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CHAPTER 1 

 

 

Introduction 

 

“And if in a distant future the supply of coal becomes completely exhausted, civilization will not be 

checked by that, for life and civilization will continue as long as the sun shines! If our black and nervous 

civilization, based on coal, shall be followed by a quieter civilization based on the utilization of solar 

energy, that will not be harmful to progress and to human happiness.” [1] 

GIACOMO CIAMICIAN, VIII International Congress of Applied Chemistry, New York, 1912. 

 

1.1 Natural Photosynthesis – Light Harvesting and Charge Separation  

More than 100 years ago, GIACOMO CIAMICIAN stated that mankind will survive on a planet completely 

freed of fossil fuels by being able to use the sun’s energy.[1] We do not live in that world just yet, there 

still are fossil fuels available, luckily so as we are not yet able to take full advantage of the immense 

amount of energy the sun provides.[2] The ability to successfully mimic photosynthesis still remains a 

dream. However, the imitation of distinct events or processes of natural photosynthesis is and has 

been a reasonable goal for scientists of various disciplines. In order to do achieve this imitation, it is of 

crucial importance to fully understand the principles behind photosynthetic energy and electron transfer 

reactions.  

The conversion of energy originating from sunlight into chemical energy, in the form of organic 

compounds, is the essence of natural photosynthesis. During this process, water is split into oxygen 

which is released into the atmosphere and into hydrogen, which, together with carbon dioxide, is used 

to produce hydrocarbons. This is happening in three key steps; light harvesting, charge separation and 

catalysis, sometimes also called the light and dark reactions of photosynthesis.[3-4] The first two will be 

described in the following. 
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There is a variety of species existing on earth equipped with the ability to perform photosynthesis. 

However, their basic strategy to employ the sun’s energy is more or less identical. They harvest light 

by using three-dimensional antenna systems that contain a multitude of chromophores. The antenna 

complexes absorb photons resulting in the formation of excited states. The energy is then transported 

to a reaction center (RC) where it is converted into chemical energy through a series of electron 

transfer processes.[5] The main purpose of antenna structures, compared to a single chromophore, is 

to harvest more energy than a single pigment could. An antenna can be compared to a satellite dish – 

energy is concentrated in a receiver where the signal is then converted, the receiver being the reaction 

center (figure 1.1). The pigments found in antennas are mainly chlorophylls, but also carotenoids and 

open-chain tetrapyrrole bilins. The energy transport within the antenna can be described as an 

energetic and spatial funneling, where pigments in the periphery of the antenna absorb at shorter 

wavelengths (higher excitation energies) than those closer to the center. The excitation energy then 

follows a path from the higher- to the lower-energy dye molecules towards the reaction center where 

the energy is quenched.[4, 6] 

Figure 1.1: Illustration of the concept of antennas in photosynthesis (© 2014, John Wiley and Sons).[4] 

The energy transfer between the pigment molecules can be described by the FÖRSTER mechanism of 

energy transfer, a nonradiative resonance transfer.[7-8] The transfer is distance and orientation 

dependent and a coupling between the donor and the acceptor moiety is a must. This means that the 

donor and the acceptor must share an energy state, since the conservation rule of energy states that 

the total energy of a system before and after a transfer event must be identical. A direct result of this is 

that donor and acceptor also share spectral transitions at the same wavelengths. The energy transfer 

is one possible decay mechanism from the excited state to the ground state.[9] If two pigment 

molecules are in very close proximity (less than 10 Å), then the FÖRSTER model of the transfer 

mechanism is no longer applicable.[10] In this case, the interactions are better described by exciton 

coupling processes.[11-12] The absorption spectra are split and usually a circular dichroism spectrum is 

recorded. The actual situation in an antenna is often explained by a combination between both the  
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Figure 1.2: Left: Structure of the LH2 complex in Rhodopseudomonas acidophila, the proteins have 

been omitted for clarity (© 2014, John Wiley and Sons).[4, 13] Upper right: Schematic view of the energy 

transfer steps in the photosynthetic unit of purple bacteria. Lower right: Path of the electron transfer 

after CS in the bacterial RC (© 2010, Elsevier).[14-15] 

FÖRSTER (long distances, weak interactions) and the exciton (short distances, strong interactions) 

picture, a precise distinction between the two is often rather difficult.[4] A more detailed description of 

the energy transfer processes can be found in the cited literature.[16] 

The antenna complex of purple bacteria has been well studied and is one of the best understood 

antenna systems. It usually contains two kinds of pigment-protein complexes which are called light 

harvesting complex 1 and 2 (LH1 and LH2). The structure of the LH2 has been determined by X-ray 

diffraction (see figure 1.2).[13] The subunits of the LH2 contain a heterodimer of two protein subunits 

connected to three bacteriochlorophyll and one carotenoid molecule. Eight or nine of these units 

aggregate under the formation of rings, the LH2, with a diameter of about 65 Å.[17] The LH1 complex is 

differing in the number of subunits, the kind of pigments present and the connection to the RC which is 

located in the middle of the ring. Upon excitation, the energy is transferred from LH2 to LH1 to the RC. 

The LH2 has no direct connection to the RC (see figure 1.2).[18-20] In plants and algae, the most 

important antenna system is the light harvesting complex II (LHCII) and despite the similar name, it is 

very different from LH2. LHCII contains three transmembrane protein helices that coordinate seven 

chlorophyll a, five chlorophyll b and two lutein carotenoid molecules.[21] Once the energy is harvested 

and transported to the RC, the conversion of excited state to chemical energy through electron transfer 

takes place in the RC. The RC is a multiunit complex that is embedded in the photosynthetic 
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membrane which is located in the chloroplasts in the case of eukaryotic cells. The RC contains both 

chlorophyll and carotenoid pigments, but also cofactors such as quinones and iron sulfur complexes 

that are essential for the electron transfer steps. The RC differs in all photosynthetic organisms, so in 

the following only the general features and processes shall be discussed (see figure 1.3). In the RC, a 

dimer of chlorophyll-like molecules, the so-called special pair, serves as the primary electron donor in 

most cases. By energy transfer from the antenna, the special pair is promoted to an excited state. An 

electron is rapidly transported to an adjacent acceptor species forming an ion-pair state. After this initial 

step, the system is now either going back to the ground state through recombination and heat loss or it 

increases the spatial separation of the charges and thereby prolongs their existence. This is done 

through a series of extremely fast secondary reactions, shifting the charges to a final acceptor, usually 

a quinone.[22] This array of steps is very well tuned so that the quantum yield of products formed per 

absorbed photon is close to unity.[4, 23] 

 

 

 

 

 

 

 

 

Figure 1.3: Electron transfer processes in photosynthetic RCs with a pigment P (special pair), the 

pigment in the excited state P*, an acceptor A and a donor D (© 2014, John Wiley and Sons).[4] 
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1.2 Porphyrins – Structure, Properties and Synthesis 

1.2.1 Structure and Properties 

The biological importance of porphyrins is outstanding as they play a vital role in numerous biological 

processes such as the transport and storage of oxygen in the blood or in photosynthesis. Their unique 

properties are a result of their structure – porphyrins are heterocyclic macrocycles containing four 

fused pyrrole rings bridged by a methine group. The basic structure of a porphyrin ring and its 

proposed aromaticity is depicted in figure 1.4. The illustrated molecule is the simplest possible 

porphyrin and called porphin.  

Figure 1.4: General structure of porphyrins, the aromatic diaza[18]annulene-like system is indicated in 

red.[24] 

The porphyrin ring contains 22 π-electrons, 18 of these electrons are part of the porphyrin’s aromatic 

system. According to this, they obey the HÜCKEL rule of aromaticity [(4n+2) π-electrons]. The aromatic 

unit of porphyrins is sometimes regarded as a delocalized diaza[18]annulene-like structure, as stated 

by SONDHEIMER et al. in 1962. However, the description of the aromatic character of porphyrinoids 

remains a matter of ongoing debates between chemists, as theoretic chemists also suggest an 

aromatic inner cross.[24-29] As one can expect, the aromatic character of the porphyrin has a strong 

influence on its spectroscopic properties.  

The porphyrins’ aromaticity can easily be observed in NMR spectroscopy. The anisotropic effect of the 

ring current, induced by the application of an external magnetic field, causes the inner NH protons to 

be shielded. In the proton NMR spectrum, these protons appear at high field, between -2 to -3 ppm, as 

one slightly broadened singlet due to their quick exchange. On the other hand, the outer pyrrolic as 

well as the meso protons (compare figure 1.4)[30] are deshielded and their signals appear at lower 

fields (8-9 ppm). The mentioned NH-tautomerism in free base porphyrins also causes the signals of the 

β-pyrrolic carbon atoms to appear as one weak broad signal at around 130 ppm. The resonance of the 

α-pyrrolic carbon atoms is usually not observable at all since the signal is too broad. However, 

metalated porphyrins give rise to clear signals for the β-pyrrolic (around 130 ppm) and the α-pyrrolic 

carbon atoms (around 150 ppm).[31] Due to their aromaticity and their extended π-system, porphyrins 
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are of intense color and show characteristic and pronounced absorption in the UV/Vis region. The 

absorption features of porphyrins can be explained with the help of GOUTERMAN’S Four-Orbital 

model.[32-33] The most intense absorption arises in the near UV at around 420 nm and is called SORET 

or B band. The extinction coefficient ɛ of this absorption is usually very high, up to 500000 L mol-1 cm-1. 

Allowed π-π* transitions are the origin of this band. 

At higher wavelengths, some weaker absorptions called Q bands (500-700 nm) appear. They result 

from quasi-allowed π-π* transitions and are responsible for the porphyrins’ color. The number of 

Q bands differs regarding free base and metalated porphyrins due to the change in symmetry caused 

by the metal insertion. Metalated porphyrins are of higher symmetry and their spectra show two 

Q bands (Q1 and Q2), whereas the Q band in free base porphyrin spectra is split into a Qx and a 

Qy band, each accompanied by a vibrational peak.[34] Typical absorption spectra of a free base and a 

metalated porphyrin (in this case Zn) are shown in figure 1.5. 

  

Figure 1.5: Absorption spectra of a representative metalated (left; Zn) and a free base (right) porphyrin 

in DCM. 
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1.2.2 Synthesis 

A well-known and established method for the synthesis of porphyrins is the LINDSEY procedure.[35-39] All 

porphyrins in this work were obtained following this method. The LINDSEY approach produces 

porphyrins basing on the meso-tetraphenylporphyrin ground structure. For this, the required aldehydes 

are condensed with pyrrole under acidic conditions. The mechanism of the reaction sequence based 

on benzaldehyde as exemplary aldehyde is illustrated in scheme 1.1.[40] After a series of nucleophilic 

attacks and condensation steps, ideally a closed polypyrrolic ring with four pyrrole units has been 

formed which is called porphyrinogen. It can be oxidized to the corresponding porphyrin using different 

oxidants, one prominent example being DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone).  

Scheme 1.1: Mechanism of the porphyrin synthesis.[40] 
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Trifluoroacetic acid or boron trifluoride diethyl etherate are common catalysts for the reaction. The 

individual reaction steps are reversible, for that reason the formed rings can be reopened and an 

exchange between pyrroles and aldehydes can occur, the so-called scrambling. The use of more than 

one aldehyde enables the preparation of porphyrins with different substituents. In this case is a 

statistical distribution of the possible products observable and the desired porphyrin has to be isolated 

by chromatography or crystallization.[41] 

 

1.3 Fullerenes – Structure, Properties and Functionalization 

1.3.1 Structure and Properties 

For a very long time, carbon was known to exist in only two forms, graphite and diamond. From the 

middle of the 20th century, scientists started to pay more attention to non-planar aromatic compounds 

such as corannulene.[42] It was not long before OSAWA proposed the existence of a spherical structure 

built up from sp2 hybridized carbon atoms, the soccerball shaped C60.[43] Finally in 1985, R. CURL, R. 

SMALLEY and H. KROTO discovered C60 and C70 accidentally while experimenting with the vaporization 

of graphite under vacuum. In their recorded mass spectra, they observed sharp signals at m/z = 720 

and m/z = 840 corresponding to C60 and C70, respectively.[44] Due to the resemblance of the structure 

to the geodesic domes of the architect BUCKMINSTER FULLER, the spherical carbon compounds were 

named buckminsterfullerenes.[45] Not much later macroscopic quantities of C60 were producible by 

combusting graphite in a carbon-arc plasma under helium.[46] At last, the discovery of the fullerenes 

was honored by awarding CURL, SMALLEY and KROTO with the NOBEL prize in chemistry in 1996.[47-49] 

Fullerenes consist of only carbon atoms arranged in a hexagonal network. Pentagons are incorporated 

into this network, introducing the curvature. Fullerenes contain at least twelve pentagons and additional 

n hexagons, obeying EULER’S theorem (C20+2n).[45] The pentagons are evenly distributed within the 

molecule following the isolated pentagon rule, stating that only fullerenes with isolated pentagons are 

stable. Thereby unfavorable antiaromatic pentalene-type 8π electron systems are avoided. For C60, 

only one isomer obeys this rule, the soccer ball-like structure with Ih symmetry.[50-52] All carbon atoms in 

Figure 1.6: [5]Radialene and 1,3,5-cyclohexatriene substructures of C60. 
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this molecule are identical, therefore the carbon NMR spectrum shows only one signal (143 ppm in 

deuterated benzene).[53] The double bonds in C60 are highly localized, they are located in the hexagons 

(bond length 138 pm). The single bonds are 7 pm longer. Due to the bond-alternating structure, C60 

can be described as a system of connected 1,3,5-cyclohexatriene and [5]radialene subunits (see figure 

1.6).[54] Hence, C60 cannot be seen as a truly aromatic compound but rather as an electron deficient 

polyolefin. In this context, the question whether fullerenes are truly aromatic compounds shall not be 

addressed due to its complexity, it shall only be mentioned that HIRSCH and VON RAGUÉ SCHLEYER 

stated that their latest computational and theoretical calculations allowed the conclusion that C60 is not 

superaromatic or aromatic, but a spherically π anti-aromatic, enormously strained species.[55] More 

detailed information about the ongoing discussion can be found in the cited literature.[56-59] 

C60 exhibits a considerable electron affinity which can be explained by the HÜCKEL molecular orbital 

diagram (see figure 1.7). The lowest unoccupied molecular orbitals (LUMOs) are threefold 

degenerated and lie quite low in energy compared to benzene. The highest occupied molecular orbitals 

(HOMOs) are fivefold degenerated. C60 can easily be reduced reversibly with up to six electrons.[60-61] 

The low lying LUMOs are a consequence of the rehybridization of the orbitals, meaning that because 

of the curvature of the fullerene surface, the orbitals are pyramidalized and the p-proportion of the 

hybrid orbitals is increased to sp2.28.[62] Naturally, the release of strain energy is a strong driving force, 

characterizing the fullerene’s reactivity – it reacts with a lot of nucleophiles in addition reactions upon 

which the hybridization of the carbon orbitals changes to sp3.[63] Another electronical characteristic of 

fullerenes is, that they possess a very small reorganization energy, both in the ground and the excited 

state, due to their rigid framework.[64] Together with their good reversible reducibility, this makes 

fullerenes excellent candidates for donor-acceptor systems and electron transfer studies.[65] 

Figure 1.7: HÜCKEL Molecular Orbital diagram of C60 and benzene.[66-67] 
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Optical spectroscopy has a great value in the characterization of fullerenes and their functionalized 

derivatives because of the spherical π-system of C60. The UV/Vis spectrum of pristine C60 in n-heptane 

shows intense absorptions between 190 and 410 nm and some very weak absorptions between 410 

and 620 nm. These weak absorptions result from symmetry forbidden singlet-singlet transitions and 

are the reason for the purple color of fullerene solutions.[53, 68] After exohedral functionalization, the 

electronic structure of the fullerene core is changed and consequently, so is its optical spectrum. After 

functionalization, the spectrum is mainly influenced by the number of addends, the geometric 

arrangement in multiadducts and the electronic structure of the addend if it is a chromophore.[69-70] 

Functionalization of C60 goes hand in hand with a reduction of symmetry which enhances the transition 

probability resulting in stronger absorptions in the visible region, explaining why monoadduct solutions 

are dark red. In porphyrin-fullerene hybrids, the optical spectra are strongly dominated by the 

characteristics of the porphyrin, especially in multi-porphyrin-fullerene conjugates. 

