TOF spectrum without any 

fragments. 

The 1H NMR spectrum shows up as sum of both precursors’ spectra in most areas like it is 

depicted in Figure 50. Thereby, the conjugation caused hardly any shifts of resonance signals 

in the cycloketo-porphyrin part while such shifts are clearly observed for the chlorin moiety 

most pronounced for protons situated close to the setup linkage. 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Comparison of the 1H NMR spectrum of obtained conjugate 94 (center, black) 
with those of precursor cycloketo-porphyrin 92 (top, blue) and methyl pyropheophorbide a 
Me-33 (bottom, green) whereat arrows indicate shifts of signals. All measurements were 
conducted at 400 MHz in CDCl3 at rt. 

Involving 1H1H COSY data and the corresponding precursor data, the spectra could be fully 

assigned (see paragraph 6.2.6.10) while it is conspicuous that not only the signals close to 

the coupling site are affected and shifted but also resonances of more distantly lying protons 

like e.g. those for the three aromatic methyl groups within the chlorin moiety. They are 

detected at 3.16, 3.37 and 3.61 ppm for Me-33 while they are found at 2.74, 3.19 and 

3.38 ppm in the spectrum of conjugate 94. Furthermore, changes are found concerning 

‡

92 

94 

Me-33
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multiplicities of certain signals. For example, the ethyl group in Me-33 is providing a quartet 

at 3.60 ppm for CH2 (81) and a triplet for CH3 at 1.64 ppm (82) while in the conjugate the 

corresponding signals are obtained as two multiplets at 3.38 and 3.42 ppm for position 82 

and as a quartet at 1.42 ppm. As both systems cannot electronically communicate due to the 

saturated linkage, these facts hint to the adoption of a preferential equilibrium 

conformation where both dye molecules are in close proximity towards each being a good 

prerequisite for FRET. 

The UV/Vis spectrum of 94 also appears more or less as sum spectrum of the precursor 

compounds with preserved spectral positions like it is depicted in Figure 51. 

 

 

 

 

 

 

 

 

 

Figure 51. Overlaid absorption spectra of conjugate 94 and precursors 33 and 92 measured 
in DMF with marked excitation region for PDT applications. 

Nicely, the absorption in the more red-lying region of the spectrum is preserved with the 

relatively high extinction coefficient of approximately 30000 M
-1·cm-1 being well suited for 

PDT applications as it provides a deep enough penetration of tissue at sufficient absorption. 

Exact values are gathered in Table 25. 
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Table 25. Obtained absorption maxima λmax given in nm with corresponding extinction 

coefficients ε in M
-1·cm-1 in parenthesis from measurements in CH2Cl2 for conjugate 94 and 

the corresponding parts represented by 33 and 5396.  

Compound SORET (B) QI QII QIII QIV 

94 
419 

(100900) 
444 

(155100) 
541 

(13500) 
603 

(10200) 
- 

669 
(30600) 

53 - 
442 

(223000) 
543 

(11300) 
587 

(9000) 
- 

689 
(9000) 

33 
413 

(85200) 
- 

508 
(9700) 

538 
(9000) 

610 
(7700) 

668 
(37900) 

 

The same is true for the recorded fluorescence spectra also appearing as a sum of the 

underlying spectra for the coupling partners. Thereby, the obtained fluorescence quantum 

yield Φfl is significantly lowered as the values given in Table 26 depict. While 

pyropheophorbide a is highly fluorescent (Φfl = 0.2886) the fluorescence of the conjugate is 

nearly perfectly equaling the values of cycloketo-porphyrin 92 being around 0.03.  

Table 26. Fluorescence quantum yields Φfl for 94 upon excitation at different wavelengths 

λexc measured in DMF. 

λexc [nm] 410 509 587 

Φfl 0.039 0.035 0.031 

 

Like the 1H NMR, this quenching of fluorescence of the chlorin part hints to a through space 

(energetic) coupling of both systems in terms of potential energy transfer processes.  

The investigations concerning the singlet oxygen generation, performed in cooperation with 

the group of Prof. Dr. B. RÖDER (Berlin), corroborate the presence of such a structure since 

the determined quantum yield for 1O2 generation of ΦΔ = 0.67 obtained at λexc = 665 nm is 

referring to the excitation of the chlorin part of 94 which only reaches a value of ΦΔ = 0.5086 

as a monomeric structure. Thus, the conjugation delivered an enhancement of about 17 % 

which is quite remarkable taking into account that the dye-pair has not been chosen 

according to overlaps of emission and absorption spectra like it is common for the design of 

FÖRSTER pairs. The results are hence very promising and prove the applicability of that 

principle for PDT applications. 
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E½ = -1.27 V

E½ = -1.05 V
E½ = -0.93 V

Epc = +1.07 V

Epc = +1.34 V

Epc = +1.61 V

Epa = +1.46 V

Epa = +1.29 V

Epa = +0.88 V

To conclude, also the electrochemical behavior of 94 has been studied under the usual 

conditions (see paragraph 6.1, p. 138)96 at 10-3 M concentration which provides the cyclic 

voltammogram depicted in Figure 52 with the corresponding half-wave potentials. 

 

 

 

 

 

 

 

 

Figure 52. Cyclic voltammogram of 94 measured in CH2Cl2 at 10-3 M concentration. Potentials 
E are given vs. ferrocene E½(Fc/Fc+) = +0.53 V as internal standard. For experimental details 
see paragraph 6.1, p. 138. 

In the cathodic region more or less quasi-reversible processes are detected appearing less 

resolved than for the corresponding monomers. That has to be explained by the overlap of 

the underlying individual cyclic voltammograms with half-wave potentials E½ at -1.23 and      

-1.05 V for Me-33 and at -1.08 and -0.79 V for 92. In the anodic region only irreversible 

processes are found. That is also not surprising, since also both educts exhibit such a 

behavior. Reversible processes could have been expected for the coupled amino part of the 

molecule, but, as the chlorine part is supposed to contribute irreversibility, those will not 

stand out for reasons already discussed within paragraphs 3.1.2 (p. 30) and 3.2.8.2.6 (p. 

121). Thus, also cyclic voltammetry seems to corroborate the presence of an electronic 

communication between both dyes within the conjugate as previously presented data has 

already hinted to. 
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4 Summary 

Within this thesis, several semi-natural and synthetic cycloketo-porphyrin systems were 

synthesized and their properties and usability for different fields of application was 

subjected to detailed investigations. Thereby, it was dealt with porphyrin system with an 

exocyclic connection of a meso-position or a meso-substituent to a β-pyrrolic carbon atom of 

the macrocycle formally originating from an acylation reaction and therewith having a 

ketone functionality. Such systems can be found in nature amongst the chlorophylls so that 

derivatives of chlorophyll a 1 were in focus of the first part of this thesis. Synthetic analogs, 

deriving from “porphyrin building blocks” 28 & 45 - 49 recently introduced by N. JUX, have 

been made accessible, characterized and thoroughly investigated within the second part of 

this thesis. 

Concerning the semi-natural systems, an optimized and highly efficient method for the 

isolation of pheophorbides a from spirulina algae has been worked out to easily deliver 

amounts up to 1 g of that materials in a quite short time (3 days). With those materials at 

hand, it was possible to reproduce and verify the recent findings of M. HELMREICH in 

connection with the applicability of such compounds in photosensitizing systems for 

photodynamic therapy (PDT). Furthermore, the materials have been used for detailed 

investigations on their photophysical and electrochemical properties to be able to compare 

them with other sensitizing systems. 

To access fully artificial analogs, a synthetic strategy has been developed, starting from 

mono-functionalized o-(bromomethyl) substituted „porphyrin building block“ 45 providing a 

novel cycloketo-porphyrin system (53) via cyanomethyl derivative 50 and the corresponding 

porphyrin ethanoic acid 51. This system exhibits a seven-membered exocycle as major 

structural feature. The newly established methodology has also been applied to different 

mono- as well as poly-functional building blocks leading to a substance library of free base 

cycloketo-porphyrin systems and their corresponding metal complexes which have been 

thoroughly investigated by chemical as well as photophysical means. 
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As the characterization data showed, the systems contain a distorted π-system arising from 

the structural features being analogous to those already known for dodeca-substituted 

porphyrins. But in contrast, the ones under investigation here turned out to be outstandingly 

stable in configuration, as VT NMR spectroscopy demonstrated, and therewith represent 

stable inherently chiral systems. The racemic mixtures which arose from synthesis have been 

resolvable by chiral HPLC so that it was possible to characterize the individual enantiomers 

by CD spectroscopy in cooperation with the group of G. BRINGMANN. Thus, for the first time, 

we were able to describe stable inherently chiral porphyrin systems whose chirality is due to 

a distorted π-system. 

Via temperature-dependent NMR spectroscopy, it was also possible to show that the 

lowering of symmetry is leading to the presence of distinguishable tautomers within mono-

exocyclic cycloketo-porphyrin system 53. Interestingly, those tautomers turned out to be 

differentiable by photophysical means. So, in cooperation with the group of B. RÖDER, a novel 

spectroscopic methodology for the detection and characterization of tautomeric porphyrin 

structures could be developed. 

Furthermore, the conducted photophysical experiments showed that the structural 

elements and the thus arising deviation from planarity within the π-system is leading to an 

enhanced spin-orbit-coupling providing a high intersystem crossing probability and hence, 

an efficient excitation into triplet states. It was shown further on that the excitation energy 

can be transferred onto present triplet oxygen nearly quantitatively and it was 

demonstrated that the corresponding performance of the systems can be effectively tuned 

via variations in the architecture of the exocycle as well as by degree and regiochemistry of 

poly-annulation. Thus, novel singlet oxygen generators were made accessible captivating 

through their high stability and outstanding quantum yields. Such systems are of great 

interest for hygiene applications (e.g. for detoxification of water or air) and also for 

medicinal means (foremost for applications in terms of the photodynamic therapy of cancer) 

as, in comparison to pheophorbides, they exhibit a far higher stability, a better solubility and 

an increased efficiency. 

Also corresponding metal complexes (e.g. In(III)-53) and coupleable derivatives with 

additional amino functionality (92) were made accessible without significant changes in the 

photophysical performance. Those systems allowed investigations on completely novel 

concepts of application. For example, it has been shown that the FÖRSTER resonance energy 



Summary  4 

133 

transfer (FRET) can be utilized within photosensitizing concepts as the results on conjugate 

94 of pyropheophorbide a 33 and cycloketo-porphyrin 92 illustrated. Thus, excitation 

wavelengths and the „active window“ can be effectively tuned. Furthermore, the 

investigations on In(III)-53 implied that novel combinational therapies could be opened up. 

The implementation of a radioactive metal center (like e.g. In-111) could then be used for 

tumor localization while the ligand, being an effective photosensitizer, would allow for an in 

situ treatment by PDT. Both approaches show promise but need further investigations for 

which the results, achieved within this thesis, lay foundation to. 
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5 Zusammenfassung 

Im Rahmen dieser Arbeit wurden sowohl naturstoffbasierte als auch vollsynthetisch 

zugängliche Zykloketo-Porphyrinsysteme dargestellt und ihre Eigenschaften sowie 

Anwendungsmöglichkeiten einer genaueren Untersuchung unterworfen. Dabei handelte es 

sich um Porphyrinsysteme, die einen Exozyklus aufweisen, der eine meso-Position oder 

einen meso-Substituenten mit einem β-pyrrolischen Kohlenstoffatom verbindet. Die Art der 

Verbrückung basiert formal auf einer Acylierungsreaktion und beinhaltet somit ein Keton als 

funktionelle Gruppe. Solche Systeme finden sich in der Natur unter den Chlorophyllen, 

sodass die Derivate des Chlorophylls a 1 im Focus des ersten Teils dieser Arbeit standen. 

Synthetische Analoga, die sich von den von N. JUX eingeführten „porphyrin building blocks“ 

28 & 45 - 49 ableiten, wurden im zweiten Teil dieser Arbeit zugänglich gemacht, 

charakterisiert und eingehend untersucht.  

Hinsichtlich der naturstoffbasierten Systeme ist es gelungen, ein optimiertes, hocheffizientes 

Verfahren zur Gewinnung von Pheophorbid a-Derivaten aus Spirulina Algen zu erarbeiten, 

das leicht Mengen bis zu 1 g dieser Materialien in kürzester Zeit (drei Tage) zugänglich 

macht. Anhand dieser Verbindungen konnten die kürzlich von M. HELMREICH erzielten 

Ergebnisse bezüglich der Anwendbarkeit in Photosensibilisatorsystemen für die 

Photodynamische Therapie nachvollzogen und bestätigt werden. Ferner wurden sie für 

genauere photophysikalische und elektrochemische Untersuchungen herangezogen, um 

einen Vergleich mit anderen Sensibilisatorsystemen vorzunehmen. 

Um vollsynthetische Analoga zu erhalten, wurde, ausgehend vom monofunktionalen o-

brommethyl-substituierten „porphyrin building block“ 45, eine Synthesestrategie entwickelt, 

die über das Cyanomethyl-Derivat 50 und die entsprechende Porphyrin-Essigsäure 51 zu 

einem neuartigen Zykloketo-Porphyrinsystem 53 führte. Dieses verfügt über einen 

siebengliedrigen Exozyklus als maßgebliches Strukturmerkmal. Die neu etablierte 

Verfahrensweise konnte auf weitere verschiedene mono- und polyfunktionale „building 

blocks“ angewendet werden und führte zu einer Bibliothek von freibasigen Zykloketo-
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Porphyrinen und den entsprechenden Metallkomplexen. Auch diese Systeme wurden 

genaueren chemischen und photophysikalischen Untersuchungen unterworfen. 

Wie die Charakterisierungsdaten zeigten, liegt in diesen Systemen, durch die 

Strukturmerkmale bedingt, ein deformiertes π-System vor, wie es beispielsweise für dodeka-

substituierte Porphyrine bekannt ist. Im Gegensatz zu diesen, sind die hier untersuchten 

Systeme allerdings außerordentlich konfigurationsstabil und stellen inhärent chirale Systeme 

dar. Die durch die Synthese entstandenen Racemate konnten in Kooperation mit der 

Arbeitsgruppe von G. BRINGMANN mittels chiraler HPLC aufgetrennt werden. Ferner gelang 

die Charakterisierung der Antipoden mittel CD-Spektroskopie. Somit war erstmalig die 

Beschreibung stabiler, inhärent chiraler Porphyrinsysteme möglich, deren Chiralität durch 

Verzerrung des π-Systems bedingt wird. 

Mittels temperaturabhängiger NMR-Spektroskopie konnte zudem gezeigt werden, dass die 

Symmetrieerniedrigung zu unterscheidbaren Tautomeren des mono-exozyklischen 

Zykloketo-Porphyrins 53 führt. Diese Tautomere konnten auch photophysikalisch 

nachgewiesen werden. Dies führte, in Zusammenarbeit mit der Arbeitsgruppe von B. RÖDER, 

zur Entwicklung eines neuartigen spektroskopischen Verfahrens zur Unterscheidung und 

Beschreibung tautomerer Strukturen in Porphyrinsystemen. 

Die Untersuchung der photophysikalischen Eigenschaften zeigte weiterhin, dass die 

Strukturelemente und die einhergehende Verzerrung des π-Systems zu einer effizienten 

Spin-Bahn-Kopplung führen. Diese bedingt eine hohe Intersystem Crossing-

Wahrscheinlichkeit und somit eine effektive Anregung in Triplett-Zustände, welche die 

Anregungsenergie nahezu quantitativ auf Triplett-Sauerstoff übertragen können. Es konnte 

ferner gezeigt werden, dass die Effektivität dabei durch die gewählte Architektur des 

Exozyklus und den Grad sowie die Regiochemie der Polyfunktionalisierung steuerbar ist. 

Somit wurden neuartige Singulett-Sauerstoff-Generatoren zugänglich, die durch gute 

Stabilität und herausragende Quantenausbeuten bestechen. Diese Systeme sind dabei 

sowohl für die Hygienetechnik (z. B. für die Entkeimung von Luft oder Wasser) als auch für 

die medizinische Technologie (v. a. für die Anwendung in der Photodynamischen Therapie 

von Krebsleiden) interessant, da sie, gegenüber den Pheophorbiden z. B., eine weitaus 

höhere Stabilität, eine bessere Löslichkeit und eine gesteigerte Effizienz besitzen. 
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Da in guten Ausbeuten auch entsprechende Metallkomplexe (z. B. In(III)-53) und 

kopplungsfähige amino-funktionalisierte Derivate (92) zugänglich sind, ohne dass sich die 

photophysikalischen Eigenschaften signifikant ändern, konnten anhand dieser Systeme 

neuartige Photosensibilisierungskonzepte untersucht werden. Z. B. konnte anhand des 

Konjugats 94 aus Pyropheophorbid a 33 und Zykloketo-Porphyrin 92 gezeigt werden, dass 

der FÖRSTER Resonanz-Energietransfer in derartige Konzeptionen für die photodynamische 

Therapie (PDT) implementiert werden kann. Damit werden Anregungswellenlängen und 

aktive Fenster steuerbar. Ferner legen die Versuche mit Komplexverbindung In(III)-53 nahe, 

dass Kombinationstherapieformen erschlossen werden können. Die Einbringung eines 

radioaktiven Metallzentrums (z. B. In-111) kann dabei für die Tumordetektion verwendet 

werden, während der Ligand als aktiver Sensibilisator eine in situ-Therapierung mittels PDT 

ermöglicht. Beide Ansätze erscheinen vielversprechend, bedürfen jedoch weiterer 

Untersuchungen, für welche mit den vorliegenden Ergebnissen der Grundstein gelegt 

worden ist. 
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6 Experimental Section 

6.1 Chemicals, Methods and Equipment  

Chemicals were purchased from SIGMA-ALDRICH, FLUKA or ACROS ORGANICS and used without 

further purification unless otherwise stated. Dichloromethane, chloroform and ethyl acetate 

were freshly distilled from K2CO3, methanol from CaCl2 and acetone from MgSO4. Absolute 

solvents were dried by common literature procedures and stored under inert gas 

atmospheres. Spirulina platensis algae were purchased from Spirulife (www.spirulife.de), 

VitaNatura (www.vitanatura.de) or Xanazon (www.xanazon.de) via Internet.  

For purification, characterization and further investigations of/on the synthesized 

compounds, the following methods and equipment were used. 

Thin Layer Chromatography (TLC) was performed on aluminum sheets coated with silica 

gel 60 F254 purchased from MERCK. Visualization was performed by using an UV lamp (254 or 

366 nm) or by developing (1% KMnO4 in aqueous solution acidified with H2SO4 or elemental 

bromine). 

Flash Column Chromatography (FC) was done on silica gel 60 (230-400 mesh, 0.04-

0.063 nm) purchased from either ICN or MACHEREY-NAGEL. Eluents were purified in advance as 

stated above. 