 

1.3.2 Functionalization of C60 

The different chemical functionalization routes that were made accessible since the fullerenes’ 

discovery all result from the characteristic properties and structural features of C60. In this regard, the 

high amount of strain energy which is reduced after addition reactions, the high affinity towards 

reductions or nucleophilic attacks due to the partial s character of the π-orbitals and the inertness of 

the inner fullerene sphere towards reactive species which enables encapsulations are of highest 

importance. Five different functionalization pathways were realized up to now:[63, 71-72] 

Exohedral functionalization: addition reactions functionalizing the outer side of the fullerene cage 

(e.g. nucleophilic and radical additions, cycloadditions);[73-76] 

Formation of heterofullerenes: replacement of a carbon atom of the fullerene framework with a 

heteroatom, for example boron or nitrogen;[77-80] 

Formation of endofullerenes: encapsulation of small metallic or non-metallic compounds (molecules 

or atoms);[81-87] 

Formation of ring opened fullerenes: precursors for guest encapsulations;[88-91] 

Formation of fulleride salts: reduction with electropositive metals.[92-95] 

In the context of this work, only exohedral functionalization, meaning the addition of functional groups 

to the outer side of the cage, play a significant role. Therefore, only two very important synthetic routes, 

the BINGEL[96] and the PRATO[97] reaction, will be discussed in more detail. 
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The BINGEL reaction is a cyclopropanation developed by C. BINGEL originally using DBU (1,8-

diazabicyclo[5.4.0]undec-7-ene) or NaH and a brominated malonate. It delivers cyclopropanated 

monoadducts in comparably high yields and tolerates a broad substrate scope which makes it so 

attractive. The reaction mechanism involves the deprotonation of the α-bromomalonate by the 

employed base and a following nucleophilic attack of the formed carbanion on C60. The resulting 

negatively charged intermediate undergoes an intramolecular nucleophilic substitution under the 

release of bromide, yielding the desired product (see scheme 1.2). In order to avoid the synthesis of 

brominated malonates, HIRSCH established the in situ bromination of the malonate using CBr4 and 

DBU.[98] In some cases the replacement of CBr4 with iodine achieves better yields.[99]  

In contrast to the BINGEL cyclopropanation reaction, the PRATO functionalization describes a [3+2]-

cycloaddition reaction between C60 and a 1,3-dipole such as an azomethine ylid yielding a 

fulleropyrrolidine.[97] In cycloaddition reactions, the [6,6]-double bonds of C60 show a dienophilic 

character that is comparable to maleic anhydride.[63] The functionalization is very selective, it occurs 

only at the mentioned [6,6]-bonds in order to prevent the formation of energetically unfavorable double 

bonds within the pentagons. Usually, C60 is converted with a carbonyl compound, most commonly an 

aldehyde, and an α-amino acid in hot toluene. An exemplary PRATO reaction using formaldehyde and 

sarcosine is depicted in scheme 1.3. In a condensation reaction, the amino acid and the carbonyl 

compound form an iminium salt which subsequently decarboxylates under the release of the 

azomethine ylid. Complex aldehydes and N-substituted amino acids enable substituted 

fulleropyrrolidines. It is possible, in a very elegant manner, to introduce theoretically up to five different 

functionalities in one reaction step. However, up to now only PRATO adducts with four substituents 

have been reported, most likely due to steric hindrance.[100-101] Another fact which makes cycloaddition 

chemistry on fullerenes in general interesting is the fact that they are reversible, and so is the PRATO 

reaction, which makes it a great tool for versatile fullerene chemistry.[102-103]  

 

Scheme 1.2: Attack of the deprotonated bromo malonate on C60 under formation of the cyclo-

propanated BINGEL product. 
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Scheme 1.3: Condensation and decarboxylation of N-methylglycine (sarcosine) and paraformaldehyde 

to an azomethine ylid (in brackets) and formation of the corresponding N-methyl-pyrrolidine fullerene 

derivative.[63] 

 

1.4 Porphyrin-Fullerene Donor-Acceptor Conjugates 

1.4.1 The Concept of Artificial Photosynthesis, Artificial Antennas and Donor-Acceptor 

Conjugates 

As already indicated, the ability to develop a synthetic equivalent of a natural photosynthetic system is 

a very ambitious goal which is still out of reach, mainly due to a lack of long term stability and repair 

mechanisms available to natural photosynthetic systems. The research goals in the area of artificial 

photosynthesis combine both the desire to better understand the main processes behind 

photosynthesis and the wish to enable access to design principles upon which synthetic systems could 

be based on. In the last decades, significant progress in the field has been made and special attention 

will in the following section be paid to donor-acceptor systems mimicking light harvesting and charge 

separation processes.[104-113]  

Since in photosynthesis by far more light is harvested by the antenna complexes than by the RC, it 

makes sense to design and create artificial systems similar to natural antennas. The natural systems 

consist of multiple pigments that transport excited states to the RC where photochemical processes 

are initiated. Since porphyrins are very similar to the naturally occurring chlorophylls and 

bacteriochlorophylls regarding their structure and their chemical, redox and photophysical properties, 

they are very often used in artificial antenna structures.[114-118] The alignment of the chromophoric units 

within a multi-chromophore array is of vital importance for its performance. In this context, dendritic 

architectures are very popular since the well-organized three-dimensional structure of a dendrimer 

allows both for an easy introduction of several chromophoric units as well as for short distances 

between the peripheral and the more central building blocks.[119-122] The dendritic alignment of 

pigments enables one central unit, e.g. the RC, to be provided with excitation energy from many 

chromophores at the same time, just as in natural systems. Furthermore, it is beneficial, that the 
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energy is transported following a downhill gradient in order to avoid back reactions, as it is done in 

natural systems. For some time, chemists have been designing and synthesizing donor-acceptor 

systems in order to mimic natural charge separation processes. The simplest possible donor-acceptor 

system is a dyad, consisting of one donor and one acceptor molecule, linked either covalently or non-

covalently.[123-127] After excitation of the donor, an electron is transferred to the acceptor resulting in one 

oxidized and one reduced species. This process can be very efficient, that is the achievement of high 

quantum yields for charge separation. However, these systems are doomed to undergo fast charge 

recombination since the donor and the acceptor are very often in close proximity, which shortens the 

lifetime of the charge separated state significantly.[128] Nature’s solution for this problem is that the 

initial charge separation is followed by a series of short but rapid and efficient electron transfer steps. 

The result is a spatial separation of the charges which makes charge recombination comparably slow. 

Logically, complex systems containing more than one donor and acceptor moiety have been 

synthesized, which are employing this multi electron transfer step concept.[129-131] Some of these will be 

discussed in more detail in the next chapter. The most elegant way to achieve both efficient and long-

lived charge separated states is of course to combine both the antenna and the reaction center 

functionality in one molecule. The basic construction of such a system, together with the processes 

that occur upon excitation, are illustrated in figure 1.8. 

In literature, one can find a variety of donor and acceptor compounds used in artificial photosynthetic 

systems. The donor can be either a photoactive or a non-photoactive substance, for example 

porphyrins and phthalocyanines and their corresponding metalated analogues or ferrocenes and 

tetrathiafulvalenes, respectively. If the donor belongs to the latter, the electron transfer must be 

triggered by excitation of the acceptor, usually C60 and at the same time, the donor stays in the ground 

state. Due to the relatively poor absorption properties of C60, the results were rather bad, so as a 

consequence, usually chromophores are employed as donors. Porphyrins are strikingly often used and 

that is based on a combination of unique properties. As indicated, porphyrins show close resemblance 

to the naturally occurring pigments, but they are also very stable and at the same time allow for a high 

Figure 1.8: Schematic representation of the working principle of donor-acceptor systems. 
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degree of synthetic flexibility. They have a small HOMO-LUMO gap which makes them very redox 

active. Additionally, their redox potentials can be altered by inserting different metals in their core. [132-

133] On the other hand, C60 is an ideal choice as electron accepting moiety due to a multiplicity of 

reasons.[134-135] Most obvious is the fact, that C60 has a high electron affinity and a very easily 

accessible first reduction with a reduction potential similar to quinones, the naturally occurring electron 

acceptors. As a result, C60 can form stable radical pairs when coupled to a donor.[136] Of high 

importance is the small reorganization energy of C60, being a consequence of C60’s rigid spherical 

shape and the delocalization of the π-system.[137] Additionally, the curvature of C60 causes an excellent 

coupling between the acceptor and the hydrocarbon bridge and consequently with the donor.[138] 

However, it is worth mentioning that only monoadducts of C60 are used in donor-acceptor systems 

since higher adducts show less beneficial electron accepting properties.[70, 115, 139] Combining both 

porphyrins and C60 in donor-acceptor systems has been proved to lead to efficient charge-separation 

and long-living charge-separated states since the rate of the charge recombination is much slower than 

the rate of the charge separation.[65] This is a result the small reorganization energies for these 

substances cause the slightly exergonic charge separation in the normal region of the MARCUS curve 

whereas the strongly exergonic charge recombination is pushed in the inverted region.[140-142]  

 

1.4.2 State of the Art – Antenna - Reaction Center Complexes 

Despite the fact that the non-covalent connection of C60 and a porphyrin moiety through VAN DER 

WAALS forces, π-stacking interactions, axial coordination or hydrogen bonding is an elegant method to 

build supramolecular structures equipped with the ability to perform photoinduced electron transfer, [123-

124] in this context only selected covalently linked systems will be discussed.  

Figure 1.9: Porphyrin-fullerene conjugate by GUST.[143] 

The first reported dyad was synthesized in 1994 by GUST et al. via a DIELS-ALDER reaction and 

underwent PET in PhCN upon excitation. The dyad is depicted in figure 1.9.[143] This inspired the 

design of various other porphyrin-fullerene conjugates which became more and more sophisticated 

and were at the same time addressing several different problems regarding solubility or prolonged 

charge separation through structural modifications.[144-146] Facing the challenge of water soluble 

conjugates, HIRSCH et al. employed one of their earlier “simpler” dyads[147-148] and equipped it with 
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NEWKOME dendrons of the second generation.[149-151] The resulting conjugate 2 was water soluble, but 

underwent the formation of micellar aggregates in water due to the amphiphilic character of the 

molecule (see figure 1.10).  

 

Figure 1.10: Left: Dyad 1.[147-148] Right: Water soluble dyad 2 with NEWKOME dendron.[149] 

The introduction of a cascade of electron transfer steps, or the so-called relay concept, is a very 

elegant way to prolong the lifetimes of the charge separated states. Although the multi-step electron 

transfer is accompanied with energy losses for each step, the final radical ion pair gets spatially 

separated which dramatically reduces the electronic coupling and thusly results in a long lifetime. As a 

consequence, chemists started to incorporate more redox-active building blocks in the conjugates, 

creating triads, tetrads and pentads.[5] IMAHORI et al. performed extensive studies on different linear 

multi-porphyrin-fullerene adducts, some equipped with an additional donor, mainly ferrocene (see 

figure 1.11).[152-156] The depicted molecular triad 3 contains two porphyrin moieties, a free base 

porphyrin (H2P) and a zinc porphyrin (ZnP). The zinc porphyrin functions as donor, the free base 

porphyrin as sensitizer and the fullerene as acceptor. The alignment of these groups should allow a 

charge shift from the sensitizer (E1/2 (H2P•+/H2P) +0.59 V vs Fc/Fc+) to the better electron donor (E1/2 

(ZnP•+/ZnP) +0.30 V vs Fc/Fc+), realizing the relay concept. And indeed, upon excitation the energy is 

transferred from ZnP to H2P, followed by a charge separation resulting in the first radical ion pair ZnP-

H2P•+-C60
•-. Due to the described redox potentials, the hole is shifted to ZnP. The final charge 

separated state has a lifetime of 21 μs in PhCN before it decays to the singlet ground state. 

 

Equation 1.1: Excitation mechanism of ZnP-H2P-C60 3.[152] 
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In tetrad 4 the influence of a stronger electron donating group, ferrocene (Fc), becomes evident. After 

excitation, energy and electron transfer steps, the final radical ion pair is separated over an even 

longer distance in a molecule with an edge-to-edge distance of 48.9 Å. The ferrocene acts as terminal 

electron donor, C60 as acceptor (Fc+-ZnP-H2P-C60
•-). The lifetime of the charge separated state was 

determined in frozen media (in PhCN at -80 °C) since in solution intermolecular dynamics would 

dominate the back electron transfer. In frozen PhCN a lifetime of 0.38 s could be observed which is 

comparable to the lifetime of the bacteriochlorophyll dimer radical cation – secondary quinone radical 

anion pair in the bacterial photosynthetic reaction center (~1 s).[157] However, the quantum yield of the 

formation of the charge separated state in the tetrad was rather low (Φ = 0.24).[155] In order to improve 

the CS and light harvesting efficiency, a ferrocene-meso, meso-linked porphyrin trimer-fullerene pentad 

Fc-(ZnP)3-C60 (5) was prepared, where three connected zinc porphyrins serve as light harvesting 

chromophores.[156] The final charge separated state Fc+-(ZnP)3-C60
•- has a lifetime of 0.53 s in DMF 

at -110 °C.  