NMR spectroscopy was conducted on machines from JEOL (EX 400, GX 400) or BRUKER 

(AVANCE 300, AVANCE 400). The chemical shifts are given in ppm with the used solvents as 

references. Multiplicities are denoted “s” (singlet), “d” (doublet), “t” (triplet), “q” (quartet), 

“m” (multiplet) or as combinations thereof. Signals annexed “br” are not clearly resolved or 

significantly broadened. Peripheral aryl moieties are referred to as “Ar” whereby primes 

indicate higher substituted phenyl rings. The raw data was processed by using MESTRE-C or 

ACD Labs. 

IR spectroscopy was conducted on an ASI React IR 1000 (Analytical Services Inc.). 
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UV/Vis spectroscopy was performed on a Shimadzu UV-3102 PC UV/Vis/NIR Scanning 

Spectrophotometer or a SPECORD® S 600 spectrophotometer (Analytik Jena AG). 

Mass spectrometry (MS) was done on either a MIRCOMASS ZABSPEC spectrometer (FAB+ mode, 

3-nitro benzylic alcohol as matrix) or on a Shimadzu AXIMA Confidence spectrometer (MALDI-

TOF, linear mode). 

Elemental Analysis (EA) was done on a CE INSTRUMENTS EA 1110 CHNS. 

Calculations were performed by utilization of ACCELRYS MATERIALS STUDIO®99 or SPARTAN®130 on 

the semiempirical PM3 or PM6 level. Methods providing results achieved in cooperation 

with the groups of C. MARIAN (University of Düsseldorf) or of G. BRINGMANN (University of 

Würzburg) are referred to as references in the text. 

Ground state absorption spectroscopy was performed on a commercial Shimadzu UV-

2501PC spectrophotometer. 

Steady-state fluorescence spectroscopy was conducted in 1 cm×1 cm quartz cells by 

utilization of the combination of a cw-Xenon lamp (XBO 150) and a monochromator (Lot-

Oriel, bandwidth 10 nm) for excitation and a polychromator with a cooled CCD matrix as 

detector system (Lot-Oriel, Instaspec IV). 

Decay associated fluorescence spectroscopy (DAFS): Those spectra were acquired using the 

time correlated single photon counting (TCSPC) technique in combination with scanning of 

the detection wavelength in an experimental setup known to literature.106 A pulsed, 

frequency doubled, linear polarized radiation of a Nd:VO4 laser (Cougar, Time Bandwidth 

Products, wavelength: 532 nm, pulse width: 12 ps, repetition rate: 60 MHz) was used directly 

for excitation of the samples or to synchronously pump a dye laser (Model 599, Coherent) 

tunable in the range of 610 to 670 nm. Fluorescence was detected under a "magic" angle 

relative to excitation. Data were analyzed by a homemade program in applying a variable 

projection algorithm107b to the global fitting problem. The Nelder-Mead simplex 

algorithm107a was used for optimization of the nonlinear parameters, and the support plane 

approach107c to compute error estimates of the decay times. Model functions were sums of 

up to three exponentials convoluted by the instrument response function (42 ps as 

measured with Ludox) including a time shift. Decay times and time shift were linked through 

all measurements of one scan sampled every 2.5 nm. 
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Picosecond transient absorption spectroscopy (ps-TAS): Firstly, a white light continuum was 

generated as a test beam within a cell containing D2O/H2O using intense 25 ps pulses from a 

Nd3+:YAG laser (PL 2143A, Ekspla) at 1064 nm. Before passing through the sample, the 

continuum radiation was split to obtain a reference spectrum. The transmitted as well as the 

reference beam were focused into two optical fibers and recorded simultaneously at 

different traces on a CCD matrix (Lot-Oriel, Instaspec IV). As excitation beam, tunable 

radiation from an OPO/OPG (Ekspla PG 401/SH, tuning range 200-2300 nm) pumped by the 

3rd harmonic of the same laser was used. The mechanical delay line allowed the 

measurement of light-induced changes of the absorption spectrum at different delays of up 

to 15 ns after excitation. The analysis of experimental data was performed using the 

compensation method.109 

Photosensitized steady-state singlet oxygen luminescence was measured at 1270 nm upon 

excitation of the samples at 515 nm by a cw Yb:YAG laser (Versadisk, ELS) equipped with a 

frequency doubling unit. The corresponding set up for the detection of the luminescence 

signal is reported in literature.111b 

Cyclic voltammetry measurements were performed on an Autolab Instrument with 

PGSTAT 30 in a three electrodes arrangement (Deutsche Metrohm GmbH & Co. KG): 

measuring electrode: gold disc electrode (0.07 cm2); counter electrode: Pt wire; reference 

electrode: Ag/AgCl (3 M NaCl) at constantly 25°C in CH2Cl2 solution (electrochemistry grade). 

Scan rates: ν = 50 mV·s-1. Supporting electrolyte: n-Bu4NPF6 at c = 0.1 M. Potentials given vs. 

ferrocene with E(Fc/Fc+) = +0.53 V as internal standard. 

Enantiomeric resolution by HPLC: Analytical resolutions were performed on Jasco HPLC 

systems (pump PU1580, gradient unit LG-980-025 or LG-2080-04, degasser DG-2080-53 or 

DG-2080-54, UV detector MD-2010Plus or Erma Cr. Inc. Erc-7215) equipped with Chirex (S)-

Val or Lux Cellulose-1 columns (4.6x250 mm; 5μm), both PHENOMENEX, as chiral phases. 

LC-CD coupling: Online CD spectra were recorded at room temperature using a Jasco 715 

spectropolarimeter (scanning rate: 500 nm/min, bandwidth: 0.5 nm, response time: 0.5 s, 

number of accumulations: 5). 
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6.2 Studied Compounds – Syntheses & Characterization 

6.2.1 Preliminaries 

Compounds which have been obtained by application of procedures according to literature 

are listed below together with the references the corresponding protocols were taken from. 

• 4-t-butyl-2,6-dimethyl-bromobenzene 3589 

• 4-t-butyl-2-(methoxymethyl)-6-methyl-bromobenzene 37a and 4-t-butyl-2,6-bis-

(methoxymethyl)-bromobenzene 37b90 

• 4-t-butyl-2-(methoxymethyl)-6-methyl-benzaldehyde 38a and 4-t-butyl-2,6-bis-

(methoxymethyl)-benzaldehyde 38b90 

• 54-t-butyl-52-(methoxymethyl)-56-methyl-5-phenyldipyrromethane 39a and 54-t-butyl-

52,56-bis-(methoxymethyl)-5-phenyldipyrromethane 39b36,75,92 

• 54, 104, 154, 204-tetra-t-butyl-52-(methoxymethyl)-56-methyl-5, 10, 15, 20-tetraphenyl-

porphyrin 40; 54, 104, 154, 204-tetra-t-butyl-52,56-bis-(methoxymethyl)-5, 10, 15, 20-

tetraphenylporphyrin 41; αβ-54,104,154,204-tetra-t-butyl-52,152-bis-(methoxymethyl)-

56,156-dimethyl-5,10,15,20-tetraphenylporphyrin 42; αα-54,104,154,204-tetra-t-butyl-

52,152-bis-(methoxymethyl)-56,156-dimethyl-5,10,15,20-tetraphenylporphyrin 43 and    

54, 104, 154, 204-tetra-t-butyl-52,56,152,156-tetrakis-(methoxymethyl)-5, 10, 15, 20-tetra-

phenylporphyrin 4469,70b 

• 52-(bromomethyl)-54, 104, 154, 204-tetra-t-butyl-56-methyl-5, 10, 15, 20-tetraphenyl-

porphyrin 45; 52,56-bis-(bromomethyl)-54, 104, 154, 204-tetra-t-butyl-5, 10, 15, 20-tetra-

phenylporphyrin 46; αβ-52,152-bis-(bromomethyl)-54,104,154,204-tetra-t-butyl-56,156-

dimethyl-5,10,15,20-tetraphenylporphyrin 47; αα-52,152-bis-(bromomethyl)-54, 104, 154, 

204-tetra-t-butyl-56,156-dimethyl-5,10,15,20-tetraphenylporphyrin 48 and 52,56,152,156-

tetrakis-(bromomethyl)-54, 104, 154, 204-tetra-t-butyl-5, 10, 15, 20-tetraphenylporphyrin 

4969,70b 

• 54-nitro-5-phenyldipyrromethane 85137 

The applied nomenclature is according to the IUPAC recommendations.18 In paragraph 6.2.3, 

some general procedures will be introduced being later referred to as GP’s while the exact 

scheduled amounts of solvents and reagents will be given in each paragraph for the 

corresponding compound.  
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C34H36N4O3
M = 548.67 g·mol-1
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6.2.2 Semi-Natural Cycloketo-Porphyrin Systems 

6.2.2.1 Methyl Pyropheophorbide a, Me-33, from Spirulina Platensis 

In a 500 mL beaker, 100 g of dry spirulina platensis are 

suspended in 300 mL of water and allowed to soak for 3 h. The 

obtained algal pulp is then homogenized with a commercial hand 

blender and slowly poured into liquid nitrogen furnishing small 

pellets. Those are transferred into a 2 L round bottom flask, 

which is then filled with acetone. This reaction mixture is stirred 

at rt for 20 h. Upon filtration, the separated cellular material is 

washed with acetone and the combined washings are 

evaporated to dryness to give an oily dark brown residue. To 

isolate pheophytin a 31, that material is subjected to FC on silica whereat the polarity of the 

eluent is risen stepwise: 1st hexanes, 2nd hexanes : CH2Cl2 (1 : 1), 3rd CH2Cl2, 4th CH2Cl2 : ethyl 

acetate (9 : 1). Finally, 31 elutes in black purple color. That solution is then evaporated to 

dryness before a N2 saturated methanolic solution of H2SO4 (100 mL, 5 wt% H2SO4) is added. 

After stirring at rt for 15 h under N2, the reaction mixture is concentrated and washed with 

water, a saturated aqueous solution of NaHCO3 and water, dried over Na2SO4 and again 

evaporated to dryness. In a 250 mL round bottom flask, the thus obtained methyl 

pheophorbide a 32 is dissolved in 100 mL of 2,4,6-collidine and degassed with N2 for 20 min 

before the reaction mixture is refluxed for 5 h (∼ 180 °C). Subsequently, the solvent is 

removed by vacuum distillation and the crude product is washed with 6 M aqueous HCl, 

water, a saturated aqueous solution of NaHCO3 and water and finally dried over Na2SO4. 

Purification is finally accomplished by FC (silica, CH2Cl2 : ethyl acetate = 9 : 1) to give 600-

800 mg pure methyl pyropheophorbide a Me-33 as dark purple powder. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.77 (s, 1 H, NH), 0.37 (s, 1 H, NH), 1.64 (t, 
3J = 7.6 Hz, 3 H, 82), 1.80 (d, 3J = 7.2 Hz, 3 H, 181), 2.27, 2.55, 2.68 (3m, 2+1+1 H, 171 & 172), 

3.16 (s, 3 H, 71), 3.37 (s, 3 H, 21), 3.60 (s, 3 H, 174 & q, 3J = 7.6 Hz, 2 H, 81), 3.61 (s, 3 H, 121), 

4.27 (m, 1 H, 17), 4.46 (m, 1 H, 18), 5.09, 5.24 (2d, 2J = 19.6 Hz, 1+1 H, 132), 6.13 (dd, 
2J = 1.6 Hz, 3J = 11.6 Hz, 1 H, 32 cis), 6.24 (dd, 2J = 1.6 Hz, 3J = 17.6 Hz, 1 H, 32 trans), 7.94 (dd, 
3J = 11.6 Hz, 3J = 17.6 Hz, 1 H, 31), 8.52 (s, 1 H, 20), 9.29 (s, 1 H, 5), 9.40 (s, 1 H, 10).  

Me-33
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C33H34N4O3
M = 534.65 g·mol-1

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 11.1, 11.9, 12.0, 17.3, 19.3, 23.1, 29.8, 30.8, 48.0, 

49.9, 51.6, 51.6, 93.0, 97.1, 104.0, 106.0, 122.5, 128.3, 129.2, 130.5, 131.6, 135.8, 136.1, 

136.2, 137.8, 141.6, 145.0, 149.0, 150.8, 155.2, 160.3, 171.4, 173.6, 196.3.  

MS (FAB+, NBA): m/z = 549 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3395, 2957, 1739, 1708, 1618, 1553, 1498, 1436, 1347, 1260, 1160, 1044, 

984, 908, 796, 734, 671.  

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 413 (73800), 508 (8400), 538 (7800), 610 (6600), 648 

(32900).  

6.2.2.2 Pyropheophorbide a, 33 

In a 250 mL round bottom flask equipped with N2 inlet and reflux 

condenser, 200 mg (365 μmol) methyl pyropheophorbide a Me-

33 are suspended in a degassed (N2 stream) solvent mixture 

consistent of MeOH (45 mL), THF (45 mL), water (10 mL) and 

powdered KOH (2.0 g, exc.). The reaction mixture is then stirred 

under reflux for 3 h while the suspension turns into a dark green-

violet solution which is finally brought to dryness. The crude 

product is further on taken up in CHCl3 washed with water, 2 M 

aqueous HCl and water, dried over Na2SO4 and finally 

chromatographed (Silica, CHCl3 : MeOH = 9 : 1) to furnish 183 mg (343 μmol) of pure 33 as 

dark purple powder. Yield: 94.0 % based on Me-33. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.71 (s, 1 H, NH), 0.34 (s, 1 H, NH), 1.63 (t, 
3J = 7.6 Hz, 3 H, 82), 1.79 (d, 3J = 7.2 Hz, 3 H, 181), 2.29, 2.66 (2m, 2+2 H, 171 & 172), 3.19 (s, 

3 H, 71), 3.37 (s, 3 H, 21), 3.58 (s, 3 H, 121), 3.65 (q, 3J = 7.6 Hz, 2 H, 81), 4.28 (m, 1 H, 17), 4.45 

(m, 1 H, 18), 5.09, 5.25 (2d, 2J = 20.0 Hz, 1+1 H, 132), 6.13 (dd, 2J = 1.6 Hz, 3J = 11.6 Hz, 1 H, 32 

cis), 6.25 (dd, 2J = 1.6 Hz, 3J = 17.9 Hz, 1 H, 32 trans), 7.96 (dd, 3J = 11.6 Hz, 3J = 17.9 Hz, 1 H, 

31), 8.52 (s, 1 H, 20), 9.32 (s, 1 H, 5), 9.43 (s, 1 H, 10).  

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 11.2, 12.0, 17.4, 19.4, 23.1, 29.7, 31.5, 48.0, 51.6, 

93.0, 97.1, 104.0, 106.0, 122.5, 124.1, 128.3, 129.2, 130.4, 131.6, 135.8, 136.0, 136.2, 137.8, 

141.3, 144.9, 149.0, 150.7, 155.2, 160.2, 162.7, 171.4, 176.7, 196.4. 

33 
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MS (FAB+, NBA): m/z = 535 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3393, 2922, 1691, 1618, 1552, 1497, 1450, 1399, 1345, 1221, 1162, 1123, 

1025, 979, 891, 785, 731, 674, 612. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 413 (85200), 508 (9700), 538 (9000), 610 (7700), 668 

(37900).  

6.2.3 General Procedures (GP’s) 

GP I: Formation of o-(Cyanomethyl)-Substituted Porphyrin Systems from the 

Corresponding o-(Bromomethyl) Porphyrin Precursors 

a. Preparation of Zinc(II) Bromomethyl Porphyrin Complexes 

The starting material is completely dissolved in CH2Cl2 in an appropriate round bottom flask 

and a concentrated methanolic solution of an excess (20 eq.) of Zn(OAc)2·2H2O is added. The 

reaction mixture is then stirred at rt until TLC control shows completion. The time usually 

ranges in between 2 and 15 h depending on the level of substitution in the parental 

bromomethyl porphyrin compound. Afterwards, the reaction mixture is transferred into a 

separatory funnel, washed trice with water, dried over MgSO4 and evaporated to dryness to 

give the corresponding zinc(II) complexes as pinkish powders. 

b. Substitution of Bromide by Cyanide and Subsequent Demetallation  

The dry zinc(II) complex (up to 250 mg) obtained from part a. is placed in a 100 mL 

ERLENMEYER flask and mixed with a huge excess (50-100 eq.) of powdered KCN. After addition 

of PEG 400, the suspension is stirred at rt for 24 h. Within that period, the suspension slowly 

turns into a dark green-purple solution. Afterwards, the reaction mixture is transferred into 

a separatory funnel, diluted with 100 mL of water and extracted with CH2Cl2 until the 

aqueous layer becomes colorless. The combined organic extracts are then repeatedly 

washed with water (at least trice) to get rid of residing cyanide before half-concentrated 

aqueous HCl is added (100 mL) to the purple solution turning green immediately. After 

vigorous shaking for several minutes, the organic layer is separated and washed with 2 M 

aqueous HCl and with water until the organic layer appears purple. Subsequent 

neutralization by shaking out with a saturated aqueous solution of NaHCO3, washing with 

water, drying over MgSO4 and evaporation to dryness yields the corresponding free base o-
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(cyanomethyl)-substituted tetraarylporphyrin which is finally purified by FC over silica. 

GP II: Saponification of o-(Cyanomethyl)-Substituted Porphyrin Systems to Porphyrin 

Ethanoic Acids 

In a 250 mL round bottom flask equipped with reflux condenser, the o-(cyanomethyl) 

porphyrin system (up to 300 mg, obtained via GP I) is dissolved in a mixture of glacial AcOH, 

conc. H2SO4 and water. Under vigorous stirring at 95 °C, the mixture is allowed to react for 

80 h. After that, the dark green reaction mixture is poured on ice, whereupon the 

protonated porphyrin carboxylic acid derivative precipitates completely. The residue is then 

collected by filtration and washed once with water before it is taken up in CH2Cl2. That 

solution is shaken out with water trice, washed with a dilute aqueous solution of NaHCO3 

and with water. Drying over MgSO4 and removing the solvent furnishes the crude porphyrin 

ethanoic acids being of adequate purity in most cases. Else, purification is to be achieved by 

FC over silica. 

GP III: Accessing Cycloketo-Porphyrin Systems Utilizing FRIEDEL-CRAFTS Chemistry 

a. Preparation of Copper(II) Porphyrin Carboxylic Acid Complexes 

In a 250 mL round bottom flask, the free base porphyrin carboxylic acid (e. g. obtained via 

GP II) is dissolved in CH2Cl2 and acidified with some drops of glacial AcOH. Then a 

concentrated methanolic solution of an excess (10 eq.) of Cu(OAc)2·H2O is added and the 

reaction mixture is stirred at rt for 16 h. Afterwards, water is added and the layers are 

separated. Subsequent washing of the organic layer with water twice, drying over MgSO4 

and evaporation to dryness yields the desired copper(II) complexes as cherry-red powders to 

be used without further purification.  

b. FRIEDEL-CRAFTS Acylation to Close the Exocyclic Ring 

In a 100 mL round bottom flask with N2 inlet, the metal complex (Cu(II) or Ni(II)) of an 

appropriate porphyrin carboxylic acid (up to 200 mg, e.g. obtained from part a.) is dissolved 

in abs. CH2Cl2 under inert gas atmosphere and under exclusion of water. Then an excess of 

C2O2Cl2 is added and the flask is closed with a bubble counter as pressure relief valve. After 

2 h of stirring at rt, the solvent and the reactant are completely removed under high vacuum 

utilizing two coupled cooling traps. The residing dry acid chloride is directly redissolved in 

abs. CH2Cl2 under N2 and exclusion of water again before SnCl4 is added. This mixture is then 
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allowed to react under vigorous stirring for 10 min at rt whereat the brown-red solution 

turns dark green. Subsequently, the reaction is quenched by careful addition of a saturated 

aqueous solution of NaHCO3. The biphasic mixture is then transferred into a separatory 

funnel and repeatedly extracted with CH2Cl2. The combined extracts are furthermore 

washed with 6 M aqueous HCl, water, a saturated aqueous solution of NaHCO3 and again 

water, dried over MgSO4 and evaporated to dryness. In most cases, the crude product 

consists of a mixture of metal complex(es) and the corresponding free base(s) of the 

annulated porphyrin system and appears as a dark green solid.  

Out of that mixture, the pure copper(II) or nickel(II) complex(es) can be obtained upon FC 

whereas the mixture formed of the copper(II) carboxylic acid is used as such for accessing 

the free system(s). 

c. Demetallation to Give Free Base Cycloketo-Porphyrin Systems 

The mixture yielded from part b. consistent of copper(II) complex(es) and free base(s) (up to 

200 mg) is taken up in TFA in a 100 mL round bottom flask. Then conc. H2SO4 is added 

whereupon the reaction mixture turns immediately orange or even red. After 45 min of 

stirring at rt, water is added and the formed suspension is repeatedly extracted with CH2Cl2. 

The combined extracts are furthermore washed with water, neutralized with a saturated 

aqueous solution of NaHCO3 and washed with water again. Drying over MgSO4, evaporation 

of the solvent and FC over silica furnishes the desired free base porphyrin system(s). 
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6.2.4 AB3-Type Mono-Exocyclic Cycloketo-Porphyrins and Their 

Precursors 

6.2.4.1 2-(Bromomethyl)-4-t-Butyl-6-Methyl-Bromobenzene, 36a, and 2,6-Bis-

(Bromomethyl)-4-t-Butyl-Bromobenzene, 36b – Optimized Protocols 

In a three-necked round bottom flask, suitable for 

external irradiation, equipped with a dropping funnel 

and a reflux condenser closed by a one-hole stopper 

with exhaust duct, 30.0 g (94 mmol) of 4-t-butyl-2,6-

dimethyl-bromobenzene 35 are dissolved in CH2Cl2 

(150 mL). Then a solution of bromine, Br2, in 10 mL of 

CH2Cl2 is added dropwise under irradiation with a 500 W halogen lamp avoiding the reaction 

mixture becoming too intensely colored. For the synthesis of 36a, 0.8 eq. of Br2 (3.8 mL, 

74 mmol) are used while for 36b 1.25 eq. (6.0 mL, 117 mmol) are necessary. After completed 

addition, the irradiation is continued until the reaction mixture becomes almost colorless. 

Then, the HBr dissolved in the reaction mixture is expelled by utilization of a stream of 

compressed-air or nitrogen for at least 15 min. Subsequently, the mixture is transferred into 

a separatory funnel and shaken out with 100 mL of an aqueous solution of NaOH (1 M). The 

organic layer is separated, washed with water, dried over MgSO4 and the solvent is removed 

under reduced pressure. FC (silica, hexanes as eluent) gives the desired compounds as white 

crystalline solids: 16.5 g for 36a (42 % yield based on 35) and 21.8 g for 36b (58 % yield 

based on 35), respectively. 

1H NMR (36a, 300 MHz, rt, CDCl3): δ [ppm] = 1.30 (s, 9 H, t-BuH), 2.42 (s, 3 H, ArCH3), 4.64 (s, 

2 H, CH2Br), 7.21 (d, 4J = 2.3 Hz, 1 H, ArH), 7.29 (d, 4J = 2.3 Hz, 1 H, ArH).  

13C NMR (36a, 75.5 MHz, rt, CDCl3): δ [ppm] = 24.0, 31.1, 34.4, 35.2, 123.8, 125.8, 128.4, 

136.6, 138.7, 150.4. 

MS (36a, FAB+, NBA): m/z (%) = 320 (100) [M]+·, 239 (60) [M-Br]+·. 

1H NMR (36b, 300 MHz, rt, CDCl3): δ [ppm] = 1.30 (s, 9 H, t-BuH), 4.62 (s, 2 H, CH2Br), 7.39 (s, 

2 H, ArH). 

13C NMR (36b, 75.5 MHz, rt, CDCl3): δ [ppm] = 31.1, 34.4, 34.6, 123.4, 128.7, 137.7, 151.3. 

Br

C12H16Br2
M = 320.06 g·mol-1

Br

Br

BrBr

C12H15Br3
M = 398.96 g·mol-1

36a 36b
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MS (36b, FAB+, NBA): m/z (%) = 398 (100) [M]+·, 316 (60) [M-Br]+·. 

6.2.4.2 54, 104, 154, 204 - Tetra - t - Butyl - 52 - (Cyanomethyl) - 56 - Methyl - 5, 10, 15, 20- 

Tetraphenylporphyrin, 50 

The synthesis follows GP I. Scheduled quantities: 

bromomethyl porphyrin 45 (200 mg, 211 µmol); a.: 

Zn(OAc)2·2H2O (927 mg, 4.22 mmol, 20 eq.); b. KCN (546 mg, 

8.93 mmol, 50 eq.), PEG 400 (25 mL). Purification is achieved 

by FC over silica with CHCl3 and hexanes (ratio 2 : 1) as 

eluent. Yield: 176 mg (197 µmol) of 50 as dark purple 

powder, equiv. to 93 % based on 45. 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.68 (s, 2 H, NH), 1.60 (s, 27 H, t-BuH), 1.62 (s, 9 H, 

t-BuH), 1.92 (s, 3 H, CH3), 3.23 (s, 2 H, CH2), 7.61 (d, 4J = 1.5 Hz, 1 H, Ar’H), 7.75 (m, 6 H, ArH), 

7.80 (s, 4J = 1.5 Hz, 1 H, Ar’H), 8.14 (m, 6 H, ArH), 8.59 (d, 3J = 4.7 Hz, 2 H, β-H), 8.87 (m, 6 H, 

β-H).  

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.9, 23.3, 31.6, 31.7, 34.9, 35.0, 114.0, 118.1, 

120.3, 120.9, 122.2, 123.6, 131.4, 134.5, 137.9, 138.8, 139.1, 140.0, 150.6, 152.2. 

MS (FAB+, NBA): m/z (%) = 893 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3316, 2961, 2903, 2868, 1559, 1505, 1475, 1397, 1363, 1266, 1220, 1189, 

1150, 1108, 1023, 965, 849, 803, 737, 714. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (257200), 517 (10360), 552 (4920), 593 (2910), 

648 (2160).  

EA: C63H65N5·0.5 CHCl3·0.5 C6H14. Calc.: C 80.27, H 7.34, N 7.04; found: C 79.90, H 7.44, 

N 6.78.  

 

  

N
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6.2.4.3 54, 104, 154, 204-Tetra-t-Butyl-56 -Methyl-5, 10, 15, 20-Tetraphenylporphyrin-52-

Ethanoic Acid, 51 

According to GP II, 176 mg (197 µmol) of cyanomethyl 

porphyrin 50 are reacted in a mixture of 15 mL of glacial 

HOAc, 15 mL of H2SO4 and 5 mL of water. Purification is 

achieved by FC over silica with toluene and THF (ratio 

19 : 1) as eluent. Yield: 147 mg (161 µmol) of 51 as purple 

powder, equiv. to 82 % based on 50. 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.73 (s, 2 H, NH), 1.54 (s, 27 H, t-BuH), 1.59 (s, 9 H, 

t-BuH), 1.81 (s, 3 H, CH3), 3.24 (s, 2 H, CH2), 7.49 (s, 2 H, Ar’H), 7.76 (m, 6 H, ArH), 8.08 (m, 

6 H, ArH), 8.59 (d, 3J = 4.1 Hz, 2 H, β-H), 8.77 (d, 3J = 4.1 Hz, 2 H, β-H), 8.83 (s, 4 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 23.2, 31.5, 31.6, 34.7, 34.8, 115.1, 116.3, 119.9, 

123.5, 123.9, 124.0, 125.2, 134.5, 135.1, 139.0, 139.4, 150.3, 150.5, 151.2, 176.2. 

MS (FAB+, NBA): m/z (%) = 910 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3431, 3107, 2961, 2898, 2866, 1713, 1623, 1557, 1504, 1472, 1396, 1363, 

1267, 1184, 1108, 1023, 967, 849, 802, 738. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (313600), 516 (13400), 551 (7300), 592 (4700), 

647 (3400). 

EA: C63H66N4O2·H2O. Calc.: C 81.43, H 7.38, N 6.03; found: C 81.39, H 7.34, N 5.88. 
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6.2.4.4 54, 104, 154, 204 -Tetra-t-Butyl-[ 3,52 ]-Ethano- 56 -Methyl- 31 -Oxo-5, 10, 15, 20-

Tetraphenylporphyrin, 53 

The synthesis follows GP III. Scheduled amounts: porphyrin 

ethanoic acid 51 (100 mg, 110 µmol); a.: CH2Cl2 (30 mL), 

Cu(OAc)2·2 H2O (380 mg, 1.1 mmol, 10 eq.); b.: CH2Cl2 

(50 mL), C2O2Cl2 (2 mL); CH2Cl2 (30 mL), SnCl4 (1.0 mL, 

8.54 mmol); c.: TFA (10 mL), conc. H2SO4 (2 mL). The product 

is finally purified by FC over silica with CH2Cl2 and hexanes 

(ratio 1 : 2) as eluent. Yield: 58 mg (65 µmol) of 53 as dark 

green-purple powder, equiv. to 59.1 % based on 51. 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.62 (s, 2 H, NH), 1.17 (s, 3 H, CH3), 1.50 (s, 9 H, t-

BuH), 1.58 (s, 18 H, t-BuH), 1.59 (s, 9 H, t-BuH), 4.11 (d, 2J = 11.3 Hz, 1 H, CH2), 5.49 (d, 
2J = 11.7 Hz, 1 H, CH2), 7.35 (d, 4J = 1.7 Hz, 1 H, Ar’H), 7.68 (d, 4J = 1.7 Hz, 1 H, Ar’H), 7.69-8.32 

(div m’s, 12 H, ArH), 8.63 (d, 3J = 4.9 Hz, 1 H, β-H), 8.67 (d, 3J = 4.9 Hz, 1 H, β-H), 8.74 (d, 
3J = 4.9 Hz, 1 H, β-H), 8.79 (m, 4 H, β-H), 8.89 (d, 3J = 4.9 Hz, 1 H, β-H), 8.96 (s, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.5, 31.4, 31.6, 34.7, 34.8, 34.9, 53.7, 114.0, 

119.0, 122.0, 123.8, 123.9, 124.0, 124.2, 124.6, 125.8, 126.1, 128.3, 134.3, 134.7, 136.1, 

137.7, 138.1, 138.5, 138.6, 142.1, 150.8, 150.9, 151.2, 152.3, 192.4. 

MS (FAB+, NBA): m/z (%) = 893 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3316, 3029, 2957, 2903, 2868, 1683, 1606, 1552, 1498, 1475, 1393, 1363, 

1351, 1262, 1239, 1197, 1154, 1108, 1019, 984, 965, 869, 850, 799, 718. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 442 (223000), 543 (11300), 587 (9000), 626 (4100), 

689 (9000). 

EA: C63H64N4O·2 H2O. Calc.: C 81.43, H 7.38, N 6.03; found: C 81.26, H 7.54, N 5.74. 
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6.2.4.5 54 ,104 ,154 ,204-Tetra-t-Butyl-[3 , 52]-Ethano-56 -Methyl-31 -Oxo-5,10,15,20-

Tetraphenylporphyrinato-Nickel(II), Ni(II)-53 

In a 100 mL round bottom flask with reflux condenser, 

porphyrin ethanoic acid 51 (100 mg, 110 μmol) and 282 mg 

(1.1 mmol, 10 eq.) of Ni(acac)2 are dissolved in 40 mL of 

toluene and heated under reflux (∼135 °C) for 3 h. After 

evaporation of the solvent, the crude product is filtered over 

a silica plug to remove residing metal salts (eluent: CH2Cl2, 

polarity can be adjusted by addition of ethyl acetate) and 

further subjected to step b. of GP III: CH2Cl2 (50 mL), C2O2Cl2 

(2 mL); CH2Cl2 (30 mL), SnCl4 (1.0 mL, 8.54 mmol). Leaving out 

the acidic demetallation step, the crude product obtained after work-up is purified by FC 

(silica, hexanes and CH2Cl2 in a 1 : 1 ratio) to give 54 mg (56.8  μmol) of pure Ni(II)-53 as dark 

green powder, equiv. to 51.7 % yield based on 51. 

1H NMR (300 MHz, rt, CDCl3): δ [ppm] = 0.93 (s, 3 H, CH3), 1.43 (s, 9 H, t-BuH), 1.53 (2s, 

9+9 H, t-BuH), 1.54 (s, 9 H, t-BuH), 4.16 (d, 2J = 11.9 Hz, 1 H, CH2), 5.60 (d, 2J = 11.9 Hz, 1 H, 

CH2), 7.17 (d, 4J = 1.5 Hz, 1 H, Ar’H), 7.61 (d, 4J = 1.5 Hz, 1 H, Ar’H), 7.67 (d, 3J = 7.2 Hz, 6 H, 

ArH), 7.88 (br s, 4 H, ArH), 8.55 (d, 3J = 4.9 Hz, 1 H, β-H), 8.62 (m, 5 H, β-H), 8.75 (d, 
3J = 4.9 Hz, 1 H, β-H), 9.15 (s, 1 H, β-H). 

13C NMR (75.5 MHz, rt, CDCl3): δ [ppm] = 22.3, 31.4, 31.6, 34.7, 34.9, 53.6, 112.0, 118.2, 

120.4, 124.0 (two signals), 124.1, 124.6, 127.2, 127.8, 132.3, 132.7, 132.9, 133.0, 133.3, 

133.4, 134.6, 135.8, 136.2, 136.6, 137.0, 137.1, 138.2, 140.0, 140.3, 141.1, 143.0, 143.2, 

143.4, 143.8, 144.0, 144.5, 150.7, 150.8, 151.0, 152.1, 192.3. 

MS (MALDI-TOF, no matrix): m/z (%) = 951 (100) [MH]+. 

IR (ATR): 𝜈 [cm-1] = 3030, 2962, 2904, 2870, 1683, 1543, 1505, 1479, 1461, 1396, 1350, 1268, 

1199, 1162, 1111, 1069, 1050, 1011, 842, 818, 795, 717. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 443 (184000), 560 (9800), 605 (10600). 

EA: C63H62N4NiO·0.5 H2O·0.5 C6H14. Calc.: C 79.11, H 7.04, N 5.59; found: C 79.03, H 6.94, 

N 5.70.  
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6.2.4.6 54  ,104  ,154  ,204  -Tetra-t-Butyl-[ 3,52 ]-Ethano- 56  -Methyl- 31  -Oxo-5, 10, 15, 20-

Tetraphenylporphyrinato-Copper(II), Cu(II)-53 

The synthesis follows GP III. Scheduled amounts: porphyrin 

ethanoic acid 51 (100 mg, 110 µmol); a.: CH2Cl2 (30 mL), 

Cu(OAc)2·2 H2O (380 mg, 1.1 mmol, 10 eq.); b.: CH2Cl2 

(50 mL), C2O2Cl2 (2 mL); CH2Cl2 (30 mL), SnCl4 (1.0 mL, 

8.54 mmol). The demetallation step is left out and Cu(II)-53 is 

finally obtained in pure after FC over silica with CH2Cl2 and 

hexanes (ratio 1 : 1) as eluent. Yield: 68 mg (71 µmol) of 

Cu(II)-53 as dark green-purple powder, equiv. to 64.5 % 

based on 51.  

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = 1.39 (s, t-BuH), 1.42 (s, t-BuH), 1.54 (s, CH3), 3.88 (br 

s, CH2), 5.11 (br s, CH2), 7.50 (br s, ArH+β-H). 

13C NMR: No results due to paramagnetism. 

MS (MALDI-TOF, no matrix): m/z (%) = 954 (100) [MH]+. 

IR (ATR): 𝜈 [cm-1] = 3030, 2959, 2906, 2869, 1685, 1561, 1538, 1505, 1463, 1395, 1363, 1343, 

1302, 1260, 1199, 1160, 1110, 1087, 1074, 1049, 1002, 864, 814, 802. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 442 (246500), 571 (11000), 623 (12500). 

EA: C63H62CuN4O·0.5 H2O·0.5 C6H14. Calc.: C 76.78, H 6.78, N 5.39; found: C 76.61, H 6.95, 

N 5.43. 
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6.2.4.7 54 ,104 ,154 ,204-Tetra-t-Butyl-[ 3,52 ]-Ethano- 56 -Methyl- 31 -Oxo-5, 10, 15, 20-

Tetraphenylporphyrinato-Zinc(II), Zn(II)-53 

In a 100 mL round bottom flask, free base cycloketo-

porphyrin 53 (50 mg, 56 μmol) is dissolved in 20 mL of CH2Cl2 

and a concentrated methanolic solution of 245 mg 

(1.12 mmol, 20 eq.) is added. The mixture is stirred at rt for 

1 h before water is added. The organic layer is separated and 

washed with water twice. After drying over MgSO4, the 

obtained green product is purified by FC (silica, 

hexanes:CH2Cl2 = 2:3) to give 52.4 mg (54.8 μmol) of pure 

Zn(II)-53 in 97.8 % yield based on 53 as green-purple 

crystalline solid. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = 1.02 (s, 3 H, CH3), 1.48 (s, 9 H, t-Bu-H), 1.58 (s, 18 H, 

t-Bu-H), 1.60 (s, 9 H, t-Bu-H), 3.89 (m, 1 H, CH2), 5.47 (m, 1 H, CH2), 7.28 (d, 4J = 1.5 Hz, 1 H, 

Ar’H), 7.55 (m, 1 H, ArH), 7.63 (m, 2 H, ArH), 7.68 (dd, 3J = 8.1 Hz, 4J = 2.0 Hz, 1 H, ArH), 7.73-

7.84 (m’s, in all 5 H, Ar’H+ArH), 7.88 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 1 H, ArH), 8.14 (dd, 
3J = 7.8 Hz, 4J = 1.7 Hz, 1 H, ArH), 8.25 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 1 H, ArH), 8.31 (dd, 
3J = 7.8 Hz, 4J = 1.5 Hz, 1 H, ArH), 8.77-8.82 (m, 5 H, β-H), 8.93 (d, 3J = 4.6 Hz, 1 H, β-H), 9.06 

(m, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.5, 31.4, 31.6 (2 signals), 34.6, 34.8 (2 signals), 

53.7, 115.2, 120.4, 122.8, 123.7 (2 signals), 123.9, 124.2, 125.9, 126.5, 128.0, 131.8, 132.4, 

132.8, 133.0, 133.1, 133.4, 134.1, 134.2, 134.3, 134.4, 135.3, 137.4, 138.4, 138.7, 139.2 (2 

signals), 142.4, 145.9, 148.1, 149.8, 150.5, 150.6, 150.8, 150.9, 151.3, 151.6, 152.0, 152.1, 

152.3, 192.6. 