 

Figure 1.11: Molecular triad, tetrad and pentad by IMAHORI et al.[152-156] 
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The CS efficiency is comparably high (Φ = 0.83 in PhCN), despite the long distance between the 

radical ion pair. The high quantum yield is explained by the efficient CS through the porphyrin trimer, 

where at the same time the slow charge recombination is associated with the localized porphyrin 

radical cation in the porphyrin trimer.[156] 

The construction of antenna systems, away from a strictly linear alignment of chromophores or redox 

active moieties, has the advantage, that one reaction center is fed with excitation energy by more than 

one peripheral chromophore.[158-159] The (ZnP)3-ZnP-H2P-C60 hexad 6 by MOORE, LINDSEY and GUST is 

one example for such an array in which an antenna is coupled to a RC (see figure 1.12). Upon 

excitation, energy and electron transfer and a charge shift, the final charge separated state (ZnP)3-

ZnP•+-H2P-C60
•- is formed with an overall efficiency of 0.9. It could not be resolved whether the positive 

charge is located on the central zinc porphyrin or on a peripheral one. The lifetime of the final charge 

separated state is 240 ns.[160] 

Figure 1.12: (ZnP)3-ZnP-H2P-C60 conjugate 6 by MOORE, LINDSEY and GUST.[160] 
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Previous results from our group on dendritic multi-porphyrin-fullerene adducts revealed the importance 

of the functional groups connecting the different moieties of the array.[161-163] In the (ZnP)3-H2P-C60 

conjugate 7, the light harvesting process is carried out by the zinc porphyrins (see figure 1.13). After 

energy and electron transfer, the final charge separated state (ZnP)3
•+-H2P-C60

•- exists with a lifetime of 

460 ns if fixed in a viscous medium such as an agar matrix. The reason for the need of a viscous 

environment is the ester linkage between the functional units. The amount of flexibility enables an 

undesired electronic communication which shortens the lifetime of the charge separation. A more rigid 

connection motif might solve this problem. 

Figure 1.13: (ZnP)3-H2P-C60 array 7 by SCHLUNDT et al.[162] 
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CHAPTER 2 

 

 

Proposal 

 

The aim of this work was the synthesis and characterization of multi-porphyrin-fullerene conjugates, 

equipped with a rigid connection motif and different side chains. Upon excitation with light, the 

designed conjugates are anticipated to undergo a series of energy and electron transfer reactions, 

mimicking light harvesting and charge separation – two key processes in natural solar energy 

conversion. The expected electron and energy transfer reactions are intended to proceed along a well-

Figure 2.1: Functionalities of a representative porphyrin-fullerene pentad. 
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defined redox gradient resulting in long lasting charge separated states. In figure 2.1 the building 

blocks of the conjugates and their function are visualized. 

As depicted, the adducts incorporate a light harvesting antenna, which is built-up from three zinc 

porphyrins (ZnP) being connected to one central free base porphyrin (H2P) in a dendritic manner. It is 

anticipated, that the combination of photoactive building blocks, away from distinct chromophores, will 

enhance the efficiency of the light harvesting process. Porphyrins are excellent candidates for light 

harvesting since they intensely absorb light in the visible region of the electromagnetic spectrum and 

are easily synthetically available. C60 should be used as electron acceptor due to its remarkable 

electronic properties and its small reorganization energy.  

The porphyrins within the antenna should be connected via triple bonds through a threefold copper-

free SONOGASHIRA reaction in order to gain a high amount of rigidity within the molecule. The 

importance of the rigid connection motif becomes strikingly obvious in previously synthesized multi-

porphyrin-fullerene arrays by SCHLUNDT.[162-163] They have proven to be able to generate charge 

separated states with a lifetime of up to 460 ns, however, these results could only be obtained when 

the compound was measured in a highly viscous medium. It is believed, that the connecting ester units 

allowed the system to be too flexible, resulting in an undesired electronic short-cut through back-folding 

of the porphyrins to the fullerene.  

The targeted arrays are differing in their side chains; they are either equipped with a short (ethyl) or 

long (hexadecyl) alkyl chain or with a NEWKOME dendron (first or second generation).[164] The different 

side chains are intended to provide both additional solubility in various media, ideally even path the 

way to water solubility, and serve as “shielding unit”, inhibiting intermolecular interactions between 

porphyrins and C60. The functionalization of C60 should proceed via a PRATO reaction between an 

aldehyde carrying the porphyrin units, a secondary amino acid equipped with the respective side chain 

and C60. The second method of choice for the functionalization of C60 with a porphyrin building block 

should be the cyclopropanation of C60 following BINGEL-HIRSCH conditions employing a substituted 

malonate, a halide source and a non-nucleophilic base.  

The alignment of the components within the porphyrin-fullerene conjugates is determined by their 

redox potentials, where the zinc porphyrins are the strongest electron donors, followed by the free 

base porphyrin and finally C60 as very good electron acceptor. Simultaneously, this line-up results in an 

energy gradient from the higher lying excited zinc porphyrins to the lower lying free base porphyrin. It is 

desired to achieve a sequence of short-range energy and electron transfer steps upon photoexcitation. 

Supposedly, light will be absorbed by the porphyrin moieties, resulting in an excitation of the free base 

porphyrin (H2P*). This can happen either by direct excitation of H2P or by energy funneling from the 

excited ZnP*. Through a charge transfer reaction between the excited H2P* and C60, a charge 
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separated state ZnP-H2P•+-C60
•- should be formed. Following the redox gradient, a shift of the positive 

charge should occur, resulting in ZnP•+-H2P-C60
•-. This charge shift ideally increases the lifetime of the 

separated state since the charges are less likely to recombine due to the enhanced spatial separation. 

These proposed theories should be supported by extensive measurement of the photophysical 

properties of the conjugates in cooperation with the GULDI group.   
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CHAPTER 3 

 

 

Results and Discussion 

 

3.1 Synthesis and Characterization of PRATO-functionalized Porphyrin-Fullerene 

Adducts 

The synthetic approaches towards porphyrin-fullerene conjugates following PRATO protocol are 

discussed in this section. The main target molecule 8 contains four porphyrins, a side chain 

functionalized with a first generation NEWKOME[164] dendron [1G] and C60 (see figure 3.1.1). Upon 

irradiation with light, the four porphyrins - three zinc and one free base porphyrin - function as a light 

harvesting antenna on the one hand and as electron donors on the other hand. The fullerene serves as 

electron accepting moiety. The side chain equipped with the dendron is expected to enhance the 

solubility of the molecule and increase the lifetime of the charge separated state since it is a bulky 

group. Hence it is intended that the dendritic substituent prevents intermolecular interactions which 

could favor electronic short-cuts. This effect is expected to be even more pronounced for the second 

generation dendron which could, after deprotection, ideally lead to pH-depended water soluble 

species. As already indicated, the target molecule is intended to undergo energy and electron transfer 

upon excitation, the processes being similar to those in natural photosynthesis. The excitation energy 

is supposed to be harvested by the antenna and then transported to the central H2P porphyrin, or the 

central porphyrin directly reaches an excited state. A subsequent electron transfer is expected to result 

in a radical ion pair, (ZnP)3-H2P•+-C60
•-. Following the redox gradient, the hole is supposed to migrate to 

a ZnP, increasing the lifetime of the charge separated state as a consequence of the enlarged spatial 

separation of the charges. This sequential energy and electron transfer would be a successful 

application of the “relay concept”, which is inspired by natural photosynthesis. The porphyrin units 

within the antenna structure are connected through triple bonds, which reduce the flexibility of the 

system and generate a more linear alignment of the functional units. This is expected to be beneficial 

for the lifetimes of the charge separated states. 
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The PRATO reaction is a very elegant tool in the design of compounds like the desired target molecule 

8, since it enables the construction of a very large molecule from three different comparably small 

building blocks in just one reaction step. For a PRATO adduct, an (substituted) α-amino acid, an 

aldehyde and C60 are needed. The reaction proceeds in hot toluene, usually overnight. The two 

required compounds for the formation of 8 are shown in figure 3.1.2. In the subsequent sections, the 

synthesis of the shown aldehyde 9 and the α-amino acid 14 are discussed as well as the approaches 

towards target molecule 8. This section is concluded by the discussion of the experiments using 

sarcosine (N-methyl glycine) as a simple amino acid derivative.  

 

 

 

 

 

Figure 3.1.1: Porphyrin-fullerene conjugate (ZnP)3-H2P-C60 8. 
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3.1.1 Synthesis and Characterization of the Porphyrin Compounds 

The desired porphyrin aldehyde 9 is accessible via a three-step reaction sequence, not including the 

synthesis of the two basic porphyrin building blocks. The first step of the sequence is a threefold 

copper-free SONOGASHIRA reaction. In this reaction, a tetra porphyrin ester (10) is synthesized from 

three zinc acetylene porphyrins (11) and one free base porphyrin (12) (see scheme 3.1.2, page 26). 

The latter central free base porphyrin is meso-substituted with three para-iodophenyl and one 

methoxycarbonyl phenyl ring, which masks the aldehyde functionality since it would not tolerate the 

SONOGASHIRA reaction conditions. The tetramer can be converted with lithium aluminum hydride (LAH) 

to the corresponding alcohol (13) under cleavage of the ester. The resulting hydroxyl group can in the 

following be oxidized to the aldehyde using activated manganese dioxide (see scheme 3.1.3). 

 

 

 

Figure 3.1.2: Required porphyrin aldehyde 9 and substituted amino acid 14 for the synthesis of 8. 
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3.1.1.1 Synthesis and Characterization of Porphyrin Tetramer 10 

As mentioned, porphyrin tetramer 10 was prepared via a threefold copper-free palladium mediated 

SONOGASHIRA reaction from 5-(4-ethynylphenyl)-10,15,20-tris(3,5-dimethoxyphenyl) porphyrinato zinc 

(II)[165] (11) and 5-[4-(methoxycarbonyl)phenyl]-10,15,20-tri-4-iodophenylporphyrin (12). Porphyrin 11 

was synthesized according to literature.[165] Literature unknown porphyrin 12 was prepared from 

4-iodobenzaldehyde and methyl 4-formylbenzoate under standard LINDSEY reaction conditions. Boron 

trifluoride diethyl etherate was used as catalyst, DDQ as oxidant (see scheme 3.1.1). After purification 

(silica plug, column chromatography and precipitation from n-pentane), 12 could be isolated in a yield 

of 9%, which is typical for a statistical synthesis of an A3B porphyrin. Free base porphyrin 12 was 

characterized by NMR spectroscopy, however, since the spectroscopic characteristics are preserved in 

the higher porphyrin structures, a discussion of the spectra will be omitted here. The steady state 

absorption features of 12 are typical for a free base porphyrin. The intense absorption of the SORET 

band can be detected at 420 nm. The considerably weaker absorptions at 516, 550, 591 and 468 nm 

correspond to the four Q bands. In the following step, the four porphyrins should be connected to a 

porphyrin tetramer by means of a threefold copper-free SONOGASHIRA reaction. In this context, copper-

free reaction conditions are of essential importance. If copper was present in the reaction mixture, it 

would automatically metalate the free base porphyrin. However, a copper insertion would reverse the 

redox gradient in the porphyrin system, inhibiting the desired electron shift. Since there is no method to 

selectively remove copper from a porphyrin core without also removing zinc, copper-free reaction 

conditions are indispensable. In traditional SONOGASHIRA reactions, a cuprous salt as a co-catalyst and 

a ligand such as triphenylphosphine are employed.[166-167] Under copper-free conditions, they can be 

replaced by an excess of triphenyl arsine.[160, 168-169] Since the best catalytic system for SONOGASHIRA 

reactions is strongly substrate dependent, a variety of catalysts and bases in different combinations 

have been screened. The best results were obtained using Pd2dba3 x CHCl3 in a 5:1 mixture of THF 

and TEA (scheme 3.1.2). A thorough degassing of the solvents via pump-freeze techniques and 

working under argon atmosphere were crucial for a successful reaction outcome, otherwise the homo-

Scheme 3.1.1: Synthesis of 5-[4-(methoxycarbonyl)phenyl]-10,15,20-tri-4-iodophenylporphyrin (12). 
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coupled byproduct was formed, despite a lacking mechanistic explanation.[166] After optimization of the 

coupling conditions, 10 could be obtained in excellent yields of up to 67%. Interestingly, a byproduct 

where only one or two of the three iodine moieties of the central porphyrin have reacted with another 

acetylene porphyrin was not observed. TLC control always indicated the complete conversion of the 

free base porphyrin, only the acetylene porphyrin could always be reisolated in small amounts since it 

was used in a slight excess of 0.1 equivalents per coupled halide. The cause for the yield being 

comparably low for a reaction with a complete consumption of the starting material is the quite tedious 

column chromatographic purification due to pronounced peak tailing caused by the porphyrin 

moieties.[170] An addition of a small amount of triethylamine as suppressor did not improve the 

resolution of the peaks in any observable amount. 

Porphyrin ester 10 was characterized by NMR spectroscopy and the recorded spectra are in 

agreement with theoretical expectations. Not all peaks could be assigned doubtlessly despite 2D 

Scheme 3.1.2: Synthesis of porphyrin ester 10. 
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experiments due to overlapping peaks. However, the assignment of several peaks is possible. The 1H-

NMR spectrum of 10 is depicted in figure 3.1.3. The two NH-protons of H2P can be detected 

at -2.67 ppm, confirming that no metal has been inserted during the reaction. The methyl groups of the 

methoxy substituents give rise to several overlapping singlets between 3.88 and 3.93 ppm. The 

resonance of the methyl ester protons can be found at 4.08 ppm. The multiplets in the aromatic region, 

around 6.84 and 7.37 ppm, can be assigned to the aromatic protons of the 3,5-dimethoxy substituents. 

The signals around 6.84 ppm correspond to the nine protons in between the two methoxy residues, 

that means in para-position regarding the porphyrin ring. The peaks around 7.37 ppm can be assigned 

to the 18 protons neighboring the methoxy residues, more specifically in ortho-position. All other arylic 

protons, except for the two protons adjacent to the ester group (8.44 ppm), are found in the multiplets 

around 8.10 and 8.30 ppm. The β-pyrrolic protons appear between 8.89 and 9.10 ppm. In the 13C-NMR 

spectrum of 10 (depicted in figure 3.1.4), the signals of the methyl groups can be detected at 52.4 

(COOCH3) and 55.6 ppm (OCH3). The carbon atoms of the triple bond resonate in one signal at 

90.3 ppm. The signals of the arylic carbon atoms of the methoxy substituents are found at 100.0 and 

113.7 ppm. The resonances of the meso-carbon atoms can be observed at around 120 ppm. One of 

the arylic CH carbon atoms can be assigned doubtlessly through clear coupling in HSQC spectra, that 

is the position adjacent to the methyl ester group at the central porphyrin (signal at 8.44 ppm). The 

peaks of the β-pyrrolic carbon atoms appear at around 132 ppm, the signals at 150 ppm can be 

assigned to the α-pyrrolic carbon atoms. The arylic carbon atom neighboring the oxygen atom of the 

methoxy group results in a signal which is typically shifted to low fields, in this case to 158 ppm. The 

peak of the carbonyl carbon atom can be detected at 167.3 ppm. The formation of 10 was also verified 

by ESI MS. Two isotopic patterns which correspond to the singly and the doubly charged species 

[M+H]+ and [M+2H]2+ were detectable (m/z = 3307.90507, m/z = 1654.44855). 
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Figure 3.1.3: 1H-NMR spectrum of porphyrin ester 10 recorded in CDCl3 (400 MHz, rt). 