MS (FAB+, NBA): m/z (%) = 954 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2957, 2907, 2868, 1679, 1640, 1521, 1494, 1459, 1436, 1393, 1363, 

1336, 1293, 1262, 1239, 1193, 1154, 1108, 1069, 1050, 996, 865, 838, 795, 721. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 4469 (256000), 576 (10700), 633 (12200). 

EA: C63H62N4OZn·CH3OH. Calc.: C 77.75, H 6.73, N 5.67; found: C 77.60, H 6.57, N 5.31.
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6.2.4.8 54 , 104 , 154 , 204 -Tetra-t-Butyl-[ 3,52 ]-Ethano- 56 -Methyl- 31 -Oxo-5, 10, 15, 20-

Tetraphenylporphyrinato-Chloro-Indium(III), In(III)-53 

In a 50 mL round bottom flask equipped with reflux 

condenser, free base cycloketo-porphyrin 53 (50 mg, 

56 μmol), InCl3 (62 mg, 280 μmol, 5 eq.) and NaOAc (10 mg, 

122 μmol) are dissolved in 20 mL of benzonitrile and stirred at 

80 °C until TLC control indicates completion (∼3 h). After 

evaporation of the solvent in vacuo, the residue is subjected 

to FC on silica starting with CH2Cl2 as eluent to remove traces 

of residing free base and benzonitrile. Switching to a 19 : 1 

mixture of CH2Cl2 and ethyl acetate finally gives 48.4 mg 

(46.5 μmol) of pure In(III)-53 as green-purple crystalline solid, equiv. to 83.0 % yield based 

on 53. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = 1.28 (s, 3 H, CH3), 1.51 (s, 9 H, t-Bu-H), 1.60 (s, 18 H, 

t-Bu-H), 1.61 (s, 9 H, t-Bu-H), 4.17 (d, 2J = 12.0 Hz, 1 H, CH2), 5.45 (d, 2J = 12.0 Hz, 1 H, CH2), 

7.40 (d, 4J = 1.7 Hz, 1 H, Ar’H), 7.68 (m, 3 H, ArH+Ar’H), 7.76 (m, 3 H, ArH), 7.82 (br. s, 2 H, 

ArH), 7.86 (dd, 3J = 8.1 Hz, 4J = 2.0 Hz, 1 H, ArH), 8.12 (br. s, 2 H, ArH), 8.31 (d, 3J = 7.1 Hz, 1 H, 

ArH), 8.47 (dd, 3J = 8.1 Hz, 4J = 2.0 Hz, 1 H, ArH), 8.87 (d, 3J = 4.6 Hz, 1 H, β-H), 8.94 (m, 2 H, β-

H), 8.98 (d, 3J = 4.6 Hz, 1 H, β-H), 9.02 (d, 3J = 4.6 Hz, 1 H, β-H), 9.10 (d, 3J = 4.6 Hz, 1 H, β-H), 

9.16 (s, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.8, 31.4, 31.6, 34.8, 34.9, 53.6, 116.3, 121.4, 

123.9, 124.1, 124.3, 125.4, 127.6, 128.6, 132.8, 132.9, 133.3, 133.4, 133.6 (2 signals), 133.9, 

134.1, 134.2, 134.9, 136.5, 137.4, 137.9, 138.2, 138.3, 143.9, 145.2, 147.1, 149.2, 150.3, 

150.7, 151.1, 151.2, 151.4, 151.9, 152.8, 192.1. 

MS (MALDI-TOF, no matrix): m/z (%) = 1041 (100) [MH]+, 1006 (83) [MH-Cl]+. 

IR (ATR): 𝜈 [cm-1] = 3030, 2965, 2903, 2869, 1687, 1519, 1476, 1396, 1363, 1337, 1268, 1240, 

1157, 1109, 1070, 1048, 1009, 869, 814, 800, 723. 

UV/Vis (DMF): λ [nm] (ε [M
-1·cm-1]) = 451 (226000), 591 (10200), 657 (16300). 

EA: C63H62ClInN4O·0.5 CH2Cl2·0.5 EtOAc. Calc.: C 69.74, H 5.99, N 4.97; found: C 69.79, H 6.29, 

N 4.87.  
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6.2.4.9 104 , 154 , 204 - Tri - t - Butyl - 5 , 10 , 15 , 20 - Tetraphenylporphyrin - 52 - Methyl 

Methanoate, 60 

In a 2 L round bottom flask, methyl 2-formylbenzoate 59 

(1.64 g, 10 mmol), 4-t-butylbenzaldehyde (5.0 mL, 30 mmol) 

and pyrrole (2.8 mL, 40 mmol) are dissolved in CHCl3 (1 L). 

BF3·OEt2 (0.5 mL, 4.1 mmol) is added and the solution is 

stirred at rt for 70 min under exclusion of light whereupon 

the color changes slowly to dark purple. Then DDQ (4.5 g, 

20 mmol) is added and stirring is continued for further 2 h. 

The crude product is gained by removal of the solvents and 

pre-cleaning via filtration over a silica plug with CH2Cl2 as 

eluent. Final purification is achieved by FC over silica eluting with CH2Cl2 and hexanes (ratio 

2 : 3). Yield: 1.46 g (174 µmol) of 60 as purple powder, equiv. to 17.4% based on 59.  

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.67 (s, 2 H, NH), 1.61 (s, 18 H, t-Bu-H), 1.62 (s, 9 H, 

t-Bu-H), 2.72 (s, 3 H, CH3), 7.76 (m, 7 H, ArH & Ar’H), 7.82 (dd, 3J = 7.3 Hz, 4J = 1.7 Hz, 1 H, 

Ar’H), 7.86 (dt, 3J = 7.8 Hz, 4J = 1.5 Hz, 1 H, Ar’H), 8.15 (m, 6 H, ArH), 8.40 (dd, 3J = 7.7 Hz, 
4J = 1.6 Hz, Ar’H), 8.66 (d, 3J = 4.8 Hz, 2 H, β-H), 8.87 (d, 3J = 4.8 Hz, 2 H, β-H), 8.89 (s, 4 H, β-

H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 31.6, 34.8, 51.5, 118.7, 120.2, 120.3, 123.6, 128.3, 

129.6, 129.7, 134.2, 134.5, 136.1, 139.2, 142.7, 150.5, 168.2. 

MS (FAB+, NBA): m/z (%) = 841 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3319, 3028, 2961, 2902, 2867, 1735, 1720, 1473, 1398, 1362, 1349, 1291, 

1257, 1108, 1084, 968, 801, 734. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 419 (267400), 516 (9900), 552 (5600), 592 (3200), 649 

(2400). 

EA: C58H56N4O2·0.5 H2O. Calc.: C 81.95, H 6.76, N 6.59; found: C 81.81, H 6.86, N 6.43. 
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6.2.4.10 104,154,204-Tri-t-Butyl-5,10,15,20-Tetraphenylporphyrin-52-Methanoic Acid, 65 

In 250 mL round bottom flask equipped with reflux 

condenser, porphyrin methanoate 60 (300 mg, 357 µmol) is 

dissolved in a mixture of THF (10 mL), water (10 mL) and 

ethanol (100 mL) containing powdered KOH (2.0 g, ∼5 wt.-%). 

Stirring under reflux for 12 h and subsequent addition of 

water furnishes crude 65 as fine precipitate which is collected 

by filtration and washed with water. Redissolving in CH2Cl2, 

neutralization with 2 M aqueous HCl, washing with water and 

drying over MgSO4 gives a violet powder being further 

purified by FC over silica raising the polarity of the eluent from pure CH2Cl2 to pure ethyl 

acetate. Yield: 277 mg (335 µmol) of 65 as purple powder, equiv. to 95% based on 60.  

1H NMR (300 MHz, rt, CDCl3/THF-d8): δ [ppm] = -2.72 (s, 2 H, NH), 1.56 (s, 27 H, t-Bu-H), 

7.68 – 7.76 (m, 6+2 H, ArH+Ar’H), 8.08 – 8.11 (m, 6+1 H, ArH+Ar’H), 8.31 (m, 1 H, Ar’H), 8.61 

(d, 3J = 4.7 Hz, 2 H, β-H), 8.77 – 8.81 (m, 6 H, β-H). 

13C NMR (75.5 MHz, rt, CDCl3/THF-d8): δ [ppm] = 31.6, 34.8, 119.1, 119.9, 120.0, 123.5, 

128.1, 129.3, 129.8, 130.8, 134.4, 134.6, 135.9, 139.1, 139.3, 142.6, 150.3, 168.7. 

MS (FAB+, NBA): m/z (%) = 827 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3316, 3030, 2961, 2868, 1691, 1598, 1471, 1397, 1351, 1297, 984, 799, 

721. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (256300), 517 (10000), 552 (5100), 592 (3100), 

648 (2500). 

EA: C57H54N4O2·1.5 H2O. Calc.: C 80.16, H 6.73, N 6.56; found: C 80.41, H 6.62, N 6.37. 
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6.2.4.11 104 , 154 , 204 - Tri - t - Butyl - [ 3,52 ] - Methano - 31 - Oxo - 5 , 10 , 15 , 20 -

Tetraphenylporphyrin, 58 

According to GP III, the following substances and chemicals 

are reacted with porphyrin methanoic acid 65 (100 mg, 

121 µmol): a.: CH2Cl2 (50 mL), Cu(OAc)2·2 H2O (418 mg, 

1.21 mmol); b.: CH2Cl2 (30 mL), C2O2Cl2 (2 mL); CH2Cl2 (30 mL), 

SnCl4 (1 mL); c.: TFA (5 mL), conc. H2SO4 (1 mL). After FC over 

silica, eluting with CH2Cl2 and hexanes (ratio 1 : 2), 60 mg 

(74 µmol) of pure 58 are obtained as a dark green powder, 

equiv. to 61.2 % yield based on 65.  

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -0.55 (s, 2 H, NH), 1.56 (s, 9 H, t-Bu-H), 1.58 (s, 18 H, 

t-Bu-H), 7.44 (t, 3J = 7.3 Hz, 1 H, Ar‘H), 7.72 (m, 6+1 H, ArH+Ar’H), 8.00 (m, 6 H, ArH), 8.29 (d, 
3J = 7.9 Hz, 1 H, ArH), 8.47 (dd, 3J = 7.7 Hz, 4J = 1.1 Hz, 1 H, Ar’H), 8.50 (d, 3J = 4.8 Hz, 1 H, β-

H), 8.56 (m, 2 H, β-H), 8.62 (m, 2 H, β-H), 9.24 (m, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 31.7, 34.9, 110.5, 118.2, 121.0, 123.2, 123.9, 

126.3, 127.4, 129.3, 133.2, 134.1, 134.4, 134.5, 136.5, 137.5, 138.0, 138.3, 151.0, 151.1, 

192.0. 

MS (FAB+, NBA): m/z (%) = 809 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3300, 3065, 3030, 2961, 2903, 2868, 2247, 1725, 1648, 1590, 1556, 1525, 

1505, 1463, 1397, 1363, 1293, 1279, 1216, 1197, 1162, 1108, 1023, 984, 965, 911, 849, 802, 

730. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 332 (24900), 395 (35500), 465 (99500), 533 (3000), 

579 (5000), 644 (7700), 745 (9300). 

EA: C57H52N4O·H2O. Calc.: C 81.01, H 6.68, N 6.63; found: C 80.85, H 6.61, N 6.40. 
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6.2.4.12 104 ,154 ,204 -Tri-t-Butyl-52 -(Hydroxymethyl)-5, 10, 15,20-Tetraphenylporphyrin, 

61 

Firstly, the zinc(II) complex of porphyrin methanoate 60, 

Zn(II)-60, is formed by addition of a concentrated methanolic 

solution of Zn(OAc)2·2 H2O (1.57 g, 7.1 mmol) to 60 (300 mg, 

357 µmol) dissolved in CH2Cl2 (50 mL) in a 100 mL round 

bottom flask. This mixture is stirred at rt until TLC control 

shows completion. Thereupon, the purple solution is 

transferred into a separatory funnel and washed with water 

trice, dried over MgSO4 and brought to dryness under high 

vacuum. Thus obtained Zn(II)-60 (pinkish powder) is then 

transferred into a 100 mL round bottom flask with N2 inlet and dissolved in abs. THF (50 mL) 

under inert gas atmosphere. Subsequently, LiAlH4 (135 mg, 3.57 mmol) is added and the 

mixture is allowed to react for 30 min at rt, before the reaction is quenched by careful 

addition of methanol (10 mL). Upon acidification with 6 M aqueous HCl, the crude product is 

extracted with CH2Cl2. The combined organic layers are washed with water, neutralized by 

shaking out with a saturated aqueous solution of NaHCO3 and washed with water again. 

After drying over MgSO4 and evaporation of the solvent, FC (silica, CH2Cl2 : hexanes = 5 : 3) 

yields 252 mg (310 µmol) of pure 61 as purple powder, equiv. to 87 % yield based on 60. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.71 (s, 2 H, NH), 1.21 (t, 3J = 5.6 Hz, 1 H, OH), 1.60 

(s, 18 H, t-Bu-H), 1.61 (s, 9 H, t-Bu-H), 4.31 (d, 3J = 5.2 Hz, 2 H, CH2), 7.64 (dt, 3J = 7.6 Hz, 

4J = 0.9 Hz, 1 H, Ar’H), 7.75 (m, 6 H, ArH), 7.81 (t, 3J = 7.6 Hz, 1 H, Ar’H), 7.89 (d, 3J = 7.7 Hz, 

1 H, Ar’H), 8.13 (br m, 7 H, ArH & Ar’H), 8.66 (d, 3J = 4.7 Hz, 2 H, β-H), 8.88 (m, 6 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 31.7, 34.9, 63.8, 116.5, 120.4, 120.7, 123.6, 125.7, 

126.9, 128.8, 131.2, 131.5, 134.1, 134.4, 138.9, 139.2, 140.3, 142.3, 150.5. 

MS (FAB+, NBA): m/z (%) = 813 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3410, 3028, 2960, 2903, 2866, 1809, 1606, 1559, 1505, 1473, 1396, 1362, 

1348, 1266, 1193, 1153, 1108, 1023, 993, 981, 967, 881, 849, 801. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (285200), 517 (10400), 552 (5200), 591 (3100), 

646 (2000). 
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EA: C57H56N4O·0.5 H2O. Calc.: C 83.28, H 6.99, N 6.81; found: C 83.43, H 6.99, N 6.82. 

6.2.4.13 52-(Bromomethyl)-104,154,204-Tri-t-Butyl-5,10,15,20-Tetraphenylporphyrin, 62 

In a 100 mL round bottom flask, hydroxymethyl porphyrin 61 

(252 mg, 310 µmol) is dissolved in CH2Cl2 (50 mL) and HBr 

(5.4 M in glacial acetic acid, 10 mL) is added. The flask is 

closed by a one-hole stopper with exhaust duct and the 

reaction mixture, now appearing dark-green, is stirred at rt 

for 3 h. Then water is added and the biphasic mixture is 

transferred in to a separatory funnel where the organic layer 

is separated and washed with water repeatedly until it 

appears purple. Subsequent neutralization with a saturated 

aqueous solution of NaHCO3, washing with water, drying over MgSO4 and evaporation to 

dryness furnishes the crude product which is purified by FC (silica, CH2Cl2 : hexanes = 2 : 1) to 

yield 101 mg (115 µmol) of pure 62 as violet powder, equiv. to 37% yield based on 61. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.59 (s, 2 H, NH), 1.65 (s, 27 H, t-Bu-H), 4.31 (s, 2 H, 

CH2), 7.64 (dt, 3J = 7.6 Hz, 4J = 1.4 Hz, 1 H, Ar’H), 7.80 (br m, 6+1 H, ArH+Ar’H), 7.92 (dd, 
3J = 8.1 Hz, 4J = 1.0 Hz, 1 H, Ar’H), 8.13 (dd, 3J = 7.6 Hz, 4J = 1.0 Hz, 1 H, Ar’H), 8.21 (m, 6 H, 

ArH), 8.73 (d, 3J = 4.7 Hz, 2 H, β-H), 8.97 (m, 6 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 31.6, 31.8, 34.9, 115.7, 120.4, 120.8, 123.6, 126.5, 

129.1, 129.7, 131.4, 134.5, 139.0, 139.2, 139.3, 141.6, 150.5. 

MS (FAB+, NBA): m/z (%) = 876 (100) [MH]+·, 795 (40) [M-Br]+·. 

IR (ATR): 𝜈 [cm-1] = 3318, 3028, 2962, 2867, 2360, 1474, 1396, 1363, 1349, 1267, 1220, 1108, 

1023, 967, 801, 736. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (303800), 515 (12100), 551 (6000), 590 (3800), 

646 (3200). 

EA: C57H55BrN4·CH2Cl2. Calc.: C 75.19, H 6.15, N 6.10; found: C 75.01, H 6.11, N 5.99. 
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6.2.4.14 104,154,204-Tri-t-Butyl-52-(Cyanomethyl)-5,10,15,20-Tetraphenylporphyrin, 63 

According to GP I, the following amounts are scheduled: 

bromomethyl porphyrin 62 (101 mg, 115 µmol); a. 

Zn(OAc)2·2 H2O (505 mg, 2.3 mmol); KCN (375 mg, 

5.75 mmol), PEG 400 (25 mL). The product is finally purified 

by FC over silica with CH2Cl2 and hexanes (ratio 2 : 1) as 

eluent to yield 90 mg (110 µmol) of 63 as dark violet powder, 

equiv. to 95% yield based on 62. 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.63 (s, 2 H, NH), 1.64 (s, 27 H, t-Bu-H), 3.42 (s, 2 H, 

CH2), 7.73 (dt, 3J = 7.6 Hz, 4J = 1.2 Hz, 1 H, Ar’H), 7.78 (br m, 6+1 H, ArH+Ar’H), 7.87 (dt, 
3J = 8.1 Hz, 4J = 1.4 Hz, 1 H, Ar’H), 7.98 (d, 3J = 7.8 Hz, 1 H, Ar’H), 8.18 (br m, 6 H, ArH), 8.66 

(d, 3J = 4.8 Hz, 2 H, β-H), 8.95 (s, 4 H, β-H), 8.96 (d, 3J = 4.8 Hz, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.8, 31.6, 34.9, 114.9, 117.8, 120.6, 121.1, 123.6, 

126.6, 127.5, 129.3, 132.0, 134.3, 134.4, 138.8, 139.0, 141.3, 150.6. 

MS (FAB+, NBA): m/z (%) = 823 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3315, 2962, 2903, 2866, 1558, 1510, 1476, 1397, 1363, 1268, 1220, 1187, 

1150, 1109, 1025, 965, 849, 803, 738, 715. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (256300), 516 (9530), 552 (4930), 591 (2850), 647 

(2100). 

EA: C58H55N5·H2O. Calc.: C 82.92, H 6.84, N 8.34; found: C 82.67, H 6.79, N 8.19. 
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6.2.4.15 104,154,204-Tri-t-Butyl-5,10,15,20-Tetraphenylporphyrin-52-Ethanoic Acid, 64 

The synthesis follows GP II, involving cyanomethyl 

porphyrin 63 (90 mg, 110 µmol), glacial HOAc (10 mL), 

conc. H2SO4 (10 mL) and water (3 mL). Final FC over silica 

with CH2Cl2 and ethyl acetate (ratio 9 : 1) gives 79 mg 

(94 µmol) of pure 64 as purple powder, equiv. to 85 % yield 

based on 63. 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.74 (s, 2 H, NH), 1.54 (s, 18 H, t-Bu-H), 1.61 (s, 9 H, 

t-Bu-H), 3.35 (s, 2 H, CH2), 7.54 – 7.71 (div m, 6+1 H, ArH+Ar’H), 7.75 (d, 3J = 8.6 Hz, 2 H, ArH), 

8.03 (m, 1 H, Ar’H), 8.06 (d, 3J = 8.6 Hz, 4 H, ArH), 8.11 (d, 3J = 7.0 Hz, 1 H, Ar’H), 8.15 (d, 
3J = 8.1 Hz, 1 H, Ar’H), 8.60 (d, 3J = 4.8 Hz, 2 H, β-H), 8.79 (d, 3J = 4.8 Hz, 2 H, β-H), 8.83 (d, 
3J = 4.7 Hz, 2 H, β-H), 8.86 (d, 3J = 4.7 Hz, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 25.6, 31.6, 31.7, 34.7, 39.0, 116.7, 120.3, 120.6, 

123.6, 125.5, 128.6, 129.3, 131.4, 134.4, 135.4, 139.0, 139.2, 141.9, 150.4, 150.5, 175.3. 

MS (FAB+, NBA): m/z (%) = 841 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 3028, 2962, 2867, 1691, 1598, 1475, 1398, 1350, 1297, 985, 802, 

721. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (257400), 517 (9200), 552 (4900), 592 (3000), 648 

(2200). 

EA: C58H56N4O2·H2O. Calc.: C 79.42, H 6.89, N 6.39; found: C 79.20, H 6.75, N 6.14. 
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6.2.4.16 104,154,204-Tri-t-Butyl-[3,52]-Ethano-31-Oxo-5,10,15,20-Tetraphenylporphyrin, 

57 

The preparation is done according to GP III starting from 

porphyrin ethanoic acid 64 (79 mg, 94 µmol). Furthermore: 

a.: CH2Cl2 (20 mL), Cu(OAc)2 2 H2O (325 mg, 0.94 mmol); b.: 

CH2Cl2 (20 mL), C2O2Cl2 (1 mL); CH2Cl2 (20 mL), SnCl4 (0.7 mL); 

c.: TFA (5 mL), conc. H2SO4 (1 mL). Purification is achieved by 

FC over silica with CH2Cl2 and hexanes (ratio 1 : 2) as eluent to 

furnish 50 mg (61 µmol) of pure 57 as dark green powder, 

equiv. to 65 % yield based on 64. 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.70 (s, 2 H, NH), 1.59 (s, 9 H, t-Bu-H), 1.60 (s, 9 H, t-

Bu-H), 1.61 (s, 9 H, t-Bu-H), 4.20 (d, 2J = 11.8 Hz, 1 H, CH2), 5.59 (d, 2J = 11.8 Hz, 1 H, CH2), 

7.19 (dd, 3J = 7.5 Hz, 4J = 1.1 Hz, 1 H, ArH), 7.54 (m, 2 H, ArH), 7.81 (br m, 7 H, ArH), 8.00 (d, 
3J = 7.0 Hz, 1 H, ArH), 8.19 (d, 3J = 7.3 Hz, 1 H, ArH), 8.31 (br s, 2 H, ArH), 8.71 (d, 3J = 4.7 Hz, 

1 H, β-H), 8.76 (d, 3J = 4.7 Hz, 1 H, β-H), 8.82 (d, 3J = 4.8 Hz, 1 H, β-H), 8.84 (d, 3J = 4.8 Hz, 1 H, 

β-H), 8.90 (d, 3J = 4.9 Hz, 1 H, β-H), 9.09 (d, 3J = 4.9 Hz, 1 H, β-H), 9.16 (s, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 31.6, 34.9, 52.6, 115.8, 119.5, 121.9, 123.8, 125.3, 

126.9, 127.2, 127.9, 129.9, 134.2, 138.1, 138.3, 138.5, 141.0, 141.3, 150.7, 150.8, 151.0, 

191.5. 

MS (FAB+, NBA): m/z (%) = 823 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 3030, 2961, 2903, 2868, 1725, 1679, 1552, 1502, 1471, 1397, 1363, 

1266, 1197, 1158, 1108, 1073, 1023, 984, 965, 911, 849, 802, 729. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 438 (182000), 540 (8200), 584 (7100), 686 (5000). 

EA: C58H54N4O·H2O. Calc.: C 82.82, H 6.71, N 6.66; found: C 82.53, H 6.68, N 6.42. 
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6.2.5 A2B2-Type Poly-Annulated Cycloketo-Porphyrin Systems and 

Precursors 

6.2.5.1 54 , 104 , 154 , 204 - Tetra - t - Butyl - 52 , 56 - Bis - (Cyanomethyl) - 5 , 10 , 15 , 20 -

Tetraphenylporphyrin, 72 

Using GP I, bromomethyl porphyrin 46 (400 mg, 0.390 mmol) 

is reacted under the following conditions: a.: CH2Cl2 (50 mL), 

Zn(OAc)2·2 H2O (1.71 g, 7.8 mmol, 20 eq); b.: KCN (1.90 g, 

29.3 mmol, 75 eq), PEG 400 (50 mL). Final purification is 

achieved by FC over silica using CH2Cl2 and hexanes as eluent 

(ratio 3 : 1). The pure product 72 is obtained as dark purple 

powder in 338 mg (0.369 mmol) yield, equiv. to 95 % based 

on 46. 

 

1H NMR (300 MHz, rt, CDCl3): δ [ppm] = -2.69 (s, 2 H, NH), 1.61 (s, 27 H, t-BuH), 1.67 (s, 9 H, 

t-BuH), 3.28 (s, 4 H, CH2), 7.77 (m, 6 H, ArH), 7.98 (s, 2 H, Ar’H), 8.14 (m, 6 H, ArH), 8.52 (d, 
3J = 4.7 Hz, 2 H, β-H), 8.90 (s, 4 H, β-H), 8.93 (d, 3J = 4.7 Hz, 2 H, β-H). 

13C NMR (75.5 MHz, rt, CDCl3): δ [ppm] = 31.3, 31.5, 32.3, 34.4, 34.7, 111.7, 120.5, 121.2, 

123.1, 126.6, 130.6, 131.5, 131.6, 132.0, 134.2, 138.9, 139.1, 139.9, 140.0, 149.3, 149.4, 

149.8, 149.9, 150.1, 151.7. 

MS (FAB+, NBA): m/z (%) = 918 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 3030, 2957, 2903, 2868, 1603, 1559, 1505, 1475, 1397, 1363, 1334, 

1266, 1220, 1197, 1185, 1108, 1069, 1023, 965, 930, 849, 807, 733. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (392000), 518 (17800), 553 (9170), 591 (5900), 

648 (5420). 

EA: C64H64N6·H2O·0.5 C6H14. Calc.: C 82.25, H 7.52, N 8.59; found: C 82.19, H 7.41, N 8.32. 
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6.2.5.2 54,104,154,204-Tetra-t-Butyl-5,10,15,20-Tetraphenylporphyrin-52,56-Diethanoic 

Acid, 75 

According to GP II, those amounts are used: cyanomethyl 

porphyrin 72 (250 mg, 0.273 mmol), glacial HOAc (10 mL), 

conc. H2SO4 (10 mL) and water (4 mL). If necessary, 

purification can be done by FC (silica, CHCl3 : THF = 10 : 1). 

Finally the procedure furnishes 75 (231 mg, 0.242 mmol) as 

a dark violet powder, equiv. to 88.8 % yield based on 72. 

 

 

1H NMR (400 MHz, rt, THF-d8): δ [ppm] = -2.59 (s, 2 H, NH), 1.61 (s, 27 H, t-BuH), 1.62 (s, 9 H, 

t-BuH), 3.15 (s, 4 H, CH2), 7.72 (s, 2 H, Ar’H), 7.82 (m, 6 H, ArH), 8.15 (m, 6 H, ArH), 8.67 (d, 
3J = 4.6 Hz, 2 H, β-H), 8.75 (d, 3J = 4.6 Hz, 2 H, β-H), 8.81 (s, 4 H, β-H).  

13C NMR (100.5 MHz, rt, THF-d8): δ [ppm] = 32.1 (two peaks), 35.7, 40.6, 116.8, 121.0, 121.5, 

124.7, 126.6, 131.9, 135.6, 138.0, 139.9, 140.6, 140.8, 151.6 (two peaks), 152.0, 172.5.  

MS: m/z (%) = 954 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3308, 3030, 2961, 2907, 2868, 1718, 1610, 1559, 1505, 1475, 1436, 1401, 

1363, 1320, 1285, 1253, 1220, 1154, 1112, 1023, 984, 849, 799, 718. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (396000), 517 (19200), 553 (10200), 591 (6980), 

648 (6290) nm. 

EA: C64H66N4O4·HOAc. Calc.: C 78.08, H 6.95, N 5.52; found: C 78.49, H 6.95, N 5.42. 
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6.2.5.3 54 ,104 ,154 ,204 -Tetra -t-Butyl-[3,52] , [56,7]-Diethano-31,71-Dioxo-5, 10, 15, 20-

Tetraphenylporphyrin, 71 

Following GP III, these substances and amounts are used for 

reactions with 100 mg (105 μmol) of porphyrin diethanoic 

acid 75: a.: CH2Cl2 (20 mL), Cu(OAc)2·H2O (210 mg, 1.05 mmol, 

10 eq); b.: CH2Cl2 (20 mL), C2O2Cl2 (2 ml); CH2Cl2 (20 mL), SnCl4 

(1 mL); c.: TFA (5 mL), conc. H2SO4 (1 mL). The product is 

isolated by FC over silica with CH2Cl2 and hexanes as eluent 

(ratio: 3 : 2). Thus are obtained 67.5 mg (73 μmol) of pure 71 

as dark green powder, equiv. to 69.9% yield based on 75.  

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.36 (s, 2 H, NH), 1.51 (s, 9 H, t-BuH), 1.58 (s, 9 H, t-

BuH), 1.59 (s, 18 H, t-BuH), 3.85 (d, 2J = 11.4 Hz, 2 H, CH2), 4.37 (d, 2J = 11.4 Hz, 2 H, CH2), 

7.71 (s, 2 H, Ar’H), 7.77 (d, 3J = 8.3 Hz, 6 H, ArH), 8.04 (d, 3J = 8.2 Hz, 4 H, ArH), 8.07 (br s, 2 H, 

ArH), 8.50 (d, 3J = 4.7 Hz, 2 H, β-H), 8.60 (d, 3J = 4.6 Hz, 2 H, β-H), 8.69 (s, 4 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 31.2, 31.6, 34.9 (two peaks), 53.9, 111.9, 123.0, 

124.2, 124.4, 125.6, 127.9, 129.0, 131.7, 132.0, 134.8, 136.1, 137.6, 137.8, 151.3, 151.7, 

153.9, 190.1. 

MS (FAB+, NBA): m/z (%) = 920 (100) [MH]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2953, 2903, 2864, 1691, 1606, 1552, 1525, 1502, 1459, 1393, 1363, 

1343, 1247, 1197, 1131, 1108, 1027, 1000, 980, 869, 849, 799, 714. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 351 (36100), 463 (123000), 485 (85600), 584 (10500), 

627 (17200), 732 (15800). 

EA: C64H62N4O2·H2O. Calc.: C 82.02, H 6.88, N 5.98; found: C 81.75, H 6.80, N 5.84. 
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6.2.5.4 αβ-54 ,104 ,154 ,204 -Tetra-t-Butyl-52 ,152 -Bis-(Cyanomethyl)-56 ,156 -Dimethyl-

5,10,15,20-Tetraphenylporphyrin, 73 

According to GP I, the following chemicals are reacted with 

350 mg (0.332 mmol) of bromomethyl porphyrin 47: a.: 

Zn(OAc)2·2 H2O (1.46 g, 6.64 mmol, 20 eq), CH2Cl2 (50 mL); b.: 

KCN (1.62 g, 24.9 mmol, 75 eq), PEG 400 (50 mL). Upon FC 

over silica with CH2Cl2 and hexanes (ratio 2 : 1) as eluent 

mixture, pure 73 (298 mg, 0.316 mmol) is obtained as purple 

powder, equiv. to 95 % yield based on 47. 

 

 

1H NMR (400 MHz, 30 °C, CDCl3/THF-d8): δ [ppm] = -2.66 (s, 2 H, NH), 1.51 (s, 18 H, t-BuH), 

1.54 (s, 18 H, t-BuH), 1.84 (s, 6 H, CH3), 3.15 (s, 4 H, CH2), 7.57 (d, 4J = 1.5 Hz, 2 H, Ar’H), 7.68 

(m, 6 H, ArH), 7.74 (d, 4J = 1.7 Hz, 2 H, Ar’H), 8.04 (m, 6 H, ArH), 8.52 (d, 3J = 4.6 Hz, 4 H, β-H), 

8.79 (d, 3J = 4.9 Hz, 4 H, β-H). 

13C NMR (100.5 MHz, 30 °C, CDCl3/THF-d8): δ [ppm] = 22.2, 23.6, 32.0, 32.1, 35.4, 35.6, 

116.1, 118.3, 121.2, 123.1, 124.4, 127.0, 130.3, 132.6, 132.9, 135.2, 138.7, 139.3, 140.7, 

151.5, 153.1. 

MS (FAB+, NBA): m/z (%) = 945 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3312, 3034, 2957, 2906, 2868, 1722, 1610, 1559, 1505, 1463, 1397, 1363, 

1343, 1270, 1208, 1185, 1108, 1023, 965, 872, 849, 799, 737. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (356000), 516 (19100), 551 (8490), 591 (6170), 

648 (5380). 

EA: C66H68N6·0.5 H2O·0.5 C6H14. Calc.: C 83.09, H 7.68, N 8.43; found: C 83.09, H 7.71, N 8.10. 
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6.2.5.5 αβ - 54, 104, 154, 204 - Tetra - t - Butyl - 56 ,156 - Dimethyl - 5, 10, 15, 20 -

Tetraphenylporphyrin-52,152-Diethanoic Acid, 76 

Following GP II, 200 mg (212 μmol) of cyanomethyl 

porphyrin 73 are reacted in glacial HOAc (15 mL), conc. 

H2SO4 (15 mL) and water (5 mL). Pure 76 appears in an 

amount of 177 mg (0.180 μmol) as dark violet powder, 

equiv. to 85 % yield based on 73, after purification by FC 

over silica using toluene and THF (ratio 19 : 1) as eluent.  

 

 

1H NMR (400 MHz, 40 °C, THF-d8): δ [ppm] = -2.62 (s, 2 H, NH), 1.52 (s, 36 H, t-BuH), 1.70 (s, 

6 H, CH3), 3.14 (s, 4 H, CH2), 7.46 (s, 2 H, Ar’H), 7.56 (s, 2 H, Ar’H), 7.67 (d, 3J = 8.1 Hz, 4 H, 

ArH), 8.04 (d, 3J = 7.8 Hz, 4 H, ArH), 8.58 (d, 3J = 4.6 Hz, 4 H, β-H), 8.70 (d, 3J = 4.6 Hz, 4 H, β-

H), 10.0 (br s, 2 H, COOH). 

13C NMR (100.5 MHz, 40 °C, THF-d8): δ [ppm] = 22.4, 32.1, 35.4 (two peaks), 40.5, 117.8, 

120.4, 124.3, 125.2, 125.7, 131.1, 131.9, 135.2, 137.0, 139.5, 140.0, 140.1, 151.3, 151.9, 

173.0. 

MS (FAB+, NBA): m/z (%) = 945 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3200, 3034, 2957, 2903, 2868, 1741, 1710, 1606, 1563, 1505, 1475, 1397, 

1363, 1270, 1220, 1189, 1135, 1112, 1023, 965, 923, 876, 799, 741, 729. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (334000), 517 (13900), 550 (4970), 591 (3700), 

647 (2680). 

EA: C66H70N4O4·0.5 H2O. Calc.: C 79.89, H 7.21, N 5.65; found: C 79.83, H 7.28, N 5.45. 
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6.2.5.6 αβ-54,104,154,204-Tetra-t-Butyl-[3,52],[152,17]-Diethano-56,156-Dimethyl-31,171-

Dioxo-5,10,15,20-Tetraphenylporphyrin, 69 

Using GP III, porphyrin diethanoic acid 76 (146 mg, 140 μmol) 

is brought to reaction with: a.: Cu(OAc)2·H2O (280 mg, 

1.4 mmol, 10 eq), CH2Cl2 (20 mL); b.: C2O2Cl2 (2 mL), CH2Cl2 

(20 mL); SnCl4 (1 mL), CH2Cl2 (20 mL); c.: TFA (5 mL), conc. 

H2SO4 (1 mL). The pure product elutes as second major 

fraction upon FC over silica using CH2Cl2 and hexanes (ratio: 

3 : 2) as eluent. Thus purely yielded 69 in an amount of 77 mg 

(81 μmol) appears as green powdery solid, equiv. to 58 % 

yield based on 76.  