Figure 3.1.4: 13C-NMR spectrum of porphyrin ester 10 recorded in CDCl3 (100 MHz, rt). 
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3.1.1.2 Synthesis and Characterization of Porphyrin Alcohol 13 and Porphyrin 

Aldehyde 9 

For the conversion of the obtained porphyrin ester 10 to alcohol 13, 10 was reacted with LAH in THF at 

low temperatures (-10 °C) under argon atmosphere. The reaction was quenched through the addition 

of water as soon as thin layer chromatography indicated the complete conversion of the starting 

material. After work-up, the crude alcohol 13 could either be isolated or directly be oxidized to the 

corresponding aldehyde 9 (scheme 3.1.3).[171] For analyses, all porphyrin derivatives were purified by 

column chromatography and subsequent precipitation. After purification, alcohol 13 was isolated in 

yields of around 90%. The recorded NMR spectra of 13 are discussed in the following. Afterwards, the 

oxidation of 13 to aldehyde 9 is discussed in more detail. 

The NMR spectra of porphyrin alcohol 13 are depicted in figures 3.1.5 and 3.1.6. Small amounts of 

unidentified impurities are marked with a star. The main difference in the 1H-NMR spectra of 13 

compared to its ester precursor 10 is the absence of a singlet at 4.08 ppm which would correspond to 

the methyl ester protons. The signal of the CH2 protons of alcohol 13 is overlapping with the signal set 

of the methoxy protons around 3.90 ppm. In the 13C-NMR spectrum of 13, the resonance of the CH3 

carbon atom of the methyl ester at 52.4 ppm is no longer observable and neither is the carbonyl signal 

at 167.3 ppm. The signal of the CH2 carbon atom can be detected at 64.4 ppm. Residual traces of both 

THF and toluene from the column chromatographic purification can be observed in the 13C-NMR 

spectrum. The formation of 13 was additionally confirmed by mass spectrometry. In high resolution ESI 

Scheme 3.1.3: Synthesis of porphyrin alcohol 13 and porphyrin aldehyde 9. 
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mass spectra, a mass over charge ratio of 1640.4559 was detected for the [M+2H]2+ species, which fits 

nicely to the calculated value of 1640.4485. The UV/Vis spectrum of 13 shows the characteristic 

absorptions of a multi porphyrin conjugate with absorption maxima at 426 (SORET), 518, 549, 588 and 

647 nm (Q bands). The measured molar extinction coefficients are very high, with a maximum of 

around 1.6 x 106 M-1cm-1 for the SORET band.  

Porphyrin aldehyde 9 was synthesized by converting porphyrin alcohol 13 with activated manganese 

dioxide in anhydrous DCM until TLC control indicated the complete conversion of the alcohol. A small 

amount of Celite® was then added to the reaction mixture and the suspension was stirred for some 

minutes before the solid was filtered off and rinsed thoroughly. After column chromatography, the 

product was obtained in yields of up to 53%. A significant amount of substance was lost during the 

chromatographic purification due to strong peak tailing. The peak tailing could not be suppressed 

through the addition of a base such as triethyl amine. The successful oxidation of alcohol 13 to 

porphyrin aldehyde 9 can be verified through its spectroscopic characterization. In the 1H-NMR 

spectrum of aldehyde 9, the proton of the aldehyde resonates at typical low field, namely at 10.35 ppm. 

In the carbon NMR spectrum, the signal of the CH2 group present in alcohol 13 at 64.4 ppm cannot be 

observed anymore. The carbonyl carbon atom of the aldehyde can be assigned to the signal at 

192.4 ppm. The formation of aldehyde 9 was additionally confirmed by ESI MS. The isotopic pattern of 

Figure 3.1.5: 1H-NMR spectrum of porphyrin alcohol 13 recorded in CDCl3 (400 MHz, rt). 
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the monocation (m/z = 3277.8756 [M+H]+) could be fully resolved in the measurements. The calculated 

mass over charge ratio has a value of 3277.8741.   

Figure 3.1.6: 13C-NMR spectrum of porphyrin alcohol 13 recorded in CDCl3 (100 MHz, rt). 

Residual amounts of THF and toluene and marked with a star. 
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3.1.2 Synthesis and Characterization of the Substituted α-Amino Acid 

As indicated, the functionalization of C60 under PRATO conditions requires an N-alkylated amino acid 

derivative. In this work, the amino acid also functions as a spacer unit which is additionally 

functionalized with a NEWKOME[164, 172] dendron of the first or the second generation. The essential step 

in the preparation of the desired amino acid (6-((1,7-di-tert-butoxy-4-(3-(tert-butoxy)-3-oxopropyl)-1,7-

dioxoheptan-4-yl)-amino)-6-oxohexyl)glycine (14) (see scheme 3.1.7) is the formation of the bond 

between the amino group and the alkyl chain. Theoretically, it is possible to create this bond in a 

substitution reaction between an alkyl halide and a primary amine. Several attempts in this direction 

using different halides, solvents, reaction times, temperatures and concentrations did not deliver the 

desired compound. Either no reaction or an over alkylation were observable. Hence, the described 

bond should be formed in a reductive amination reaction, yielding the benzyl protected precursor di-

tert-butyl 4-(6-((2-(benzyloxy)-2-oxoethyl)-amino)hexanamido)-4-(3-(tert-butoxy)-3-oxopropyl)heptane-

dioate (15) (see scheme 3.1.4). After the removal of 15’s protecting group under reductive conditions, 

the desired amino acid derivative 14 should be obtained (see scheme 3.1.7). The syntheses of 16 and 

17 are described on pages 34 ff. For the reductive amination, benzyl 2-oxoacetate (16) and di-tert-butyl 

4-(6-aminohexanamido)-4-(3-(tert-butoxy)-3-oxopropyl)-heptanedioate (17) were converted with 

sodium triacetoxyborohydride in dry DCE. It was also tried to use sodium cyanoborohydride as 

reducing agent, but lower yields were obtained under these conditions. 

 

Scheme 3.1.4: Reductive Amination yielding the protected amino acid 15. 

The recorded 1H-NMR spectrum of 15 shows all expected signals. It is depicted in figure 3.1.7. The 

protons of the CH2 groups of the dendron appear as two triplets at 1.94 and 2.19 ppm, their coupling is 

noticeable through the slightly pronounced roof effect. The 27 protons of the CH3 groups can be 

assigned to the sharp singlet at 1.40 ppm. The “central” CH2 protons of the C6 alkyl chain give rise to 

several multiplets between 1.32 and 1.38 ppm and between 1.48 and 1.58 ppm. The triplet at 2.05 ppm 

can be assigned to the CH2 group adjacent to the amide functionality. Compared to this, the peak of 

the CH2 protons of the C6 chain next to the amine is shifted to lower fields (2.59 ppm). The two sharp 

singlets at 3.43 and 5.14 ppm correspond to the CH2 protons in between the carbonyl and the amine 

group and to the CH2 protons in benzylic position. The slightly broadened singlet at 5.82 ppm can be 
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assigned to the amino proton of the amide group. Last but not least, the protons of the phenyl ring 

cause the multiplet in the aromatic region, between 7.30 and 7.34 ppm. 

Figure 3.1.7: 1H-NMR spectrum of 15 recorded in CDCl3 (400 MHz, rt). Unknown impurity is marked 

with a star.  

The recorded 13C-NMR spectrum of 15 is in agreement with theoretical expectations, it is shown in 

figure 3.1.8. The signals of the inner CH2 groups of the C6 chain, the CH3 groups and the CH2 groups 

of the dendron all appear in the area between 25 and 30 ppm. The tertiary carbon atom of the tert-butyl 

groups causes the signal at 80.6 ppm, the peak of the tertiary carbon atom adjacent to the amide 

group can be detected at 57.2 ppm. The signals of the remaining CH2 groups are shifted towards lower 

fields, starting from the CH2 group adjacent to the amide group (37.3 ppm). The signal at 49.2 ppm is 

caused by the carbon atom of the CH2 group adjacent to the amine, the signal at 50.7 ppm results from 

the carbon atom of the CH2 group in between the carbonyl and the amine functionality. The CH2 group 

in the benzylic position gives rise to the signal at 66.6 ppm. In the aromatic region between 128 and 

135 ppm appear the peaks of the phenyl ring. As expected, the three different signals of the carbonyl 

groups can be detected at around 172 ppm. The existence of 15 was also confirmed by ESI mass 

spectrometry (m/z = 677.43969 [M+H]+). 
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Figure 3.1.8: 13C-NMR spectrum of 15 recorded in CDCl3 (100 MHz, rt). Residual amounts of EtOAc 

are marked with a star. 

The two compounds required for the reductive amination shown in scheme 3.1.4 were prepared 

according to published procedures. Aldehyde 16 and di-tert-butyl 4-(6-aminohexanamido)-4-(3-(tert-

butoxy)-3-oxopropyl)-heptanedioate (17) were synthesized from dibenzyl tartrate 18[173] and 6-

aminohexanoic acid, respectively. 18 was obtained through an esterification of L-tartaric acid with 

benzyl alcohol, catalyzed by para-toluenesulfonic acid. Dibenzyl tartrate (18) was then converted with 

periodic acid, causing an oxidative cleavage of the 1,2-diol functionality (scheme 3.1.5).[174] The crude 

benzyl 2-oxoacetate (16) was purified by Kugelrohr distillation. Attempts to cleave the 1,2-diol in situ 

and to perform the reductive amination directly did not yield any product.  

 

Scheme 3.1.6: Synthesis of benzyl 2-oxoacetate (16).  
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The primary amine 17 for the reductive amination reaction was prepared via the reaction sequence 

depicted in scheme 3.1.6. 6-Aminohexanoic acid was carboxybenzyl protected using benzyl chloride 

(cbz chloride).[175] The resulting acid 19 was then converted with the first generation NEWKOME 

dendron, di-tert-butyl 4-amino-4-(3-(tert-butoxy)-3-oxopropyl)-heptanedioate (20), in a STEGLICH 

amidation reaction.[176] N,N'-Dicyclohexylcarbodiimide (DCC) was used as coupling agent, 4-

dimethylaminopyridine (DMAP) and 1-hydroxybenzotriazole (HOBt) were used as additives. The free 

primary amine 17 was obtained after the removal of the protecting group through almost quantitative 

hydrogenolysis catalyzed by palladium on carbon.[176]  

 

Scheme 3.1.6: Synthesis of primary amine compound 17. 

As already indicated, the desired free secondary amino acid (6-((1,7-di-tert-butoxy-4-(3-(tert-butoxy)-3-

oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxohexyl)glycine (14) can be obtained from precursor 15 

through the removal of the benzyl protecting group. Palladium on carbon is used as catalyst for the 

reaction performed in methanol. After filtration over Celite®, 14 can be obtained in almost quantitative 

yields without any additional purification (see scheme 3.1.7). 

 

Scheme 3.1.7: Removal of the benzyl protecting group under reductive conditions.  
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The obtained NMR spectra of 14 are very similar to the ones of its precursor 15. The missing signals 

for the phenyl ring and the benzylic CH2 group validate the successful deprotection. Furthermore, the 

signals of the proton NMR spectrum recorded in CDCl3 are broadened compared to the signals in the 

spectrum of the protected precursor. The removal of the protecting group was also confirmed by ESI 

MS, where the [M+H]+ peak showed an experimentally determined mass over charge ratio of 

587.39066, which fitted well to the calculated value of 587.39021. 

 

3.1.3 Synthesis of PRATO functionalized Porphyrin-Fullerene Adducts 

After the successful synthesis of porphyrin aldehyde 9 and the secondary amino acid (6-((1,7-di-tert-

butoxy-4-(3-(tert-butoxy)-3-oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxohexyl)-glycine (14), the two 

building blocks should be converted with C60 under formation of the desired pyrrolidinofullerene 8 (see 

scheme 3.1.8). The reaction was initially performed in pure degassed toluene, refluxing the mixture for 

a varying amount of time (from 2 h to overnight). TLC control indicated the almost complete 

consumption of the porphyrin aldehyde, nevertheless, a new spot fitting to a possible product, could 

not be detected. In all cases, a significant amount of red fluorescing material remained on the baseline 

of the TLC plate, despite very polar eluents. It was also tested to subject the reaction mixture to column 

chromatography by dry loading techniques (absorbed onto silica). However, no other compounds than 

Scheme 3.1.8: Attempted synthesis of porphyrin-fullerene adduct 8. 
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residual unconsumed educts were isolated. A mass spectrometric analysis (MALDI) of the crude 

reaction mixture revealed no product formation either. To rule out that a comparably low solubility of 

the porphyrin aldehyde in toluene is the reason for the reaction outcome, THF as excellent solvent for 

the multi-porphyrin compounds was added to the reaction mixture. Nevertheless, product formation 

was not observable in this case either. As a proof of concept, the secondary amino acid 14 was 

converted with C60 and methyl 4-formylbenzoate in refluxing toluene (see scheme 3.1.9). After column 

chromatography, a characteristic dark brown solid could be isolated. Mass spectrometry and NMR 

spectroscopy confirmed the formation of the PRATO monoadduct 22.  

 

Scheme 3.1.9: PRATO reaction between methyl 4-formylbenzoate, 14 and C60. 

To see if porphyrin aldehyde 9 decomposed also in combination with another reactant, it was 

converted with C60 and sarcosine (N-methyl glycine) under the same reaction conditions as shown in 

scheme 3.1.8. It was not possible to isolate a newly formed compound in an amount suitable for NMR 

spectroscopy. However, the mass spectrometric analysis of the crude reaction mixture showed that 

traces of the desired PRATO product were detectable in the MALDI TOF spectrum (dctb). A doubly 

charged species could be detected in ESI mass spectrometric experiments. The resolution and weak 

intensity of the signal allowed not for a more detailed determination of the isotopic pattern (figure 

3.1.9). All in all, in chapter 3.1 is shown that within this work, it was clearly demonstrated that both 

developed main building blocks, porphyrin aldehyde 9 and amino acid 14, can individually react under 

the formation of pyrrolidinofullerenes. Despite all efforts, the formation of the target molecule of this 

section, porphyrin-fullerene conjugate 8 with a first generation NEWKOME dendron side chain, could not 

be proven. As a consequence, in the further course of this work, it was focused on the more promising 

BINGEL functionalization approach, which is discussed in the following section. 
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Figure 3.1.9: MALDI TOF (dctb) mass spectrum (upper part), ESI (MeOH, acetonitrile) spectrum of 

the crude reaction mixture of the depicted porphyrin-fullerene conjugate. 
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3.2 Synthesis and Characterization of BINGEL functionalized Porphyrin-Fullerene 

Adducts 

The synthesis and characterization of different BINGEL functionalized porphyrin-fullerene adducts will 

be discussed in the following sections. The BINGEL reaction is an excellent method for the mono and 

multi functionalization of fullerenes. In this reaction, a halogenated malonate reacts with C60 under 

basic reaction conditions under the formation of a cyclopropanated fullerene adduct.[96] Usually the 

monoadduct can be obtained in very high yields. The BINGEL-HIRSCH modification enabled the in situ 

halogenation of the employed malonate with CBr4 or I2.[98] In the first part of this chapter, porphyrin-

fullerene adducts with short and long alkyl side chains will be discussed. The second part of this 

section will deal with the synthesis of porphyrin-fullerene conjugates equipped with side chains carrying 

a NEWKOME dendron of the first or second generation.  

 

Figure 3.2.1: Target molecules 23 and 24 with different alkyl side chains. 
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3.2.1 Porphyrin-Fullerene Adducts with Alkyl Side Chains 

The two target molecules 23 and 24 are depicted in figure 3.2.1. Both target molecules contain a 

porphyrin tetramer (ZnP3-H2P) and a connected fullerene. This combination of structural elements 

constructs an intrinsic redox gradient that spans from C60 as electron acceptor over H2P to ZnP as best 

electron donor. The gradient is branched into three parts at H2P. Since the required porphyrin structure 

is identical with the previously prepared tetramer 10 and porphyrin alcohol 13, their synthesis and 

characterization will not be discussed here (see section 3.1.1.1). For the connection of C60 to the 

porphyrin moiety, an unsymmetrical malonate is needed. This malonate is also carrying the side chain, 

either an ethyl or a hexadecyl chain. The two groups were chosen in order to see if the length of the 

alkyl chain and therefore the enhanced solubility of the molecule had an effect on the photophysical 

properties of the conjugates. 

 

3.2.1.1 Synthesis and Characterization of Porphyrin-Fullerene Adduct 23 with an Ethyl 

Side Chain 

The synthesis of porphyrin-fullerene conjugate 23 starting from porphyrin alcohol 13 can be achieved 

in two steps. The introduction of the required ethyl malonate can be achieved by reacting alcohol 13 in 

a substitution reaction with the commercially available ethyl malonyl chloride in cold DCM (see scheme 

3.2.1). After column chromatographic purification, porphyrin malonate 25 could be obtained in yields of 

up to 73%. 25 was characterized by NMR spectroscopy (see figures 3.2.2 and 3.2.3). In the 1H-NMR 

Scheme 3.2.1: Synthesis of porphyrin malonate 25. 
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spectrum of 25, most signals closely resemble to the spectroscopic features of porphyrin alcohol 13 

(compare figure 3.1.3). The additional signals for the ethyl group, namely the peak at 1.25 ppm 

corresponding to the CH3 group and the quartet at 4.27 ppm caused by the CH2 group, show the 

successful attachment of the malonate. Furthermore, the singlet at 3.59 ppm can be assigned to the 

CH2 protons between the two ester groups. Last but not least, the peak of the CH2 group adjacent to 

the porphyrin moiety is shifted to 5.55 ppm, the typical region for a benzylic CH2 group. The recorded 

carbon NMR spectrum of 25 is also very similar to the spectrum of 13 (compare figure 3.1.4). In the 

aliphatic region, additional signals appear for the ethyl residue (14.1, together with the CH3 peak of n-

hexane, and 61.7 ppm), the CH2 group between the carbonyl groups (41.7 ppm) and the benzylic CH2 

group (67.1 ppm). Two signals for the carbonyl carbon atoms can be observed at 166.5 and 

166.7 ppm. residual amounts of n-hexane can be seen in both the hydrogen and the carbon NMR 

spectrum, they stem from the reprecipitation steps. The formation of porphyrin malonate 25 is 

additionally indicated by mass spectrometry. In the ESI mass spectrum, the [M]+ peak is observable 

with a mass over charge ratio of 3393.91896 (calculated: 3393.92142).  

 

Figure 3.2.2: 1H-NMR spectrum of 25 recorded in CDCl3 (400 MHz, rt). Residual amounts of n-hexane 

and DCM are marked with a star. 
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Figure 3.2.3: 13C-NMR spectrum of 25 recorded in CDCl3 (100 MHz, rt). Residual amounts of n-

hexane are marked with a star. 

The last step in the formation of the cyclopropanated BINGEL adduct 23 is shown in scheme 3.2.2. For 

this BINGEL reaction, C60 was dissolved in dry degassed toluene under argon atmosphere. 

Subsequently, malonate 25 and CBr4 were added to the dark purple solution. The reaction was 

initiated through the dropwise addition of DBU dissolved in small amounts of toluene. The solution was 

stirred overnight after which TLC control indicated the complete conversion of malonate 25. C60 was 

used in an excessive amount (1.5 eq.) in order to increase the degree of monoadduct formation 

compared to bis- or multiadducts. After column chromatography and precipitation from n-pentane, 

porphyrin-fullerene adduct 23 could be obtained as pink-red solid. A high amount of substance was lost 

during the chromatographic work-up, therefore the yields were not higher than 28% despite the 

complete conversion of malonate 25. The substance loss was due to a comparably poor solubility of 23 

in the eluent and significant peak tailing. However, other solvents and the addition of small amount of 

TEA to the eluent did not lead to better results. The mentioned TLC control was a first hint for the 

successful formation of 23, since the typical fluorescence of the porphyrin containing spots was 

quenched for the product containing spot. This can be explained by electronic communications 

between the porphyrins and the fullerene of 23.  
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Porphyrin-fullerene adduct 23 was characterized by 1H- and 13C-NMR spectroscopy (see figures 3.2.4 

and 3.2.5). The NMR spectra were recorded in deuterated THF due to the much better solubility of 23 

in THF compared to chloroform. Regarding the porphyrin part, the spectra of 23 are very similar to the 

spectra of porphyrin malonate 25. In the 1H-NMR spectrum of 23, no additional signal would indicate 

the formation of 23, but a successful reaction with C60 would cause the singlet of the malonate’s CH2 

group to disappear. However, the THF residual solvent peak is covering the corresponding section of 

the spectrum (~3.58 ppm), so the formation of 23 cannot unambiguously be confirmed by proton NMR 

spectroscopy. However, the successful reaction outcome can be verified much better by 13C-NMR 

spectroscopy. The fullerene’s sp3 signal can be found at 71.7 ppm. The sp2 carbon atoms of C60 

resonate between 138 and 145 ppm. The exact number of signals was not countable since the peaks 

are overlapping and some of the ipso-carbon atoms of the aryl rings also resonate in the same area. 

The observed number of signals is not in disagreement with the theoretically expected number of 31 

signals for a C60 monoadduct with local Cs-symmetry. A signal at 41.7 ppm which would correspond to 

the CH2 group of malonate 25 is not observable in the spectrum of 23. This clearly indicates the 

successful functionalization. The peak at 52.7 ppm can be assigned to the corresponding carbon atom 

in the conjugate, typical for a quaternary carbon atom adjacent to C60. In the spectrum, one can also 

see residual amounts of toluene, n-pentane and some unidentified impurities. APPI MS also clearly 

confirmed the molecular composition of 23, where the [M]+ peak was detected with a mass over charge 

ratio of 4111.89807 (calc. 4111.90577).   

Scheme 3.2.2: Synthesis of porphyrin-fullerene adduct 23. 
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Figure 3.2.4: 1H-NMR spectrum of 23 recorded in THF-d8 (400 MHz, rt). Residual amounts of toluene 

are marked with a star, unidentified impurities with a circle. 

Figure 3.2.5: 13C-NMR spectrum of 23 (THF-d8, 100 MHz, rt). Residual amounts of n-pentane 

and toluene are marked with a star, unidentified impurities with a circle. 
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The absorption spectra of both porphyrin ethyl malonate 25 and porphyrin-fullerene conjugate 23 are 

depicted in figure 3.2.6. They are dominated by the absorption features of the porphyrins. The SORET 

band maximum can be observed at around 426 nm for both 23 and 25. The four Q bands, of which the 

second and third are superimpositions of zinc and free base porphyrin absorption features, can be 

found at around 516, 557, 598 and 649 nm. A slight bathochromic shift is observable for the absorption 

of the SORET band and the second and third Q band in the case of conjugate 23 compared to malonate 

25. In higher concentrated solutions, the additional absorptions which are contributed from C60 in case 

of adduct 23, appear as shoulders at 254 and 315 nm. There are no additional features such as charge 

transfer transitions observable in the range between 700-800 nm.[148] Since both 23 and 25 contain four 

porphyrins, the molecular extinction coefficients are exceedingly high. The extinction coefficient for the 

SORET band has a value of around 1.4 M-1cm-1 in the case of porphyrin malonate 25 and 1.1 M-1cm-1 in 

the case of conjugate 23. The theoretically expected extinction coefficient for the sum of three zinc 

porphyrins and one free base porphyrin is higher, which indicates an electronic interaction between the 

porphyrins. When comparing the measured extinction coefficients, it is necessary to consider existing 

measurement uncertainties. They result from deviations in the weighing and diluting processes and the 

residual impurities in the sample (compare NMR spectra).  

 

Figure 3.2.6: UV/Vis spectra of porphyrin-fullerene conjugate 23 in THF and porphyrin ethyl malonate 

25 in DCM. 

  



Results and Discussion    Chapter 3 

  

46 
 

3.2.1.2 Synthesis and Characterization of Porphyrin-Fullerene Adduct 24 with a 

Hexadecyl Side Chain 

The synthesis of porphyrin-fullerene conjugate 24 (depicted in figure 3.2.1) starts from porphyrin 

alcohol 13. As in the case of porphyrin-fullerene adduct 23, the malonic acid motif should be introduced 

as directly as possible. Subsequently, C60 should be attached to the porphyrin moiety under BINGEL-

HIRSCH conditions. Since no unsymmetrical malonate or malonyl chloride with a hexadecyl, or any 

other long alkyl chain, is commercially available, 3-(hexadecyloxy)-3-oxopropanoic acid 26 was 

synthesized from meldrum’s acid and 1-hexadecanol (scheme 3.2.3). The product could be obtained 

without purification in yields exceeding 90%. 

Scheme 3.2.3: Synthesis of 3-(hexadecyloxy)-3-oxopropanoic acid 26. 

The NMR-spectroscopic features of 26 are in agreement with theoretical expectations. Beyond that, 

the successful formation of 26 could be confirmed by ESI MS. The [M+Na]+ peak could be measured 

with a mass over charge ratio of 351.25057 (calculated m/z = 351.25058). The existence of a long 

unbranched alkyl chain can also be verified by IR spectroscopy, where the typical CH2 rocking 

vibration can be detected at 719 cm-1. The obtained unsymmetrical acid 26 should be coupled to 

porphyrin alcohol 13, using STEGLICH esterification conditions. Several different reaction conditions with 

Scheme 3.2.4: Attempted synthesis of 27 under STEGLICH conditions. 
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either DCC or EDC and with varying equivalents of DMAP and HOBt were tested (scheme 3.2.4).  

The desired porphyrin compound 27 could only be isolated in traces, not in suitable amounts for a 

further functionalization. The reasons for the unsatisfying reaction outcome remain uncertain. As an 

alternative approach, C60 should be attached to the malonate prior to coupling it to the porphyrin unit. 

This synthetic route is shown in schemes 3.2.5 and 3.2.6. For a successful BINGEL reaction, the 

carboxylic acid group of 26 needed to be protected since the presence of carboxylic acid groups is not 

tolerated under BINGEL-HIRSCH reaction conditions. After the attachment of C60 to the malonate, the 

carboxylic acid needed to be deprotected again. A benzylic ester as protecting group was not suitable 

since the deprotection via hydrogenation would not be tolerated by the fullerene. Hence a tert-butyl 

protecting group was chosen. Under argon atmosphere, 3-(hexadecyloxy)-3-oxopropanoic acid 26 was 

converted with pyridine, tert-butanol and phosphoryl chloride. After flash chromatography, the desired 

Scheme 3.2.5: Synthesis of the unsymmetrical hexadecyl-carboxylic acid monoadduct 30. 
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protected acid 28 could be obtained in 72% yield (scheme 3.2.5, step 1).  

The signals in the proton and carbon NMR spectra of tert-butyl hexadecyl malonate 28 could all be 

observed as theoretically expected. The functionalization of 28 with C60 was achieved under typical 

BINGEL-HIRSCH conditions (scheme 3.2.5, step 2). Under argon atmosphere, CBr4 and DBU were 

added to a dark purple solution of C60 and malonate 28 in dry toluene. It was of importance that DBU 

was diluted in toluene and slowly added dropwise to the reaction mixture in order to avoid the 

formation of higher fullerene adducts. That is also the reason for the use of 1.5 equivalents of C60 

referring to the malonate. Unreacted C60 can easily be regained during the column chromatographic 

purification. It was essential that the crude reaction mixture was concentrated before it was applied to 

the silica column in order to avoid broadened bands. However, it was crucial not to concentrate the 

mixture to complete dryness because in that case the product would not be redisolvable in the eluent. 

Product 29 was obtained in moderate yields of up to 48% as dark brown solid.  

The 1H-NMR spectrum of 29 gives clear evidence of the successful attachment of C60 (see 

figure 3.2.7). The three protons of the terminal CH3 group of the hexadecyl chain resonate in a triplet at 

0.86 ppm. The nine protons of the tert-butyl group can be assigned to the singlet at 1.66 ppm. The 

protons of the CH2 group next to the ester resonate in a triplet at 4.47 ppm. The pseudo-quintet, a 

Figure 3.2.7: 1H-NMR spectrum of 29 recorded in CDCl3 (300 MHz, rt). 
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triplet of a triplet to be more precisely, at around 1.83 ppm can be assigned to the CH2 protons 

adjacent to the previously described CH2 group. All remaining protons of the hexadecyl chain resonate 

between 1.24 and 1.45 ppm. The absence of a singlet at around 3.25 ppm hints towards the successful 

attachment of C60, since this singlet would indicate the presence of an unreacted “malonyl” CH2 group. 