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -0.15 (s, 2 H, NH), 1.49 (s, 6 H, CH3), 1.50 (s, 18 H, t-

BuH), 1.58 (2 s, 9+9 H, t-BuH), 4.04 (d, 2J = 12.0 Hz, 2 H, CH2), 5.16 (d, 2J = 12.0 Hz, 2 H, CH2), 

7.40 (d, 4J = 2.0 Hz, 2 H, Ar’H), 7.64 (d, 4J = 2.0 Hz, 2 H, Ar’H), 7.74 (d, 3J = 8.6 Hz, 2 H, ArH), 

7.75 (d, 3J = 8.6 Hz, 2 H, ArH), 8.00 (d, 3J = 8.1 Hz, 2 H, ArH), 8.02 (d, 3J = 8.1 Hz, 2 H, ArH), 

8.49 (d, 3J = 4.9 Hz, 2 H, β-H), 8.64 (d, 3J = 4.9 Hz, 2 H, β-H), 8.74 (s, 2 H, β-H) ppm. 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.6, 31.4, 31.5, 31.6, 34.7, 34.8, 34.9, 53.2, 

115.9, 117.7, 124.2, 124.7 (two peaks), 126.6, 128.4, 132.4, 132.5, 133.4, 134.0, 137.0, 

137.2, 137.3, 138.0, 142.0, 151.0, 152.4, 152.7, 191.0. 

MS (FAB+, NBA): m/z (%) = 947 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2957, 2903, 2868, 1683, 1606, 1556, 1502, 1478, 1461, 1397, 1363, 

1258, 1239, 1197, 1177, 1108, 1046, 1015, 984, 869, 833, 803, 756, 721. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 452 (196000), 469 (130000), 571 (9730), 621 (10600), 

733 (13300). 

EA: C66H66N4O2·0.5 H2O. Calc.: C 82.90, H 7.06, N 5.86; found: C 83.23, H 6.95, N 5.79. 
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6.2.5.7 αβ-54,104,154,204-Tetra-t-Butyl-[3,52],[13,152]-Diethano-56,156-Dimethyl-31,131-

Dioxo-5,10,15,20-Tetraphenylporphyrin, 70 

The system is obtained from the same reaction as 69 

(paragraph 6.2.5.6) but elutes as first major fraction upon FC. 

Pure 70 appears as green powder after evaporation of the 

solvents in 19 mg (20 μmol) yield, equiv. to 14% based on 76.  

 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -0.93 (s, 2 H, NH), 1.17 (s, 6 H, CH3), 1.49 (s, 18 H, t-

BuH), 1.57 (s, 18 H, t-BuH), 4.10 (d, 2J = 11.7 Hz, 2 H, CH2), 5.46 (d, 2J = 12.0 Hz, 2 H, CH2), 

7.34 (d, 4J = 1.7 Hz, 2 H, Ar’H), 7.64 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 2 H, ArH), 7.67 (d, 4J = 1.7 Hz, 

2 H, Ar’H), 7.69 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 2 H, ArH), 7.81 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 2 H, 

ArH), 8.29 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 2 H, ArH), 8.72 (d, 3J = 4.9 Hz, 2 H, β-H), 8.79 (d, 
3J = 4.9 Hz, 2 H, β-H), 8.87 (s, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.5, 31.4, 31.6, 34.7, 34.9, 53.5, 115.9, 124.2, 

124.4, 124.8, 125.6, 128.5, 129.7, 130.4, 134.0, 135.7, 136.9, 137.2, 137.3, 140.9, 141.5, 

151.3, 152.6, 192.2. 

MS (FAB+, NBA): m/z (%) = 947 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 3030, 2953, 2903, 2868, 1671, 1606, 1552, 1513, 1471, 1420, 1397, 

1363, 1343, 1266, 1239, 1193, 1150, 1108, 1031, 984, 876, 853, 799, 710. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 455 (178000), 490 (60600), 576 (9720), 622 (19300), 

718 (1510). 

EA: C66H66N4O2·0.5 CH2Cl2. Calc.: C 80.70, H 6.82, N 5.66; found: C 80.46, H 6.98, N 5.48. 
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6.2.5.8 αα-54 , 104 , 154 , 204 -Tetra-t-Butyl-52 ,152 -Bis-(Cyanomethyl)-56 ,156 -Dimethyl-

5,10,15,20-Tetraphenylporphyrin, 74 

According to GP I, bromomethyl porphyrin 48 (470 mg, 

446 μmol) is subjected to the following setup: a.: CH2Cl2 

(50 mL), Zn(OAc)2·2 H2O (1.96 g, 8.93 mmol, 20 eq.); b.: KCN 

(2.18 g, 33.5 mmol, 75 eq.), PEG 400 (75 mL). Final FC over 

silica with CH2Cl2 as eluent furnishes pure 74 (370 mg, 

391 μmol) as a dark purple powder, equiv. to 88 % yield 

based on 48.  

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.64 (s, 2 H, NH), 1.60 (s, 18 H, t-BuH), 1.62 (s, 18 H, 

t-BuH), 1.92 (s, 6 H, CH3), 3.22 (s, 4 H, CH2), 7.62 (d, 4J = 1.5 Hz, 2 H, Ar’H), 7.75 (d, 3J = 7.3 Hz, 

2 H, ArH), 7.77 (d, 3J = 7.3 Hz, 2 H, ArH), 7.80 (d, 4J = 1.5 Hz, 2 H, Ar’H), 8.13 (d, 3J = 7.3 Hz, 

2 H, ArH), 8.15 (d, 3J = 7.3 Hz, 2 H, ArH), 8.61 (d, 3J = 4.9 Hz, 4 H, β-H), 8.90 (d, 3J = 4.9 Hz, 4 H, 

β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.8, 23.2, 31.5, 31.6, 34.9, 35.0, 115.4, 118.1, 

120.6, 122.4, 123.7, 123.9, 126.5, 129.7, 131.5, 132.4, 134.5, 134.7, 137.9, 138.5, 140.1, 

150.9, 152.5. 

MS (FAB+, NBA): m/z (%) = 945 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2953, 2914, 2845, 1737, 1606, 1556, 1467, 1397, 1363, 1239, 1185, 

1108, 1061, 1019, 965, 872, 803, 718. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (390000), 516 (19500), 551 (9470), 591 (6610), 

648 (6270). 

EA: C66H68N6·0.5 H2O. Calc.: C 83.07, H 7.29, N 8.81; found: C 82.91, H 7.32, N 8.53. 
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6.2.5.9 αα - 54 , 104 , 154 , 204 - Tetra - t - Butyl - 56 , 156 - Dimethyl - 5 , 10 , 15 , 20 -

Tetraphenylporphyrin-52,152-Diethanoic Acid, 77 

Following GP II, cyanomethyl porphyrin 74 (350 mg, 

370 μmol) is brought to reaction in glacial HOAc (20 mL), 

conc. H2SO4 (20 mL) and water (7 mL). Pure 77, obtained 

after FC over silica with toluene and THF as eluents 

(ratio: 9 : 1), appears as a dark purple powder in 302 mg 

(307 μmol) yield, equiv. to 83 % based on 74. 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.86 (s, 2 H, NH), 1.48 (s, 18 H, t-BuH), 1.58 (s, 18 H, 

t-BuH), 1.80 (s, 6 H, CH3), 3.09 (s, 4 H, CH2), 7.39 (d, 3J = 7.8 Hz, 2 H, ArH), 7.48 (d, 4J = 1.5 Hz, 

2 H, Ar’H), 7.50 (d, 4J = 1.7 Hz, 2 H, Ar’H), 7.58 (d, 3J = 7.8 Hz, 2 H, ArH), 7.79 (d, 3J = 7.8 Hz, 

2 H, ArH), 7.89 (d, 3J = 7.3 Hz, 2 H, ArH), 8.47 (d, 3J = 4.6 Hz, 4 H, β-H), 8.57 (d, 3J = 4.6 Hz, 4 H, 

β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.9, 29.7, 31.5, 31.6, 34.7 (two peaks), 39.8, 

116.4, 119.7, 123.4 (two peaks), 124.3, 125.4, 128.7, 130.1, 131.2, 134.4, 135.0, 138.8, 

138.9, 150.2, 151.4, 177.6. 

MS (FAB+, NBA): m/z (%) = 983 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3296, 3026, 2957, 2907, 2868, 1741, 1714, 1606, 1563, 1505, 1475, 1397, 

1363, 1289, 1270, 1224, 1189, 1135, 1023, 969, 923, 876, 803, 741, 729. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 420 (354000), 516 (19000), 551 (9650), 593 (7930), 

647 (6110) nm. 

EA: C64H66N4O4·H2O. Calc.: C 79.17, H 7.25, N 5.60; found: C 78.88, H 7.00, N 5.43. 
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6.2.5.10 αα-54,104,154,204-Tetra-t-Butyl-[3,52],[152,17]-Diethano-56,156-Dimethyl-31,171-

Dioxo-5,10,15,20-Tetraphenylporphyrin, 67 

Utilizing GP III, the following substances and amounts are 

reacted with porphyrin diethanoic acid 77 (246 mg, 

250 μmol): a.: Cu(OAc)2·H2O (500 mg, 2.50 mmol), CH2Cl2 

(50 mL); b.: C2O2Cl2 (2.5 mL), CH2Cl2 (30 mL); SnCl4 (1.5 mL), 

CH2Cl2 (30 mL); c.: TFA (10 mL), conc. H2SO4 (2 mL). Final FC 

over silica with CH2Cl2 and hexanes as eluent (ratio: 3 : 1) 

furnishes pure 67 eluting as second major fraction. The 

product appears as green-violet crystalline solid in 121 mg 

(128 μmol) yield, equiv. to 51 % based on 77.  

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -0.17 (s, 2 H, NH), 1.48 (s, 6 H, CH3), 1.49 (s, 18 H, t-

BuH), 1.57 (s, 18 H, t-BuH), 4.03 (d, 2J = 12.0 Hz, 2 H, CH2), 5.15 (d, 2J = 11.7 Hz, 2 H, CH2), 

7.39 (d, 4J = 1.7 Hz, 2 H, Ar’H), 7.62 (d, 4J = 2.0 Hz, 2 H, Ar’H), 7.73 (d, 3J = 8.6 Hz, 2 H, ArH), 

7.74 (d, 3J = 8.3 Hz, 2 H, ArH), 7.99 (d, 3J = 8.1 Hz, 2 H, ArH), 8.01 (d, 3J = 8.1 Hz, 2 H, ArH), 

8.47 (d, 3J = 4.6 Hz, 2 H, β-H), 8.62 (d, 3J = 4.9 Hz, 2 H, β-H), 8.72 (s, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.6, 31.4, 31.5, 31.6, 34.7, 34.8, 34.9, 53.2, 

115.9, 117.7, 124.2, 124.7 (two peaks), 126.6, 128.4, 132.5, 134.0, 137.0, 137.2, 137.9, 

142.0, 151.0, 152.4, 152.7, 191.0. 

MS (FAB+, NBA): m/z (%) = 947 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3034, 2957, 2926, 2903, 2876, 1687, 1606, 1556, 1502, 1475, 1397, 1363, 

1258, 1197, 1177, 1108, 1015, 984, 872, 803, 721. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 455 (175000), 491 (58900), 576 (9960), 622 (19100), 

718 (15000). 

EA: C66H66N4O2·1.5 H2O. Calc.: C 81.36, H 7.14, N 5.75; found: C 81.76, H 7.05, N 5.58. 
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6.2.5.11 αα-54,104,154,204-Tetra-t-Butyl-[3,52],[13,152]-Diethano-56,156-Dimethyl-31,131-

Dioxo-5,10,15,20-Tetraphenylporphyrin, 68 

Pure 68 arises from the same reaction setup as 67, but it 

elutes as first major fraction in doing FC and appears as green 

powder in 29 mg (31 μmol) yield, equiv. to 12 % based on 77. 

 

 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -0.94 (s, 2 H, NH), 1.17 (s, 6 H, CH3), 1.49 (s, 18 H, t-

BuH), 1.57 (s, 18 H, t-BuH), 4.09 (d, 2J = 11.2 Hz, 2 H, CH2), 5.45 (d, 2J = 11.2 Hz, 2 H, CH2), 

7.34 (d, 4J = 1.7 Hz, 2 H, Ar’H), 7.64 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 2 H, ArH), 7.67 (d, 4J = 1.7 Hz, 

2 H, Ar’H), 7.69 (dd, 3J = 8.1 Hz, 4J = 1.7 Hz, 2 H, ArH), 7.81 (dd, 3J = 8.0 Hz, 4J = 1.8 Hz, 2 H, 

ArH), 8.29 (dd, 3J = 8.0 Hz, 4J = 1.8 Hz, 2 H, ArH), 8.72 (d, 3J = 4.9 Hz, 2 H, β-H), 8.78 (d, 
3J = 4.9 Hz, 2 H, β-H), 8.86 (s, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.5, 31.4, 31.6, 34.7, 34.9, 53.5, 115.9, 124.2, 

124.4, 124.8, 125.6, 128.5, 129.7, 130.4, 134.0, 135.7, 136.9, 137.3, 140.9, 141.5, 151.3, 

152.6, 192.2. 

MS (FAB+, NBA): m/z (%) = 947 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2953, 2899, 2864, 1683, 1602, 1559, 1509, 1475, 1459, 1393, 1363, 

1339, 1262, 1235, 1193, 1150, 1108, 1011, 984, 869, 799, 722. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 452 (163000), 469 (10900), 572 (9080), 620 (9500), 

734 (11500). 

EA: C66H66N4O2·H2O·0.5 C6H14. Calc.: C 82.19, H 7.50, N 5.56; found: C 82.16, H 7.50, N 5.14. 
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6.2.5.12 αα - 54 , 104 , 154 , 204 - Tetra - t - Butyl - 56 , 156 - Dimethyl - 5 , 10 , 15 , 20 -

Tetraphenylporphyrinato-52,152-Diethanoic Acid-Nickel(II), Ni(II)-77 

Porphyrin diethanoic acid 77 (200 mg, 203 μmol) is 

suspended in toluene and acidified with some drops of 

glacial HOAc until a clear solution is obtained. Then, 

261 mg (1.02 mmol, 5 eq.) of Ni(acac)2 are added and 

the mixture is stirred under reflux conditions for 3 h 

before the solvents are evaporated completely and the 

residue is subjected to FC (silica, toluene : THF = 9 : 1) to 

furnish 182 mg (175 μmol) of pure Ni(II)-77 as red 

powder equiv. to 86.2 % based on 77.  

 

1H NMR (400 MHz, rt, THF-d8): δ [ppm] = -1.55 (2s, 18+18 H, t-BuH), 1.76 (s, 3 H, CH3), 3.19 

(s, 2 H, CH2), 7.50 (d, 4J = 1.4 Hz, 2 H, Ar’H), 7.62 (d, 4J = 1.7 Hz, 2 H, Ar’H), 7.74 (d, 3J = 8.5 Hz, 

4 H, ArH), 7.96 (d, 3J = 8.2 Hz, 4 H, ArH), 8.56 (d, 3J = 4.9 Hz, 4 H, β-H), 8.69 (d, 3J = 4.9 Hz, 2 H, 

β-H), 10.2 (s br, 2 H, COOH). 

13C NMR (100.5 MHz, rt, THF-d8): δ [ppm] = 21.8, 31.9, 35.4, 35.5, 40.2, 117.1, 119.7, 124.7, 

125.5, 125.8, 132.8, 133.1, 134.5, 137.0, 138.4, 139.2, 139.8, 143.6, 144.0, 151.4, 151.9, 

172.5. 

MS (FAB+, NBA): m/z (%) = 1038 (100) [M]+·, 993 (10) [M-CO2H]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2964, 2905, 2869, 1726, 1694, 1605, 1554, 1509, 1461, 1422, 1394, 

1352, 1267, 1205, 1074, 1004, 817, 799, 738, 715. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 415 (247500), 528 (20100). 

EA: C66H68N4NiO4·THF. Calc.: C 75.60, H 6.89, N 5.04; found: C 75.53, H 7.04, N 5.01. 
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6.2.5.13 αα-54,104,154,204-Tetra-t-Butyl-[3,52],[152,17]-Diethano-56,156-Dimethyl-31,171-

Dioxo-5,10,15,20-Tetraphenylporphyrinato-Nickel(II), Ni(II)-67 

Utilizing step b. of GP III, the following substances and 

amounts are reacted with nickel(II) porphyrin diethanoic acid 

Ni(II)-77 (150 mg, 144 μmol): C2O2Cl2 (2.5 mL), CH2Cl2 (30 mL); 

SnCl4 (1.5 mL), CH2Cl2 (30 mL). Leaving out the demetallation 

step, FC over silica with CH2Cl2 and hexanes as eluent (ratio: 

3 : 1) furnishes pure Ni(II)-67 eluting as second major fraction. 

The product appears as green crystalline solid in 77 mg 

(76 μmol) yield, equiv. to 53 % based on Ni(II)-77.  

 

1H NMR (400 MHz, 40 °C, THF-d8): δ [ppm] = 1.03 (s, 6 H, CH3), 1.44 (s, 18 H, t-BuH), 1.52 (s, 

9 H, t-BuH), 1.56 (s, 9 H, t-BuH), 4.09 (d, 2J = 12.0 Hz, 2 H, CH2), 5.45 (d, 2J = 11.6 Hz, 2 H, 

CH2), 7.27 (d, 4J = 1.6 Hz, 2 H, Ar’H), 7.35 (br s, 1 H, ArH), 7.63 (d, 4J = 2.0 Hz, 2 H, Ar’H), 7.73 

(d, 3J = 8.4 Hz, 2 H, ArH), 7.80-7.96 (br m, 2+1 H, ArH), 8.32 (br s, 1 H, ArH), 8.53 (d, 
3J = 4.8 Hz, 2 H, β-H), 8.62 (d, 3J = 4.9 Hz, 2 H, β-H), 8.83 (s, 2 H, β-H). 

13C NMR (100.5 MHz, 40 °C, THF-d8): δ [ppm] = 22.5, 31.9, 32.1, 35.6, 35.8, 54.0, 115.3, 

125.6, 125.9, 128.9, 129.7, 134.4, 134.9, 136.0, 136.3, 136.8, 137.5, 137.8, 139.7, 141.8, 

142.0, 143.8, 145.4, 145.5, 152.3, 153.8, 191.4. 

MS (MALDI-TOF, no matrix): m/z (%) = 1003 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3029, 2965, 2908, 2868, 1681, 1540, 1508, 1458, 1421, 1357, 1264, 1110, 

1073, 1052, 1017, 873, 797, 738. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 456 (144400), 581 (10800), 633 (15900). 
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6.2.5.14 αα-54,104,154,204-Tetra-t-Butyl-[3,52],[13,152]-Diethano-56,156-Dimethyl-31,131-

Dioxo-5,10,15,20-Tetraphenylporphyrinato-Nickel(II), Ni(II)-68 

Pure Ni(II)-68 arises from the same reaction setup as Ni(II)-

67, but it elutes as first major fraction in doing FC and 

appears as green powder in 20 mg (20 μmol) yield, equiv. to 

14 % based on Ni(II)-77. 