The 13C-NMR spectrum of 29 gives evidence for the formation of a cyclopropanated monoadduct of C60 

(figure 3.2.8). In the sp2 region of the signals for C60, between 138.8 and 145.6 ppm, 21 signals can be 

distinguished, which vary in intensity. The observed signal number is not in disagreement with the 

theoretically expected number of 31 signals for a molecule with local Cs-symmetry. The signal for the 

sp3 carbon atoms of the fullerene can be found at 71.9 ppm. The remaining quaternary carbon atom of 

the cyclopropane ring resonates at 53.3 ppm. The carbonyl carbon atoms of the malonate give rise to 

the two signals at 162.2 and 164.3 ppm, respectively. The tertiary carbon atom of the tert-butyl group 

resonates in a signal at 84.9 ppm. The signal at 67.3 ppm can be assigned to the CH2 group 

neighboring the ester group of the malonate. The peaks of all remaining CH2 and CH3 groups can be 

found in the aliphatic region between 14.1 and 31.9 ppm. The formation of 29 was additionally 

confirmed by ESI mass spectrometry, where the measured mass over charge ratio of 1102.307160 

matched the calculated value of 1102.307761 nicely.  

Figure 3.2.8: 13C-NMR spectrum of 29 recorded in CDCl3 (100 MHz, rt). 
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The qualitative UV/Vis spectrum of 29 in DCM is depicted in figure 3.2.9 and shows the typical 

absorption bands of a fullerene monoadduct with maxima at 267, 271, 326 and notably the small 

characteristic absorption at 429 nm.  

 

Figure 3.2.9: Qualitative UV/Vis spectrum of 29 recorded in DCM. 

For the cleavage of the tert-butyl ester of monoadduct 29 (scheme 3.2.5, step 3), different reaction 

conditions were tested. Since compound 29 is insoluble in formic acid, a deprotection in pure formic 

acid was not possible. However, 29 is soluble in chlorinated solvents like chloroform or DCM, so a 

deprotection with TFA in chlorinated solvents was tested. Even with a high excess of TFA (up to 

50 eq.) and long reaction times (up to a week), in both chloroform and DCM no conversion was 

observable. TLC control indicated that 29 remained stable even in the presence of high amounts of 

acid, no hints for a decomposition were detectable on the TLC plates. Toluene was tested as an 

alternative solvent. To the dark red solution of 29 in toluene 20 equivalents of TFA were added and the 

reaction mixture was stirred overnight. However, TLC control showed that only a slight amount of 

deprotected product was formed in that time. Supplementary equivalents of TFA (up to 100 eq.) were 

added portionwise and the reaction mixture was stirred for another five days. After the TLC control 

indicated the complete conversion of the starting material, the excessive TFA was removed under 

reduced pressure and residual traces were removed by coevaporation with chloroform and toluene. 

The deprotected monoadduct 30 was obtained in quantitative amounts. The 1H-NMR spectrum of 30 is 

quite comparable to the one of the protected monoadduct 29 and depicted in figure 3.2.10. An obvious 

sign for the complete conversion of 29 is the absence of the singlet at 1.66 ppm which would be 

indicating the nine protons of the tert-butyl group. The pseudo-quintet of the third CH2 group in the 



Chapter 3  Results and Discussion 

51 
 

hexadecyl chain, counting from the malonate ester, is now clearly visible at around 1.46 ppm. Traces 

of unidentified impurities can be observed in the spectrum. In the carbon NMR spectrum of 30 

(figure 3.2.11), the signals for the CH3 groups and the quaternary carbon atom of the tert-butyl group 

(at 29.7 and 84.9 ppm, respectively) are not observable anymore. One of the two peaks of the carbonyl 

groups is slightly shifted to 167.1 ppm. Residual amounts of toluene can be found in the carbon NMR 

spectrum. Another hint for the successful cleavage of the ester is given by ESI mass spectrometry. The 

measured mass over charge ratio of 1046.24631 fits well to the calculated value of 1046.24516. The 

UV/Vis spectrum of 30 recorded in DCM shows the typical maxima and shoulders of a C60 monoadduct 

at 267, 271, 325 and 426 nm.  

 

Figure 3.2.10: 1H-NMR spectrum of 30 recorded in CDCl3 (400 MHz, rt). 

  



Results and Discussion    Chapter 3 

  

52 
 

 

Figure 3.2.11: 13C-NMR spectrum of 30 recorded in CDCl3 (100 MHz, rt). 

The last step in the synthesis of porphyrin-fullerene conjugate 24 is the formation of an ester bond 

between porphyrin alcohol 13 and the carboxylic acid group of fullerene monoadduct 30. Conjugate 24 

was synthesized under STEGLICH esterification conditions using DMAP, HOBt and DCC as catalysts 

(see scheme 3.2.6). The reaction was performed in dry DCM. After four days, the reaction mixture was 

concentrated and subjected to column chromatography. It was important, that the residue was not 

concentrated to complete dryness, otherwise the yields were lowered significantly. After precipitation 

from n-pentane, the desired product was obtained as pink powder in yields of up to 40%. Despite 

longer reaction times and higher amounts of catalysts, a full conversion of the porphyrin alcohol could 

not be achieved. Small amounts of 13 could always be reisolated. Similar to porphyrin-fullerene adduct 

23, the formation of 24 was already indicated by TLC control not only through the existence of an 

additional spot but also through its lacking fluorescence. 
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The 1H-NMR spectrum of 24, recorded in CDCl3, shows all expected peaks. It is depicted in 

figure 3.2.12. Residual amounts of n-pentane can be observed at 0.90 and 1.20 ppm as well as a small 

water peak at 1.50 ppm. An unidentified impurity can be seen at 2.40 ppm. The two NH protons of the 

free base porphyrin resonate typically at very high field, in this case at -2.67 ppm. The triplet of the 

three protons of the CH3 group at the end of the hexadecyl chain can be found at 0.76 ppm. Nearly all 

CH2 protons of the hexadecyl chain can be assigned to the multiplets between 1.25 and 1.45 ppm. 

There are two exceptions - the pseudo-quintet, a triplet of a triplet to be more precisely, at around 

1.86 ppm is caused by the second CH2 group neighboring the malonate ester. The second exception is 

the triplet at 4.51 ppm which can be assigned to the CH2 group adjacent to the malonate ester. The 

signals between 3.83-3.91 ppm correspond to the 54 protons of the methoxy groups. The two protons 

of the benzylic CH2 group resonate in a singlet at 5.79 ppm. The remaining peaks of the spectrum are 

the porphyrins’ signals - the arylic protons of the 3,5-dimethoxy groups can be assigned to the 

multiplets around 6.65 and 7.31 ppm. All other arylic and β-pyrrolic protons appear in the regions 

between 7.84-8.29 and 8.88-9.03 ppm, respectively. 

Scheme 3.2.6: Synthesis of porphyrin-fullerene conjugate 24. 



Results and Discussion    Chapter 3 

  

54 
 

Porphyrin-fullerene adduct 24 was additionally characterized by 13C-NMR spectroscopy (see 

figure 3.2.13). The signals for the hexadecyl chain appear at high field, between 14.0 and 31.8 ppm. 

Only the signal for the CH2 group adjacent to the malonate ester can be observed at lower field, 

namely at 67.6 ppm. The signal for the carbon atom of the malonate appears at 51.8 ppm. The two sp3 

carbon atoms of C60 resonate in one signal at 71.0 ppm. The signal at 55.6 ppm can easily be 

assigned to the methyl groups of the porphyrins. The carbon atoms of the triple bonds give rise to the 

two peaks at 90.2 and 90.7 ppm. The remaining porphyrin signals show no significant shifts compared 

to the spectrum of 13, so they shall not be discussed here. The signals for the sp2 carbon atoms of C60 

appear in the area between 138.2 and 145.0 ppm, in this range also the ipso-carbon atoms of the 

phenyl rings can be observed. Only one peak cannot be identified, the signal for the benzylic CH2 

group. In the 13C-NMR spectrum, no signal can be observed in the typical region between 60 and 

70 ppm. There is one comparably large signal detectable at 66 ppm, however, compared to the other 

signals for a single CH2 or CH3 group, it is far too large. Additionally, this peak shows no coupling to 

any proton signal in HSQC and HETCOR measurements. Then again, the signal at 5.79 ppm of the 

proton spectrum displays a cross peak in the HSQC spectrum. However, there is no corresponding 

peak in the 13C-NMR spectrum detectable which might result from measurements with too small 

Figure 3.2.12: 1H-NMR spectrum of porphyrin-fullerene adduct 24 recorded in CDCl3 (400MHz, rt). 

Unidentified impurities are marked with a star. 
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amounts of substance or not enough scans. The peak at 66 ppm has to be considered an unidentified 

impurity. Nonetheless, the existence of 24 could also be confirmed by ESI mass spectrometry, where a 

measured mass over charge ratio of 4308.13983 matched the calculated value of 4308.12488 nicely. 

Furthermore, also a doubly charged species with mass over charge ratio of 2154.06349 (calculated: 

2154.06216) could be detected.  

 

Figure 3.2.13: 13C-NMR spectrum of porphyrin-fullerene conjugate 24 recorded in CDCl3 (100 MHz, rt). 

Unidentified impurities are marked with a star. 

In the UV/Vis spectrum of 24 and 13 (depicted in figure 3.2.14), the SORET band maximum is found at 

425 nm for both 24 and 13 in DCM, while the four Q bands, of which the second and third are 

superimpositions of zinc and free base porphyrin absorption features, appear at 518, 548, 590, and 

646 nm, respectively. Additional absorption below 400 nm with a local maximum around 325 nm is 

contributed from C60 in case of 24. Due to four porphyrin building blocks being present in the 

compounds, the molar extinction coefficients are exceedingly high, with about 106 and 

1.6 x 106 [M-1cm-1] for the SORET maxima of 24 and 13 in DCM, respectively. It is noteworthy, however, 

that these values are considerably lower than the theoretical sum of 3 x ε (SORET ZnP) + ε (SORET 

H2P), which is indicative of some degree of electronic interaction between the individual porphyrin 

moieties. The superimposition of four Q bands from the free base porphyrin with two Q bands from 
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three zinc porphyrins lead to the apparent intensity ratio of 5:10:5:1, opposed to the Q band ratio of 

approximately 2:1:1:1 for free base porphyrins and of approximately 3:1 for zinc porphyrins. Regarding 

the measured extinction coefficients, it is necessary to factor in occurring measurement uncertainties. 

They might result from deviations in the weighing and diluting processes and the residual impurities in 

the sample (compare NMR spectra). 

 

Figure 3.2.14: UV/Vis spectrum of porphyrin-fullerene conjugate 24 and porphyrin alcohol 13 recorded 

in DCM. 
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3.2.2 Synthesis and Characterization of Porphyrin-Fullerene Adducts with Dendritic 

Side Chains 

The focus of this section lies on the synthesis and characterization of porphyrin-fullerene conjugates 

equipped with a first or second generation NEWKOME dendron ([1G] and [2G]).[164, 172, 177] The dendrons 

function as solvophilic moiety since they contain three or nine tert-butyl ester groups, respectively. As 

long as the esters are present, they enhance the solubility of the conjugates in organic solvents. Once 

they are deprotected, the three or nine carboxylic acid groups are intended to open the path to 

pH-dependent water soluble species.[149, 178-179] The creation of water soluble conjugates is so attractive 

since natural photosynthesis functions under aqueous conditions. Furthermore, the incorporation of 

dendritic structures creates an artificial microenvironment similar to the peptide environment in natural 

systems.[180-183] Additionally, the dendrons are quite bulky and space demanding addends, therefore 

they are expected to shield the fullerene from intermolecular aggregation, meaning that a zinc 

porphyrin of another conjugate would coordinate to the fullerene. This undesired intermolecular 

communication could lead to electronic short cuts resulting in shorter lived charge separated states. In 

the subsequent sections, the performed synthetic approaches towards porphyrin-fullerene conjugates 

with dendritic side chains will be described. The synthesis and characterization of the dendrons 

themselves will be omitted here, all syntheses followed published procedures.[164, 172, 177] Chapter 3.2.2 

is divided in two sub-chapters, which contain the synthetic approaches towards porphyrin-fullerene 

conjugates from “mixed” ester/amide malonates on the one hand and on the other the synthetic 

attempts using “ester-only” malonates.  

 

3.2.2.1 Porphyrin-Fullerene Adducts with Dendritic Side Chains from Unsymmetrical 

“Mixed” Malonates 

In the following section, the depicted conjugates 31 and 32 are the targeted structures (see figure 

3.2.15). They include both a tetra-porphyrin moiety, the previously introduced porphyrin alcohol 13, as 

well as a malonic acid derivative (33 and 34), which serves as a connecting and spacing unit at the 

same time. These malonates should be functionalized with C60 once they were attached to the 

porphyrin building block. The malonic acid derivatives are unsymmetrical and “mixed”, meaning that 

after binding it to the porphyrin, one half of the malonic acid is bound as an ester and the other half as 

an amide. The advantages of amides compared to esters are that they are more rigid and more stable 

under basic conditions (e.g. BINGEL conditions). The unsymmetrical mixed malonates 33 and 34 (figure 

3.2.16) fulfil the described structural requirements. Since the C6 spacing unit with an amino terminus 

was already available from the PRATO approach, it was also employed for the BINGEL functionalization, 

resulting in the described mix malonate structure. The carboxylic acid groups of 33 and 34 should be 
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connected to the hydroxyl group of porphyrin alcohol 13 by a STEGLICH esterification using DCC, 

DMAP and HOBt as reagents. In the final synthetic step, C60 should be added following BINGEL-HIRSCH 

protocol. Unsymmetrical mixed ester-amide malonates are known to undergo BINGEL reactions, but 

they are rarely employed compared to “ester-only” malonates.[184-187] In the following, the synthesis of 

malonic acid derivatives 33 and 34 will be discussed (see schemes 3.2.7 and 3.2.8). Afterwards, the 

Figure 3.2.16: Required malonic acid derivatives 33 and 34. 

Figure 3.2.15: Targeted porphyrin-fullerene conjugates 31 and 32 from “mixed” malonates. 
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coupling of the malonates to the porphyrin unit will be described (see scheme 3.2.9) and the chapter 

will be concluded with a depiction of the synthetic attempts towards the attachment of C60. 