 

 

 

1H NMR (400 MHz, 40 °C, THF-d8): δ [ppm] = 1.05 (s, 6 H, CH3), 1.45 (s, 18 H, t-BuH), 1.54 (s, 

18 H, t-BuH), 4.08 (d, 2J = 11.9 Hz, 2 H, CH2), 5.39 (d, 2J = 12.0 Hz, 2 H, CH2), 7.28 (d, 
4J = 1.9 Hz, 2 H, Ar’H), 7.65 (d, 4J = 1.9 Hz, 2 H, Ar’H), 7.77 (br s, 4 H, ArH), 8.44 (d, 3J = 4.9 Hz, 

2 H, β-H), 8.61 (d, 3J = 5.0 Hz, 2 H, β-H), 8.91 (s, 2 H, β-H). 

13C NMR: not determined due to very low solubility. 

MS (MALDI-TOF, no matrix): m/z (%) = 1003 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3030, 2958, 2905, 2869, 1683, 1541, 1458, 1362, 1261, 1166, 1051, 1016, 

906, 866, 818, 792, 748. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 454 (148000), 634 (br, 15500). 
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6.2.5.15 54,104,154,204-Tetra-t-Butyl-52,56,152,156-Tetrakis-(Cyanomethyl)-5,10,15,20-

Tetraphenylporphyrin, 78 

According to GP I, bromomethyl porphyrin 49 (320 mg, 

264 μmol) is subjected to the following setup: a.: CH2Cl2 

(50 mL), Zn(OAc)2·2 H2O (1.16 g, 5.29 mmol, 20 eq.); b.: KCN 

(1.72 g, 26.4 mmol, 100 eq.), PEG 400 (75 mL). Final FC over 

silica with an eluent mixture of CH2Cl2 and ethyl acetate 

(10 : 1) furnishes pure 78 (236 mg, 237 μmol) as a dark purple 

powder, equiv. to 89.7 % yield based on 49. 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.62 (s, 2 H, NH), 1.63 (s, 18 H, t-BuH), 1.67 (s, 18 H, 

t-BuH), 3.29 (s, 8 H, CH2), 7.80 (d, 3J = 8.3 Hz, 4 H, ArH), 8.00 (s, 4 H, Ar’H), 8.15 (d, 3J = 8.3 Hz, 

4 H, ArH), 8.58 (d, 3J = 4.8 Hz, 4 H, β-H), 8.98 (d, 3J = 4.8 Hz, 4 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 23.2, 31.5, 31.6, 34.9, 35.4, 112.5, 117.4, 121.6, 

123.9, 124.9, 129.2 (br), 132.5, 133.4 (br), 134.5, 137.4, 137.8, 151.1, 153.9. 

MS (FAB+, NBA): m/z (%) = 995 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 2962, 2905, 2870, 1610, 1563, 1506, 1476, 1399, 1365, 1352, 1271, 

1222, 1210, 1186, 1155, 1111, 1077, 1027, 993, 981, 967, 930, 875, 847, 807, 741, 726. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (423000), 516 (18100), 551 (6300), 593 (5500), 

647 (2900). 

EA: C68H66N8·1.5 H2O. Calc.: C 80.60, H 6.76, N 11.06; found: C 80.78, H 6.74, N 11.02. 
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6.2.5.16 54, 104, 154, 204-Tetra-t-Butyl-5, 10, 15,20-Tetraphenylporphyrin-52, 56, 152, 156-

Tetraethanoic Acid, 79 

Following GP II, cyanomethyl porphyrin 78 (200 mg, 

201 μmol) is brought to reaction in glacial HOAc (20 mL), 

conc. H2SO4 (20 mL) and water (7 mL). Pure 79, obtained 

after FC over silica with THF as eluent, appears as a dark 

purple powder in 157 mg (147 μmol) yield, equiv. to 

73 % based on 78. 

 

 

1H NMR (400 MHz, rt, THF-d8): δ [ppm] = -2.57 (s, 2 H, NH), 1.60 (s, 18 H, t-BuH), 1.61 (s, 

18 H, t-BuH), 3.14 (s, 8 H, CH2), 7.74 (s, 4 H, Ar’H), 7.80 (d, 3J = 8.3 Hz, 4 H, ArH), 8.14 (d, 
3J = 8.3 Hz, 4 H, ArH), 8.65 (d, 3J = 4.6 Hz, 4 H, β-H), 8.72 (d, 3J = 4.8 Hz, 4 H, β-H), 10.93 (br s, 

4 H, COOH). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 32.1, 35.6, 40.5, 117.2, 120.9, 124.6, 126.6, 135.5, 

137.9, 139.9, 140.5, 151.5, 152.0, 172.5. 

MS (FAB+, NBA): m/z (%) = 1071 (100) [M]+·, 1025 (18) [M-COOH]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 3029, 2961, 2906, 2869, 1712, 1604, 1568, 1506, 1475, 1462, 1396, 

1364, 1349, 1267, 1221, 1187, 1109, 1006, 991, 982, 986, 910, 887, 801, 737. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 419 (408000), 513 (21900), 547 (9300), 591 (6300), 

647 (5200). 

 

 

  

N

NH

N

HN

C68H70N4O8
M = 1071.31 g·mol-1

HO2C

HO2C

CO2H

CO2H

79 



6  Experimental Section 

178 

6.2.6 AB2C-Type Mono-Exocyclic Cycloketo-Porphyrins, Precursors & 

Derivatives 

6.2.6.1 αβ-52-(Bromomethyl)-54,104,154,204-Tetra-t-Butyl-152-(Methoxymethyl)-56,156-

Dimethyl-5,10,15,20-Tetraphenylporphyrin, 82 

In a 100 mL round bottom flask, 302 mg (316 μmol) of 

methoxymethyl porphyrin 42 are dissolved in CH2Cl2 (50 mL). 

Upon addition of 15 mL of HBr (5.4 M in glacial HOAc), the 

mixture turns green immediately and the flask is closed by a 

one-hole stopper with exhaust duct. After 3 h of stirring at rt, 

the green solution is transferred into a separatory funnel and 

repeatedly washed with water until the color changes to 

purple. Then, the organic layer is neutralized by shaking with 

a saturated aqueous solution of NaHCO3, washed with water 

and dried over MgSO4. Pure 82 is obtained after FC (silica, CH2Cl2 :  hexanes = 3 : 1) as purple 

powder in 82.6 mg (82.3 μmol) yield, equiv. to 26 % based on 42. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.62 (s, 2 H, NH), 1.57 (s, 18 H, t-BuH), 1.59 (s, 9 H, 

t-BuH), 1.60 (s, 9 H, t-BuH), 1.84 (s, 3 H, CH3), 1.85 (s, 3 H, CH3), 2.77 (s, 3 H, OCH3), 3.95 (s, 

2 H, CH2OCH3), 4.11 (s, 2 H, CH2Br), 7.52 (s, 1 H, Ar’H), 7.54 (s, 1 H, Ar’H), 7.73 (m, 4 H, ArH), 

7.75 (s, 1 H, Ar’H), 7.78 (s, 1 H, Ar’H), 8.14 (m, 4 H, ArH), 8.63 (d, 3J = 4.7 Hz, 4 H, β-H), 8.85 

(d, 3J = 4.9 Hz, 4 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.5, 21.6, 31.4, 31.5, 31.6, 33.0, 34.7 (two 

signals), 34.8, 57.9, 73.2, 116.2, 116.7, 119.8, 120.7, 123.6 (two signals), 124.5, 125.2, 126.5, 

130-132 (br), 134.4, 134.5, 136.8, 138.8, 138.4, 138.5, 139.1, 139.4, 150.5, 151.4, 151.9. 

MS (FAB+, NBA): m/z (%) = 1004 (100) [M]+·, 925 (17) [M-Br]+·. 

IR (ATR): 𝜈 [cm-1] = 3309, 3030, 2963, 2903, 2868, 1560, 1506, 1476, 1396, 1362, 1349, 1269, 

1222, 1188, 1109, 1025, 993, 983, 968, 913, 875, 849, 824, 800, 740. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (398000), 517 (22100), 551 (9900), 593 (7500), 

647 (5700). 
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EA: C65H71BrN4O·0.5 CH2Cl2·0.5 C6H14. Calc.: C 75.50, H 7.31, N 5.14; found: C 75.84, H 7.42, N 

4.96. 

6.2.6.2 αβ-54,104,154,204-Tetra-t-Butyl-52-(Cyanomethyl)-152-(Methoxymethyl)-56,156-

Dimethyl-5,10,15,20-Tetraphenylporphyrin, 83 

The synthesis follows GP I, being applied on 80 mg 

(79.7 μmol) of bromo- and methoxymethyl porphyrin 82 with 

a.: CH2Cl2 (25 mL), Zn(OAc)2·2 H2O (0.35 g, 1.59 mmol, 

20 eq.); b.: KCN (0.26 g, 4.0 mmol, 50 eq.), PEG 400 (25 mL). 

Final purification is achieved by FC over silica with a mixture 

of CH2Cl2 and hexanes (3 : 2 ratio) as eluent to furnish 72 mg 

(75.7 μmol) of pure 83 as purple powder, equiv. to 95 % yield 

based on 82. 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.54 (s, 2 H, NH), 1.64 (s, 18 H, t-BuH), 1.66 (s, 9 H, 

t-BuH), 1.67 (s, 9 H, t-BuH), 1.93 (s, 3 H, CH3), 1.98 (s, 3 H, CH3), 2.83 (s, 3 H, OCH3), 3.29 (s, 

2 H, CH2CN), 4.01 (s, 2 H, CH2OCH3), 7.59 (s, 1 H, Ar’H), 7.67 (s, 1 H, Ar’H), 7.67 (m, 4 H, ArH), 

7.81 (s, 1 H, Ar’H), 7.85 (s, 1 H, Ar’H), 8.21 (m, 4 H, ArH), 8.65 (d, 3J = 4.7 Hz, 2 H, β-H), 8.74 

(d, 3J = 4.7 Hz, 2 H, β-H), 8.92 (d, 3J = 4.7 Hz, 2 H, β-H), 8.95 (d, 3J = 4.7 Hz, 4 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.7, 21.9, 23.3, 31.6, 31.7 (two signals), 34.9, 

35.0 (two signals), 58.1, 73.4, 115.0, 117.3, 118.2, 120.3, 120.9, 122.4, 123.7, 123.9, 125.4, 

126.5, 130-132 (br), 131.6, 134.5, 134.7, 136.7, 138.2, 138.8, 139.2, 139.6, 140.2, 150.7, 

151.5, 152.3.  

MS (FAB+, NBA): m/z (%) = 950 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3313, 3035, 2962, 2928, 2908, 2867, 1606, 1561, 1504, 1476, 1461, 1397, 

1362, 1350, 1266, 1221, 1208, 1187, 1108, 1024, 993, 982, 968, 913, 874, 848, 823, 800, 740. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (394000), 516 (20200), 551 (9600), 692 (7200), 

647 (5300). 

EA: C66H71N5O·0.5 CH2Cl2·0.5 H2O. Calc.: C 79.73, H 7.34, N 6.99; found: C 79.80, H 7.55, N 

6.80.  
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6.2.6.3 52- (Bromomethyl)- 54, 104, 20- Tri- t - Butyl - 56- Methyl - 154- Nitro -5,10,15,20-

Tetraphenylporphyrin, 88 

In a 2 L round bottom flask, methoxymethyl dipyrromethane 

39a (3.36 g, 10.0 mmol), nitro dipyrromethane 85 (2.67 g, 

10.0 mmol) and 4-t-butyl benzaldehyde (3.24 g, 3.35 mL, 

20.0 mmol) are dissolved in 1 L of CHCl3. After addition of 

TFA (1.55 mL, 20 mmol), the reaction mixture is stirred at rt 

for 60 min. Then, TEA (2.8 mL, 20 mmol) is added followed 

by addition of DDQ (4.54 g, 20 mmol) to the claret solution 

and stirring is continued for 2 h. After evaporation of the 

solvent, the residue is filtered through a silica plug (CH2Cl2 as 

eluent) and pre-cleaned by FC (silica, CH2Cl2 :  hexanes = 3 : 2) to give a binary mixture of 

porphyrins 86 and 87 (Scheme 53, p. 113). This material is then taken up in 150 mL of CH2Cl2 

and HBr (5.4 M in glacial AcOH, 30 mL) is added whereupon the solution turns dark green. 

The flask is closed by a one-hole stopper with exhaust duct and the reaction mixture is 

stirred at rt for 12 h. After that, the green solution is transferred into a separatory funnel 

and repeatedly washed with water until the color changes to purple-red. Then, the solution 

is neutralized by shaking with a saturated aqueous solution of NaHCO3, washed with water, 

dried over MgSO4 and evaporated to dryness to give the mixture of porphyrins 87 and 88 

(Scheme 53, p. 113) which is separated by FC (silica, CH2Cl2 : hexanes = 3 : 2) to furnish 1.39 g 

(1.49 mmol) of pure 88 as purple powder, equiv. to 14.9 % yield based on 85.  

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.65 (s, 2 H, NH), 1.61 (s, 18 H, t-BuH), 1.63 (s, 9 H, 

t-BuH), 1.89 (s, 3 H, CH3), 4.15 (s, 2 H, CH2), 7.59 (d, 4J = 1.5 Hz, 1 H, Ar’H), 7.77 (m, 4+1 H, 

ArH+Ar’H), 8.14 (d, 3J = 7.6 Hz, 2 H, ArH), 8.18 (d, 3J = 7.6 Hz, 2 H, ArH), 8.39 (d, 3J = 6.1 Hz, 

2 H, ArH), 8.62 (d, 3J = 8.8 Hz, 2 H, ArH), 8.69 (d, 3J = 4.6 Hz, 2 H, β-H), 8.73 (d, 3J = 4.9 Hz, 2 H, 

β-H), 8.90 (d, 3J = 4.6 Hz, 2 H, β-H), 8.96 (d, 3J = 4.6 Hz, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.8, 31.5, 31.6, 33.1, 34.9 (two peaks), 116.2, 

116.8, 120.8, 123.8 (two peaks), 124.7, 126.7, 130.2 (br), 130.8 (br), 132.0 (br), 134.5, 134.6, 

135.2, 138.2, 138.6, 138.8, 140.0, 147.8, 149.5, 150.8, 152.2. 

MS (FAB+, NBA): m/z (%) = 935 (100) [M]+·, 854 (15) [M-Br]+·. 
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IR (ATR): 𝜈 [cm-1] = 3320, 2964, 2906, 2869, 1596, 1561, 1518, 1475, 1400, 1363, 1339, 1310, 

1268, 1222, 1211, 1187, 1110, 1022, 993, 983, 967, 919, 847, 800, 740.  

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (367000), 517 (18800), 553 (9000), 593 (5600), 

648 (4000). 

EA: C58H56BrN5O2·2 H2O. Calc.: C 71.74, H 6.23, N 7.21; found: C 71.77, H 6.08, N 6.89. 

6.2.6.4 54, 104, 204- Tri - t- Butyl - 52- (Cyanomethyl) - 56-Methyl -154-Nitro-5, 10, 15, 20-

tetraphenylporphyrin 89 

Following GP I, the following chemicals are scheduled to 

react with bromomethyl porphyrin 88 (180 mg, 193 μmol): 

a.: CH2Cl2 (25 mL), Zn(OAc)2·2 H2O (0.85 g, 3.87 mmol, 

20 eq.); b.: KCN (0.63 g, 9.68 mmol, 50 eq.), PEG 400 

(40 mL). Final purification is achieved by FC over silica with a 

mixture of CH2Cl2 and hexanes (4 : 1 ratio) as eluent to give 

148 mg (168 μmol) of pure 89 as purple powder, equiv. to 

87 % yield based on 88. 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.70 (s, 2 H, NH), 1.60 (s, 18 H, t-BuH), 1.62 (s, 9 H, 

t-BuH), 1.93 (s, 3 H, CH3), 3.23 (s, 2 H, CH2), 7.63 (d, 4J = 1.5 Hz, 1 H, Ar’H), 7.77 (d, 3J = 7.3 Hz 

4 H, ArH), 7.80 (d, 4J = 1.5 Hz, 1 H, Ar’H), 8.13 (d, 3J = 7.3 Hz, 4 H, ArH), 8.38 (d, 3J = 8.5 Hz, 

2 H, ArH), 8.62 (d, 3J = 8.7 Hz, 2 H, ArH), 8.63 (d, 3J = 4.6 Hz, 2 H, β-H), 8.71 (d, 3J = 4.6 Hz, 2 H, 

β-H), 8.90 (d, 3J = 4.6 Hz, 2 H, β-H), 8.94 (d, 3J = 4.6 Hz, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 21.8, 23.3, 31.5, 31.6, 34.9, 35.0, 115.7, 117.1, 

181.1, 121.0, 121.9, 122.4, 123.8, 123.9, 126.5, 130.0 (br), 131.5, 132.3 (br), 134.5, 134.6, 

135.2, 137.8, 138.5, 140.1, 147.8, 149.3, 150.9, 152.5. 

MS (FAB+, NBA): m/z (%) = 881 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3320, 2963, 2905, 2869, 1596, 1559, 1519, 1476, 1400, 1363, 1340, 1312, 

1267, 1223, 1209, 1185, 1110, 1022, 993, 982, 968, 920, 851, 800, 738. 
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UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (381000), 517 (20000), 553 (9300), 593 (5800), 

648 (4200). 

EA: C59H56N6O2·H2O. Calc.: C 78.81, H 6.50, N 9.35; found: C 79.07, H 6.47, N 9.15. 

6.2.6.5 54,104,204-Tri-t-Butyl-56-Methyl-154-Nitro-5,10,15,20-Tetraphenylporphyrin-52-

Ethanoic Acid, 90 

According to GP II, 120 mg (136 μmol) of cyanomethyl 

porphyrin 89 are brought to reaction in glacial HOAc 

(15 mL), conc. H2SO4 (15 mL) and water (5 mL). Pure 90, 

obtained after FC over silica with CH2Cl2 and ethyl acetate 

as eluent (ratio: 7 : 3), appears as a violet powder in 

113 mg (126 μmol) yield, equiv. to 92 % based on 89. 

 

 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -2.74 (s, 2 H, NH), 1.50 (s, 18 H, t-BuH), 1.53 (s, 9 H, 

t-BuH), 1.80 (s, 3 H, CH3), 3.21 (s, 2 H, CH2), 7.50 (m, 4 H, ArH+Ar’H), 7.69 (d, 3J = 7.8 Hz, 4 H, 

ArH), 7.94 (d, 3J = 7.8 Hz, 2 H, ArH), 8.06 (d, 3J = 7.8 Hz, 2 H, ArH), 8.35 (d, 3J = 7.8 Hz, 2 H, 

Ar’’H), 8.61 (m, 4 H, Ar’’H+β-H), 8.68 (d, 3J = 4.8 Hz, 2 H, β-H), 8.76 (d, 3J = 4.6 Hz, 2 H, β-H), 

8.86 (d, 3J = 4.6 Hz, 2 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.0, 31.5, 34.7, 39.7, 116.6, 117.4, 120.6, 121.8, 

123.7, 124.1, 125.5, 130.4 (br), 131.8 (br), 134.4, 134.5, 134.9, 135.2, 138.4, 138.7, 139.6, 

147.7, 149.5, 150.7, 151.6, 176.0. 

MS (FAB+, NBA): m/z (%) = 900 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3321, 2963, 2906, 2868, 1712, 1595, 1560, 1519, 1474, 1400, 1362, 1340, 

1310, 1269, 1223, 1210, 1186, 1110, 1021, 993, 982, 968, 919, 849, 800, 738.  

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 421 (369000), 518 (19600), 553 (10100), 593 (6300), 

649 (4900). 

EA: C59H57N5O4·EtOAc·1.5 H2O. Calc.: C 74.53, H 6.75, N 6.90; found: C 74.15, H 6.61, N 7.15. 

N

NH

N

HN

C59H57N5O2
M = 900.11 g·mol-1

HO2C

NO2

90 
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6.2.6.6 54, 104, 204-Tri-t-Butyl-[ 3,52 ]-Ethano- 31 -Oxo- 56 -Methyl- 154 -Nitro-5,10,15,20-

Tetraphenylporphyrinato-Copper(II), Cu(II)-91  

Using GP III, porphyrin ethanoic acid 90 (100 mg, 111 μmol) 

is brought to reaction with: a.: Cu(OAc)2·H2O (222 mg, 

1.11 mmol, 10 eq), CH2Cl2 (20 mL); b.: C2O2Cl2 (2 mL), CH2Cl2 

(30 mL); SnCl4 (1 mL), CH2Cl2 (30 mL). Leaving out the acidic 

demetallation step, pure Cu(II)-91 is obtained upon FC 

(silica, CH2Cl2 : hexanes = 1 : 1) as green-violet crystalline 

solid in 72.7 mg (77 μmol) yield, equiv. to 69.4 % based on 

90. 

 

1H NMR / 13C NMR: No clear results due to paramagnetism. 

MS (FAB+, NBA): m/z (%) = 944 (100) [M]+·. 

IR (ATR): 𝜈 [cm-1] = 3032, 2960, 2928, 2904, 2868, 1733, 1686, 1598, 1558, 1524, 1462, 1396, 

1362, 1340, 1270, 1254, 1196, 1161, 1111, 1073, 1049, 1001, 871, 858, 846, 817, 798. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 442 (222000), 570 (14400), 620 (16200). 

EA: C59H53N5O3Cu·C6H14·0.5 H2O. Calc.: C 75.15, H 6.60, N 6.74; found: C 75.21, H 6.52, N 

6.68. 

  

C59H53N5O3Cu
M = 943.63 g·mol-1

N

N

N

N

NO2

O
Cu

Cu(II)-91 



6  Experimental Section 

184 

6.2.6.7 54, 104, 204-Tri-t-Butyl-[ 3,52 ]-Ethano- 31 -Oxo- 56 -Methyl- 154 -Nitro-5,10,15,20-

Tetraphenylporphyrin, 91  

To accomplish the demetallation, 50 mg (53 μmol) of 

copper(II) cycloketo-porphyrin Cu(II)-91 are dissolved in 

5 mL of TFA in a 50 mL round bottom flask. Upon addition of 

1 mL of conc. H2SO4, the reaction mixture turns orange-

brown immediately and is then stirred at rt for 45 min. After 

transferring the reaction mixture into a separatory funnel, it 

is washed with water trice, neutralized by shaking with a 

saturated aqueous solution of NaHCO3, washed with water 

again, dried over MgSO4 and brought to dryness. Final FC 

over silica (CH2Cl2 :  hexanes = 2 : 1 as eluent) gives 44.9 mg (50.9 μmol) pure 91 as dark 

green powder, equiv. to 96 % yield based on Cu(II)-91. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.69 (s, 2 H, NH), 1.16 (s, 3 H, CH3), 1.50 (s, 9 H, t-

BuH), 1.58 (s, 9 H, t-BuH), 4.12 (d, 2J = 11.8 Hz, 1 H, CH2), 5.48 (d, 2J = 11.8 Hz, 1 H, CH2), 7.36 

(d, 4J = 1.9 Hz, 1 H, Ar’H), 7.68 (d, 4J = 1.9 Hz, 1 H, Ar’H), 7.70 (d overlaid, 2 H, ArH), 7.79 (m, 

3 H, ArH), 7.90 (d, 3J = 7.8 Hz, 1 H, ArH), 8.11 (br s, 1 H, Ar’’H), 8.17 (d, 3J = 7.3 Hz, 1 H, ArH), 

8.33 (br s, 1 H, Ar’’H), 8.52 (d, 3J = 4.9 Hz, 1 H, β-H), 8.57 (br s overlaid, 1 H, Ar’’H), 8.58 (d, 
3J = 4.9 Hz, 1 H, β-H), 8.66 (br s, 1 H, Ar’’H), 8.70 (d, 3J = 4.9 Hz, 1 H, β-H), 8.81 (d, 3J = 4.9 Hz, 

1 H, β-H), 8.85 (d, 3J = 4.9 Hz, 1 H, β-H), 8.93 (d, 3J = 4.9 Hz, 1 H, β-H), 8.97 (s, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.4, 31.4, 31.5, 34.7, 34.9, 53.6, 115.3, 117.9, 

119.6, 122.1, 124.0, 124.1, 124.3, 124.6, 125.7, 126.4, 128.4, 130.8 (br), 131.5, 134.3, 134.6, 

134.9, 135.2, 136.1, 137.5, 137.8, 138.2, 142.2, 147.9, 148.6, 151.0, 151.4, 152.6, 192.0. 

MS (MALDI-TOF, no matrix): m/z (%) = 883 (100) [MH]+. 

IR (ATR): 𝜈 [cm-1] = 3321, 2963, 2929, 2907, 2867, 1680, 1597, 1558, 1519, 1475, 1397, 1361, 

1346, 1263, 1242, 1110, 1015, 986, 967, 871, 849, 816, 799, 744, 727, 716. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 442 (219000), 545 (10600), 588 (9700), 688 (8600). 

EA: C59H55N5O3·C6O14·0.5 H2O. Calc.: C 79.88, H 7.22, N 7.17; found: C 79.65, H 7.10, N 7.17. 

 

C59H55N5O3
M = 882.10 g·mol-1

N

NH
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6.2.6.8 154-Amino-54, 104, 204-Tri-t-Butyl-[ 3,52 ]-Ethano- 31 -Oxo- 56-Methyl-5,10,15,20-

Tetraphenylporphyrin, 92 

The reduction is carried out in a 100 mL round bottom flask 

with reflux condenser by reacting 50 mg (53 μmol) of 

copper(II) cycloketo-porphyrin Cu(II)-91 with SnCl2 (initially 

100 mg, 0.53 mmol, 10 eq.) in a solvent mixture consistent 

of EtOH (20 mL), EtOAc (12 mL) and 2 M aqueous HCl (2 mL). 

The reaction mixture is stirred under reflux for 1 h. Then, 

the same amount of SnCl2 is added every 30 min while 

stirring under reflux conditions is continued. When TLC 

control (CH2Cl2 : hexanes = 2 : 1) indicates completion, the 

solvents are evaporated. The residue is taken up in a mixture of CH2Cl2 and 6 M aqueous HCl 

and transferred into a separatory funnel where the organic layer is separated. The residing 

aqueous layer is extracted with CH2Cl2. All organic layers are then combined and washed 

with 2 M aqueous HCl and twice with water. After drying of MgSO4, the crude product is 

brought to dryness before it is treated analog to GP III part c. with 5 mL of TFA and 1 mL of 

conc. H2SO4. Final purification is achieved by FC (silica, CH2Cl2 : hexanes = 2 : 1) yielding 

37 mg (43.4 μmol) of pure 92 as greenish powder, equiv. to 81.8 % yield based on Cu(II)-91. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.61 (s, 2 H, NH), 1.17 (s, 3 H, CH3), 1.49 (s, 9 H, t-

BuH), 1.58 (2s, 9+9 H, t-BuH), 4.01 (s br, 2 H, ArNH2), 4.09(d, 2J = 11.7 Hz, 1 H, CH2), 5.47 (d, 
2J = 11.7 Hz, 1 H, CH2), 7.03 (s br, 2 H, Ar’’H), 7.34 (d, 4J = 1.7 Hz, 1 H, Ar’H), 7.67 (d, 
4J = 1.7 Hz, 1 H, Ar’H), 7.64-7.83 (m br, 6 H, ArH), 7.90 (d, 3J = 7.6 Hz, 1 H, ArH), 8.15 (s br, 

1 H, Ar’’H), 8.19 (d, 3J = 7.8 Hz, 1 H, ArH), 8.17 (d, 3J = 7.3 Hz, 1 H, ArH), 8.33 (br s, 1 H, Ar’’H), 

8.62 (d, 3J = 4.9 Hz, 1 H, β-H), 8.71 (d, 3J = 4.6 Hz, 1 H, β-H), 8.78 (m, 3 H, β-H), 8.87 (d, 
3J = 4.9 Hz, 1 H, β-H), 8.95 (s, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.5, 31.4, 31.6, 34.7, 34.8, 53.7, 113.6, 118.9, 

122.4, 123.9 (two signals), 124.2, 124.5, 125.8, 126.0, 128.3, 130.6 (br), 131.8, 134.3, 134.6, 

135.5 (br), 136.0, 136.4, 137.7, 138.1, 138.6, 142.1, 146.3, 150.7, 151.1, 152.3, 192.2. 

MS (MALDI-TOF, no matrix): m/z (%) = 853 (100) [MH]+. 

IR (ATR): 𝜈 [cm-1] = 3377, 3326, 3029, 2963, 2905, 2869, 1680, 1621, 1553, 1518, 1475, 1396, 

1363, 1347, 1263, 1179, 1109, 1022, 986, 966, 870, 852, 840, 801, 728. 

C59H57N5O
M = 852.12 g·mol-1

N

NH

N

HN

NH2

O

92
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UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 445 (183000), 546 (11300), 592 (9900), 692 (9100). 

EA: C59H57N5O·EtOAc. Calc.: C 80.48, H 6.97, N 7.45; found: C 80.16, H 6.85, N 7.53. 

6.2.6.9 154 -Amino-154 -N-(t-Butoxycarbonyl)-54, 104, 204-Tri-t-Butyl-[ 3,52 ]-Ethano- 31 -

Oxo-56-Methyl-5,10,15,20-Tetraphenylporphyrin, 93 

In a 100 mL round bottom flask, amino cycloketo-porphyrin 

92 (25 mg, 29.3 µmol) is dissolved in CHCl3 (10 mL). Then, 

19 mg (88 µmol, 3 eq.) of di-t-butyl di-carbonate dissolved in 

MeOH (2 mL) and TEA (1 mL) are added and the reaction 

mixture is stirred at rt for 24 h. After that, the reaction 

mixture is transferred into a separatory funnel and washed 

with water, a saturated aqueous solution of NH4Cl and water 

again. After drying over MgSO4 and evaporation of the 

solvent, FC (silica, CH2Cl2) furnishes pure 93 as dark green 

powder. Yield: 18.8 mg (19.7 µmol) equiv. to 67.2 % based on 92. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.65 (s, 2 H, NH), 1.16 (s, 3 H, CH3), 1.49 (s, 9 H, t-

BuH), 1.58 (2s, 9+9 H, t-BuH), 1.62 (s, 9 H, BOC), 4.09 (d, 2J = 11.7 Hz, 1 H, CH2), 5.47 (d, 
2J = 11.7 Hz, 1 H, CH2), 6.82 (s, 1 H, NHBOC), 7.34 (d, 4J = 1.7 Hz, 1 H, Ar’H), 7.67 (d, 
4J = 1.7 Hz, 1 H, Ar’H), 7.57-7.86 (m’s overlaid, 8 H, ArH/Ar’’H), 7.90 (d, 3J = 7.6 Hz, 1 H, ArH), 

8.18 (d, 3J = 7.6 Hz, 1 H, ArH), 8.30 (br m, 2 H, ArH), 8.62 (d, 3J = 4.9 Hz, 1 H, β-H), 8.64 (d, 
3J = 4.8 Hz, 1 H, β-H), 8.70 (d, 3J = 4.9 Hz, 1 H, β-H), 8.77 (d, 3J = 4.9 Hz, 1 H, β-H), 8.79 (d, 
3J = 4.8 Hz, 1 H, β-H), 8.88 (d, 3J = 4.9 Hz, 1 H, β-H), 8.95 (s, 1 H, β-H). 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 22.5, 28.4, 31.4, 31.6, 34.7, 34.9, 53.7, 81.0, 

114.1, 116.9, 119.1, 121.2, 123.9, 124.2, 124.5, 125.8, 126.1, 128.3, 134.3, 134.6, 134.9, 

135.2, 136.2, 137.7, 138.0, 138.4, 138.5, 142.1, 150.8, 151.2, 152.3, 153.1, 192.2. 

MS (FAB+, NBA): m/z (%) = 952 (100) [M]+·, 850 (60) [M-Boc]+·. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 443 (172000), 545 (8600), 588 (7100), 689 (6800). 

C64H65N5O3
M = 952.23 g·mol-1

N

NH

N

HN

NH
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6.2.6.10 N-(154-Amino-54,104,204-Tri-t-Butyl-[3,52]-Ethano-31-Oxo-56-Methyl-5,10,15,20-

Tetraphenylporphyrin)-Pyropheophorbide a amide, 94 

In a 50 mL round bottom flask with N2 

inlet, 10 mg (18.7 µmol) of pyropheo-

phorbide a 33 are dissolved in abs. DMF 

(20 mL) and the solution is degassed by 

utilization of a stream of N2 for 15 min. 

Under inert gas atmosphere are added 

further on: amino cycloketo-porphyrin 92 

(17.5 mg, 20.6 µmol, 1.1 eq.), EDC 

(5.4 mg, 28.1 µmol, 1.5 eq.), NHS (3.2 mg, 

28.1 µmol, 1.5 eq.) and DMAP (catalytic 

amount) and the mixture is stirred under N2 in the dark for 24 h. Then again, 17.5 mg 

(20.6 µmol, 1.1 eq.) of amino cycloketo-porphyrin 92 and 5.4 mg (28.1 µmol, 1.5 eq.) of EDC 

are added and stirring is continued for further 24 h. After that, the solvent is evaporated 

completely and the residue is subjected to FC (silica, CH2Cl2 : ethyl acetate = 19 : 1) to give 

19.5 mg (14.2 µmol) of pure 94 as dark green-violet powder equiv. to 68.9 % yield based on 

33. 

1H NMR (400 MHz, rt, CDCl3): δ [ppm] = -1.68 (s, 2 H, NH), -1.51 (s, 1 H, NH), 0.56 (s br, 1 H, 

NH), 1.15 (s, 3 H, CH3), 1.42 (q, 3J = 8.0 Hz, 3 H, 82), 1.50 (s, 9 H, t-BuH), 1.54 (s, 18 H, t-BuH), 

1.84 (d, 3J = 7.2 Hz, 3 H, 181), 2.33 (m, 1 H, 171/2), 2.48 (m, 1 H, 171/2), 2.74 (s, 3 H, CH3), 2.89 

(m, 2 H, 171/2), 3.19 (s, 3 H, CH3), 3.29 (m, 1 H, 81), 3.38 (d, 3J = 5.6 Hz, 3 H, CH3), 3.42 (m, 1 H, 

81), 4.08 (d, 2J = 11.6 Hz, 1 H, CH2), 4.49 (s br, 1 H, 17), 4.67 (m, 1 H, 18), 5.16 (d, 2J = 19.6 Hz, 

1 H, 132), 5.44 (d, 2J = 20.0 Hz, 1 H, 132), 5.46 (d, 2J = 10.8 Hz, 1 H, CH2), 6.11 (dd, 2J = 9.0 Hz, 
3J = 10.8 Hz, 1 H, 32), 6.24 (dd, 2J = 7.6 Hz, 3J = 17.9 Hz, 32), 7.33 (s, 1 H, Ar’H), 7.40-8.35 (div. 

m, 12 H, ArH), 7.66 (s, 1 H, Ar’H), 7.94 (m, 1 H, 31), 8.52 (m, 1 H, β-H), 8.58 (m, 2+1 H, β-

H/meso), 8.74 (m, 2+1 H, β-H/meso), 8.87 (d, 3J = 4.9 Hz, 1 H, β-H), 8.91 (s, 1 H, β-H), 9.35 (s, 

1 H, meso). [Color coding: cycloketo-porphyrin moiety, pyropheophorbide a moiety] 

13C NMR (100.5 MHz, rt, CDCl3): δ [ppm] = 11.1, 12.0, 17.1, 19.0, 22.0, 22.4, 22.9, 23.8, 29.0, 

31.4, 31.5, 33.2, 34.7, 34.8, 48.2, 50.1, 51.6, 53.7, 93.0, 97.2, 98.4, 103.9, 106.1, 107.9, 114.1, 

117.9, 119.1, 121.1, 122.7, 123.9, 124.5, 125.7, 126.0, 128.3, 129.1, 131.8, 134.2-135.1 (four 
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broad signals), 136.0, 136.4, 137.0, 137.4, 137.7, 137.9 (two signals), 138.4, 141.9, 142.1, 

145.3, 149.0, 150.7 (two signals), 151.2, 152.3, 155.5, 160.1, 171.5, 192.2, 196.7. 

MS (MALDI-TOF, DCTB): m/z (%) = 1369 (100) [M]+. 

IR (ATR): 𝜈 [cm-1] = 3318, 3304, 3032, 2964, 2931, 2869, 1777, 1682, 1617, 1553, 1502, 1476, 

1399, 1363, 1348, 1307, 1222, 1159, 1110, 1058, 1026, 984, 850, 800, 729, 676. 

UV/Vis (CH2Cl2): λ [nm] (ε [M
-1·cm-1]) = 419 (100900), 444 (155100), 541 (13500), 603 

(10200), 669 (30600), 733 (12700). 

EA: C92H89N9O3·EtOAc·0.5 H2O. Calc.: C 78.66, H 6.74, N 8.60; found: C 79.06, H 7.14, N 8.41. 
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