As already indicated, the synthesis of the first and second generation NEWKOME dendrons shall not be 

described in the course of this work, the synthetic procedures can be found in literature.[164, 172] The 

synthesis of di-tert-butyl 4-(6-aminohexanamido)-4-(3-(tert-butoxy)-3-oxopropyl)heptanedioate (17) 

was described in section 3.1.2. For the introduction of the malonate unit, malonic acid was partially 

protected with benzyl bromide adapting a literature known procedure (see scheme 3.2.7, step 1).[188] 

The reaction was carried out in dry acetonitrile in the presence of TEA. The protected malonic acid 

derivative 3-(benzyloxy)-3-oxopropanoic acid (35) could be obtained in a yield of 57%. 35 was then 

converted with di-tert-butyl 4-(6-aminohexanamido)-4-(3-(tert-butoxy)-3-oxopropyl)-heptanedioate (17) 

(scheme 3.2.7, step 2). DCC and HOBt were employed as coupling agents in this STEGLICH amidation 

in DMF. The product di-tert-butyl 4-(6-(3-(benzyloxy)-3-oxopropanamido)-hexanamido)-4-(3-(tert-

butoxy)-3-oxo-propyl)heptanedioate (36) was isolated in a yield of 63%.  

The literature unknown compound 36 was characterized by NMR spectroscopy (figures 3.2.17 and 

3.2.18). In the 1H-NMR spectrum of 36 recorded in CDCl3 all expected signals can be observed. The 

signals of the CH3 groups and the three inner CH2 groups of the C6 chain resonate between 1.41 and 

1.61 ppm. The two triplets corresponding to the dendron’s CH2 groups are detected at 1.94 and 

2.20 ppm. The triplet at 2.06 ppm can be assigned to the CH2 group adjacent to the amide of the 

dendron. The protons of the CH2 group next to the amide of the malonate resonate at 3.25 ppm. At 

3.33 ppm, the singlet for the CH2 protons between the two carbonyl groups is observable. The benzylic 

CH2 group gives rise to the singlet at 5.15 ppm. The two signals around 5.85 and 7.06 ppm can be 

Scheme 3.2.7: Synthesis of the [1G]-malonic acid derivative 33. 
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assigned to the NH protons. Last but not least, the protons of the phenyl ring resonate in a multiplet at 

around 7.32 ppm.  

The recorded 13C-NMR spectrum is in agreement with theoretical expectations (figure 3.2.18). The 

peaks for most CH2 and CH3 carbon atoms can be found in the region between 25.1 and 31.7 ppm. 

The two signals for the CH2 carbon atoms adjacent to the amide groups are detected at 37.1 and 

39.4 ppm. The peak at 41.2 ppm can be assigned to the carbon atom of the CH2 group between the 

carbonyl functionalities. The single tertiary carbon atom of the dendron resonates at 57.4 ppm, the 

signal of the three tertiary carbon atoms of the tert-butyl groups can be observed at 80.6 ppm. The 

peak of the benzylic CH2 carbon atom is shifted towards lower field, it can be detected at 67.1 ppm. 

The resonances of the aryl carbon atoms can be found in the aromatic region between 128.3 and 

135.1 ppm. The carbonyl carbon atoms resonate between 164.7 and 172.9 ppm.  

The final step of the reaction sequence towards 33 is the removal of the benzyl protecting group under 

reductive conditions. Palladium on carbon catalyzed the hydrogenation in MeOH (scheme 3.2.7, 

step 3). The product 3-((6-((1,7-di-tert-butoxy-4-(3-(tert-butoxy)-3-oxopropyl)-1,7-dioxo-heptan-4-yl)-

amino)-6-oxohexyl)amino)-3-oxopropanoic acid (33) was isolated in a yield of 89% after filtration over 

Celite® and could be converted without further purification. The NMR spectra of the deprotected 

carboxylic acid 33 and its benzyl protected precursor 36 are very similar. The absence of any peaks in 

Figure 3.2.17: 1H-NMR spectrum of 36 recorded in CDCl3 (300 MHz, rt). 
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the aromatic region as well as the nonexistence of a signal at 5.15 ppm in the 1H-NMR and at 

67.1 ppm in the 13C-NMR spectrum confirm the successful removal of the protecting group. The 

measured mass over charge ratio of 615.38604 of the [M+H]+ peak in the ESI mass spectrum fits very 

well to the calculated value of 615.38512.  

The second generation NEWKOME dendron equivalent, the malonic acid derivative 34, was synthesized 

similarly to its first generation counterpart. The synthetic sequence leading to 34 is presented in 

scheme 3.2.8. The preparation of the cbz-protected aminocaproic acid 19 is described in section 3.1.2. 

The first two synthetic intermediates on the way to 36, the 6-[(benzyloxy-carbonyl)amino]capronamide 

derivative 38 and the deprotected 6-aminocapronamide derivative 39 are literature known compounds 

which were synthesized adapting published procedures.[176] It is noteworthy, that the reaction time for 

the preparation of 38 could be significantly reduced from 14 days as published, to 4 days. The yield 

loss accompanying the shortened reaction time is around 8%, which is comparably low considering the 

reaction time being cut down by ten days. For the synthesis of the benzyl protected mixed malonate 

40, the 6-aminocapronamide derivative 39 was converted with 3-(benzyloxy)-3-oxopropanoic acid 35 

under STEGLICH coupling conditions. DCC, HOBt and DMAP mediated the reaction. After automated 

flash chromatography, the pure product could be isolated in 61% yield (scheme 3.2.8, step 3).  

Figure 3.2.18: 13C-NMR spectrum of 36 recorded in CDCl3 (100 MHz, rt). 
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Scheme 3.2.8: Synthesis of the [2G]-malonic acid derivative 34. 

The removal of the benzyl protecting group, releasing the free malonic acid derivative 34, was 

performed under reductive conditions (scheme 3.2.8, step 4). The reaction with hydrogen was 

catalyzed by palladium on charcoal. The obtained compound 34 could be converted without additional 

purification after the filtration over Celite®. 

The NMR spectra of the benzyl protected mixed malonate 40 show all expected peaks (see figures 

3.2.19 and 3.2.20). In the 1H-NMR spectrum, the signals for the tert-butyl CH3 groups and the inner 

CH2 protons of the C6 spacer can be found in the range between 1.40 and 1.60 ppm. The CH2 protons 

of the second generation dendron resonate in two multiplets around 1.92 and 2.15 ppm, respectively. 

In the latter multiplet, the signal for the CH2 group of the C6 spacer adjacent to the amide connecting 

the dendron is hidden. The peak at 3.25 ppm can be assigned to the CH2 protons neighboring the 

amide of the malonate. The singlet at 3.34 ppm corresponds to the CH2 group between the carbonyl 

groups, the “malonyl” CH2 group. The benzylic CH2 group resonates in the singlet at 5.15 ppm. The NH 

protons can be assigned to the peaks at 6.10 and 7.50 ppm. Last but not least, the protons of the 

phenyl ring give rise to the multiplet in the aromatic region between 7.27 and 7.33 ppm. The signals at 

1.23, 2.02 and 4.09 ppm are caused by residual amounts of ethyl acetate. In the 13C-NMR spectrum 

(figure 3.2.20), the signals for most CH2 groups of the dendron and the spacer as well as the CH3 

carbon atoms can be found in the area between 25.6 and 33.8 ppm. The carbon atoms of the CH2 

groups neighboring the two amide functions resonate at 37.0 and 39.4 ppm. The “malonyl” CH2 carbon 

atom can be assigned to the peak at 41.4 ppm. The tertiary carbon atoms of the dendron cause the 
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signals at 57.4 and 57.5  ppm. The tertiary carbon atom of the CH3 groups resonates at 80.5 ppm. The 

signal at 67.1 ppm corresponds to the benzylic CH2 group. In the aromatic region between 128.3 and 

135.2 ppm, the four signals of the phenyl ring can be found. The carbonyl carbon atoms resonate 

between 164.9 and 173.2 ppm. Small amounts of residual hexanes and ethyl acetate as well as an 

unidentified impurity at 49 ppm can be found in the spectrum. The formation of compound 40 could 

also be verified by ESI mass spectrometry. The calculated [M+H]+ peak has a calculated mass over 

charge ratio of 1729.09274, the experimentally determined value of 1729.09215 matches very nicely.  

 

Figure 3.2.19: 1H-NMR spectrum of 40 recorded in CDCl3 (300 MHz, rt). Residual amounts of ethyl 

acetate are marked with a star. 
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Figure 3.2.20: 13C-NMR spectrum of 40 recorded in CDCl3 (125 MHz, rt). Residual amounts of 

hexanes and ethyl acetate are marked with a star, the unidentified impurity is marked with a circle. 

The successful removal of the benzyl protecting group by reductive hydrogenation (see scheme 3.2.8, 

step 4) can be confirmed by NMR spectroscopy. In the 1H-NMR spectrum of the free carboxylic acid 

derivative 34, no signals at 5.15 ppm and in the aromatic region are observable. The protons for the 

“malonyl” CH2 group and the CH2 protons adjacent to the amide group of the malonate resonate in one 

multiplet at around 3.30 ppm. The 13C-NMR spectrum allows for the same conclusion, no signals in the 

aromatic region and at 67.0 ppm, where the benzylic CH2 carbon atom would resonate, are detectable. 

ESI mass spectrometry verifies the formation of 34, the found mass over charge ratio for the [M+H]+ 

peak of 1661.03250 fits well to the calculated value of 1661.02774. 

The coupling of the deprotected malonic acid derivatives 33 and 34 to porphyrin alcohol 13 was 

performed under STEGLICH esterification conditions (schemes 3.2.9 and 3.2.11). The synthetic 

approaches employing the second generation dendron derivative 34 will be described prior to 

discussing the attempts using the first generation dendron equivalent 33, since the resulting porphyrin 

malonate 42 was not completely characterized. For the connection of 34 to porphyrin alcohol 13, 

different reaction conditions were tested. The best results could be achieved when converting the 

reactants in DMF in the presence of DCC, HOBt and DMAP. The highest obtained yield was 19% 
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(scheme 3.2.9). A change of the coupling agent from DCC to EDC[189] or the solvent (DCM versus 

DMF) could not improve the yield. A complete conversion of alcohol 13 could not be achieved, despite 

longer reaction times. After very prolonged reaction times of more than seven days, a porphyrin-

containing solid started to precipitate from the reaction mixture in high amounts. This solid could not be 

brought into solution again, therefore its structure could not be analyzed. Most likely, the compounds 

start to form very stable aggregates.  

 

Scheme 3.2.9: STEGLICH esterification between porphyrin alcohol 13 and malonic acid derivative 34. 

The obtained porphyrin-malonate derivative 41 was characterized with NMR spectroscopy and mass 

spectrometry. In the 1H-NMR spectrum of 41, all expected signals can be observed (see figure 3.2.21). 

The NH protons of the free base porphyrin can be assigned to the broad singlet at -2.68 ppm. The 

protons of the dendron and most CH2 groups of the C6 spacer resonate in multiplets between 1.39 and 

2.17 ppm. The multiplet at 3.29 ppm corresponds to the CH2 group adjacent to the amide of the mixed 

malonate. The singlets at 3.47 and 5.55 ppm originate from the “malonyl” and the benzylic CH2 groups. 

The three dendritic NH protons give rise to the broad singlet at 6.12 ppm. Traces of residual amounts 

of n-pentane and toluene can be observed in the spectrum. All remaining signals in the spectrum can 

be assigned to the porphyrin tetramer and are essentially identical to previously discussed spectra.  
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Figure 3.2.21: 1H-NMR spectrum of 41 recorded in CDCl3 (300 MHz, rt). Residual amounts of n-

pentane and toluene are marked with a star. 

In the 13C-NMR spectrum (see figure 3.2.22), not all expected signals are detectable, despite the 

comparably high scan number of 16200. More substance for an increased quality of the measurement 

was not available. The signals of the second generation dendron and the C6 spacer can be found 

between 26.9 and 80.6 ppm. The only other signal in the described range (at 55.6 ppm) corresponds to 

the methoxy groups of the porphyrins. All other peaks can be assigned to the porphyrin building block, 

except for the dendritic carbonyl signal at 172.7 ppm. The formation of 41 could also be confirmed 

through ESI mass spectrometry. Both a singly and doubly charged species could be detected. For the 

singly charged species a mass over charge ratio of 4921.90378 could be measured, which 

corresponds to the [M+Na]+ species (calculated value 4921.89963). For the second peak, a mass over 

charge ratio of 2472.44948 could be detected, matching nicely to the calculated value of 2472.44442. 

This signal corresponds to the [M+2Na]2+ species.  
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Figure 3.2.22: 13C-NMR spectrum of 41 recorded in CDCl3 (100 MHz, rt). 

The obtained multi-porphyrin compound 41 should be functionalized with C60 in a BINGEL-HIRSCH 

reaction using CBr4 and DBU (scheme 3.2.10). Under argon atmosphere, an excessive amount 

(1.5 eq.) of C60 was dissolved in anhydrous toluene. An excess of C60 is used to disfavor the formation 

of higher adducts of C60. Subsequently, the mixed malonate 41 and CBr4 were added to the solution. 

DBU was dissolved in a small amount of toluene and added dropwise over a period of 30 minutes. 

After three hours, the first reaction control was performed via TLC. On the TLC plate, a characteristic 

purple spot at the front corresponding to unreacted C60 and a red fluorescing spot with a retention 

factor of approximately 0.3, assignable to residual malonate, were observable. Surprisingly, there was 

an additional red fluorescing spot with a retention factor of approximately 0.5 detectable. It was highly 

unlikely that this compound would be the desired porphyrin-fullerene adduct as the bright porphyrin 

fluorescence should be at least partially quenched after the successful addition of C60 to the malonate 

due to an electronic communication between the fullerene and the porphyrins. Even after longer 

reaction times and the addition of further equivalents of C60, CBr4 and DBU, neither a non-fluorescent 

spot could be observed, nor was the amount of the new fluorescing fraction reduced. A fluorescent 

fraction which would decrease over time could have hinted to the intermediately formed brominated 

malonate. The reaction mixture was concentrated and subjected to column chromatographic work-up 

in order to examine the reaction outcome. NMR spectroscopy and mass spectrometry of the red 
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fluorescing fraction revealed that porphyrin alcohol 13 was formed exclusively during the reaction. Most 

likely the reasons for this unexpected reaction outcome are the use of a “mixed” malonate containing 

not only an ester, but also an amide unit. Despite the fact that the functionalization of such malonates 

with C60 is possible, their application is less common compared to “ester-only” malonates. A lesser 

reactivity of a “mixed” malonate like 41 towards C60 might be one thinkable reason for the formation of 

13 and the cleavage of the ester bond of compound 41 under the prevailing basic conditions. The fact 

that the ester group is located in the sensitive benzylic position might have an additional influence on 

the reaction outcome. 

Scheme 3.2.10: Attempted synthesis of 2nd generation conjugate 32. 
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To see if the same result could be obtained in case of the first generation dendron derivative, 3-((6-

((1,7-di-tert-butoxy-4-(3-(tert-butoxy)-3-oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxohexyl)amino)-3-

oxo-propanoic acid (33) was coupled to porphyrin alcohol 13 under STEGLICH esterification conditions 

(scheme 3.2.11). DCC, DMAP and HOBt mediated the reaction. The obtained porphyrin compound 42 

was purified by column chromatography and precipitation from diethyl ether. 42 was characterized by 

1H-NMR spectroscopy and ESI mass spectrometry, where the [M+2Na]2+ species could be measured 

with a mass over charge ratio of 1960.6156, which fits nicely to the calculated value of 1960.6141. 

In order to functionalize 42 with a fullerene, C60 was dissolved in anhydrous toluene (scheme 3.2.12). 

Malonate 42 and CBr4 were added to the reaction mixture. DBU was dissolved in a small amount of 

toluene and added dropwise over a period of 30 minutes. After three hours, the first reaction control 

was performed via TLC control. It confirmed the results obtained for the second generation dendron 

malonate 41. No additional non-fluorescent spot could be detected, only a fluorescing one. This spot 

had the same retention factor as porphyrin alcohol 13. To assure that 13 was indeed formed during the 

reaction, the reaction mixture was subjected to column chromatography and the formed compound 

was isolated and analyzed. NMR spectroscopy and mass spectrometry confirmed the formation of 

porphyrin alcohol 13.  

Scheme 3.2.11: Synthesis of “mixed” malonate 42 via STEGLICH esterification. 
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Scheme 3.2.12: Attempted synthesis of 31 under BINGEL-HIRSCH conditions. 

To conclude, for both generation NEWKOME dendron derivatives 41 and 42, a functionalization with C60 

was not possible under BINGEL-HIRSCH conditions. Both “mixed” malonates 41 and 42 decomposed 

under the exclusive formation of porphyrin alcohol 13. In order to obtain compounds containing a 

porphyrin tetramer, a dendron and C60, two new target structures were designed. In these structures, 

an ester group in a benzylic position was avoided. The “mixed” malonate motif was replaced with an 

“ester-only” structure to increase the probability of a successful functionalization. The synthesis and 

characterization of the new target structures as well as their necessary precursors is described in the 

following section.  



Chapter 3  Results and Discussion 

71 
 

3.2.2.2 Porphyrin-Fullerene Adducts with Dendritic Side Chains from Unsymmetrical 

Ester Malonates 

In this section, the synthesis and characterization of two porphyrin-fullerene adducts with dendritic side 

chains as well as their precursors will be discussed. The target molecules (43 and 44) of this chapter 

are depicted below (figure 3.2.23). The desired compounds contain a porphyrin tetramer which 

consists of three peripheral zinc porphyrins and one central free base porphyrin, connected via triple 

bonds. The target molecules also contain a NEWKOME dendron of either the first or the second 

generation in order to introduce a solvophilic moiety, as it was indicated in the introduction of section 

3.2.2. C60 should be attached to the malonates under BINGEL-HIRSCH reaction conditions. For this 

functionalization, an unsymmetrical malonate is required, which simultaneously links the porphyrin 

tetramer to the dendron. In this section, the focus is on “ester-only” malonates opposed to “mixed” 

malonates which are discussed in chapter 3.2.2.1. In order to avoid the formation of porphyrin 

alcohol 13 during the cyclopropanation attempts of C60, a different structural motif for the connection 

between the porphyrin unit and the malonic acid derivative was chosen. The phenyl substituent of the 

central free base porphyrin is equipped with an additional methoxy group between the phenyl ring and 

the methyl ester. Therefore, an ester cleavage during the BINGEL reaction should be suppressed. In the 

Figure 3.2.23: Targeted porphyrin-fullerene conjugates 43 and 44. 
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following, the synthesis of the alternative porphyrin building block is discussed. Subsequently, two 

general precursor molecules used in the synthesis of the NEWKOME dendron side chain are introduced. 

This is followed by the discussion of the synthesis and characterization of the porphyrin-fullerene 

adducts. A depiction of the attempts towards water soluble porphyrin-fullerene conjugates through the 

deprotection of the tert-butyl esters of the dendrons concludes this chapter. 

 

3.2.2.2.1 Synthesis and Characterization of the Porphyrin Compounds 

For the synthesis of the desired tetra-porphyrin structure, two different porphyrins are required which 

should be connected in a threefold copper-free SONOGASHIRA cross-coupling reaction. The peripheral 

zinc porphyrin 5-(4-ethynylphenyl)-10,15,20-tris(3,5-dimethoxyphenyl) porphyrinato zinc (II)[165] 11 has 

already been employed in the synthesis of porphyrin tetramer 10 (section 3.1.1.1). The novel 

alternative free base porphyrin 45 is equipped with three para-iodo phenyl and one phenyl ester 

substituents. Porphyrin 45 was synthesized from 4-iodobenzaldehyde and methyl 2-(4-formylphenoxy) 

acetate following LINDSEY protocol, meaning that boron trifluoride diethyl etherate was used as catalyst 

and DDQ as oxidant (scheme 3.2.13). The two aldehydes have been prepared through the adaptation 

of literature known procedures.[190-191] After purification (silica plug, column and flash chromatography 

and precipitation from hexanes), 45 could be isolated with a yield of 7%, which is acceptable for a 

statistical synthesis of an A3B porphyrin. Porphyrin 45 was characterized by NMR spectroscopy 

(figures 3.2.24 and 3.2.25).  

In the 1H-NMR spectrum of porphyrin 45, recorded in CDCl3, all expected peaks can be found. The free 

base protons of the porphyrin resonate at very high fields, at -2.87 ppm. In the aliphatic region, the 

singlets for the methyl (3.94 ppm) and the CH2 group (4.90 ppm) can be observed. The protons of the 

phenyl rings resonate in the aromatic region between 7.27 and 8.11 ppm. At around 8.85 ppm, the 

Scheme 3.2.13: Statistical synthesis of free base porphyrin 45. 
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multiplet for the β-pyrrolic protons of the porphyrin can be detected. A small amount of residual toluene 

is visible at 7.10 ppm. The recorded 13C-NMR spectrum, depicted in figure 3.2.25, shows all 

theoretically expected signals. The carbon atoms of the methyl (52.4 ppm) and the CH2 group 

(65.5 ppm) resonate in the aliphatic region. The signal of the aromatic carbon atom neighboring the 

iodine substituents can be observed at comparably high field (94.2 ppm). The peaks at 112.9, 135.3, 

135.6 and 157.8 ppm can be assigned to the carbon atoms of the phenyl ring with the ester 

substituent. The signals at 135.9, 136.1, 141.4 and 141.5 ppm can be attributed to the carbon atoms of 

the para-iodo phenyl ring. The meso-carbon atoms of the porphyrin resonate between 118.7 and 

120.2 ppm. The β-pyrrolic carbon atoms give rise to the small broad signal at 131.4 ppm. The carbonyl 

carbon atom can be found at typical low field, namely at 169.4 ppm. The absorption features of 45 are 

typical for a free base porphyrin. The spectrum is dominated by the intense absorption of the SORET 

band at 420 nm. The four Q bands absorb at 516, 552, 592 and 647 nm. 

The obtained free base porphyrin 45 was then converted with 3.3 equivalents of 5-(4-ethynyl-phenyl)-

10,15,20-tri(3,5-dimethoxy-phenyl)-porphyrinato zinc (II) (11) in a threefold copper-free SONOGASHIRA 

cross-coupling reaction (scheme 3.2.14). As mentioned in section 3.1., the absence of copper is 

essential since it would automatically metalate the free base porphyrin. The reaction conditions 

developed for the synthesis of porphyrin tetramer 10 were successfully transferred to the preparation of 

Figure 3.2.24: 1H-NMR spectrum of porphyrin 45 recorded in CDCl3 (300 MHz, rt). Residual amounts of 

toluene are marked with a star. 
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the novel tetramer 46. The best results were obtained using the zerovalent Pd2dba3 x CHCl3 catalyst in 

a solvent mixture of THF and TEA in a ratio of 5:1. A thorough degassing of the solvents via pump-

freeze techniques and working under argon atmosphere are crucial for a successful prevention of the 

formation of the GLASER byproduct. 46 could be obtained in excellent yields of up to 65%. TLC control 

indicated the complete conversion of the free base porphyrin in all cases, the acetylene porphyrin 

could always be reisolated in small amounts since it was used in a slight excess. The cause for the 

yield being comparably low for a reaction with a complete consumption of the starting material is the 

tedious column chromatographic purification due to pronounced peak tailing caused by the porphyrin 

moieties.[170] An addition of a small amount of triethylamine as suppressor did not improve the 

resolution of the peaks.  

Figure 3.2.25: 13C-NMR spectrum of porphyrin 45 recorded in CDCl3 (100 MHz, rt). 
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The NMR spectra of compounds 46 and 13 (compare figures 3.1.3 and 3.1.4) are basically identical, 

therefore only the differing peaks will be discussed. In the 1H-NMR spectrum of 46 (figure 3.2.26), the 

signal of the methyl ester protons is overlapping with the peak of the methoxy protons. They resonate 

in several overlapping singlets between 3.84 and 3.93 ppm. The singlet at 4.91 ppm can be assigned 

to the CH2 protons. A small amount of residual DCM can be detected at 5.21 ppm. In the 13C-NMR 

spectrum (figure 3.2.27), the signal of the methyl group of the ester can be observed at 52.5 ppm. The 

carbon atom of the CH2 group resonates at 65.6 ppm. Last but not least, the carbonyl carbon atom 

gives rise to the signal at 169.5 ppm. Furthermore, the formation of 46 was confirmed by ESI mass 

spectrometry, where the measured mass over charge ratio of 3337.88777 ([M]+) fitted nicely to the 

calculated value of 3337.89521.  

In order to link the dendritic malonic acid spacing units to the porphyrin, it needed to be equipped with 

a hydroxyl group. This alcohol should later be coupled to the carboxylic acid via STEGLICH esterification 

reactions. Hence, the methyl ester of tetramer 46 was cleaved with LAH (scheme 3.2.15). For this, 

Scheme 3.2.14: SONOGASHIRA reaction yielding porphyrin tetramer 46. 
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porphyrin tetramer 46 was dissolved in anhydrous THF and cooled to -15 °C. LAH was added to the 

reaction mixture until TLC control indicated the complete conversion of the ester to the corresponding 

more polar alcohol. The crude alcohol 47 was purified through washing with water, flash 

chromatography and multiple precipitation from diethyl ether. After purification, 47 could be obtained in 

yields of up to 80%. The successful conversion of porphyrin ester 46 to alcohol 47 can be confirmed by 

both the 1H- and the 13C-NMR spectrum. In the 1H-NMR spectrum of 47, the singlet at 4.91 of the CH2 

group of 46 is no longer detectable. The two CH2 groups of 47 resonate in two multiplets, one at 

3.51 ppm, the other one is overlapping with the signal of the methoxy protons. In the 13C-NMR 

spectrum of 47, the signals for the CH3 and the carbonyl carbon atoms are no longer detectable. 

However, for the two CH2 carbon atoms there is only one peak in the theoretically expected range of 

60-70 ppm observable. This indicates that their chemical shift is indeed identical. ESI mass 

spectrometry additionally confirmed the formation of 47. The [M]+ peak could be detected with a mass 

over charge ratio of 3308.9040, which fits well to the calculated value of 3308.8925. The UV/Vis 

spectrum of 47 shows the typical absorption features of a porphyrin in the range between 400-700 nm. 

The SORET band at 424 nm dominates the spectrum, the corresponding molar extinction coefficient has 

a value of 1.3 x 106 M-1cm-1. The extinction coefficient is very high, since 47 contains four porphyrin 

Figure 3.2.26: 1H-NMR spectrum of 46 recorded in CDCl3 (400 MHz, rt). Residual amounts of grease 
and DCM are marked with a star. 
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moieties. However, the measured value for ɛ remains lower than the theoretically expected, which 

indicates an electronic communication between the porphyrins. The four Q bands have their maxima at 

518, 549, 587 and 649 nm. 

 

 

 

 

 

 

 

Figure 3.2.27: 13C-NMR spectrum of 46 recorded in CDCl3 (400 MHz, rt). Residual amounts of 
grease are marked with a star. 
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Scheme 3.2.15: Synthesis of porphyrin alcohol 47. 

 

3.2.2.2.2 Synthesis and Characterization of General Precursors for the Side Chains 

For the attachment of both the NEWKOME dendron and C60 to the porphyrin unit, an unsymmetrical 

malonic acid derivative is required. One side of the malonic acid should be connected to porphyrin 

alcohol 47, the other side should be equipped with a C6 spacer linked to the dendron of the first or the 

second generation. In the following section, the two malonic acid derivatives 48 and 49 are introduced 

which were used for the attachment of both generation dendrons (scheme 3.2.16).  

 

Scheme 3.2.16: Synthesis of malonates 48 and 49. 
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The first compound, benzyl (6-(tert-butoxy)-6-oxohexyl) malonate (48) was prepared following two 

alternative ways. One approach towards 48 started from 3-((6-(tert-butoxy)-6-oxohexyl)oxy)-3-

oxopropanoic acid (50), which was prepared according to literature known procedures.[192] 50 was 

converted with benzyl bromide, yielding 48 in 53% yield. Higher yields (76%) could be obtained when 

reacting 3-(benzyloxy)-3-oxopropanoic acid (35) with tert-butyl 6-hydroxyhexanoate (51) in the 

presence of DCC, HOBt and DMAP. Both 35[188] and 51[192] were synthesized according to published 

procedures. In order to couple the prepared malonic acid derivative 48 to the dendrons, the tert-butyl 

protecting group needed to be removed. Hence, 48 was converted with TFA which cleaved the ester 

quantitatively. After the complete removal of residual TFA by coevaporation with chloroform and 

toluene, the deprotected 6-((3-benzyloxy)-3-oxopropanoyl)oxy)hexanoic acid 49 could be obtained in 

high purity without further purification. Both 48 and 49 were thoroughly characterized (see section 6.2). 

However, a detailed discussion of the spectroscopic features will be omitted here, since the structural 

motives of 48 and 49 are be preserved in the succeeding compounds. 

 

3.2.2.2.3 Synthesis and Characterization of First Generation NEWKOME Dendron 

Porphyrin-Fullerene Adduct 43 

An unsymmetrical malonic acid derivative was required for the attachment of the first generation 

NEWKOME dendron to the porphyrin building block. This malonic acid compound should be coupled to 

porphyrin alcohol 47 in a STEGLICH esterification and subsequently be functionalized with C60 under 

BINGEL-HIRSCH conditions. The most important synthetic intermediate (52) in the synthesis of the 

desired malonic acid derivative (55) can be prepared in two alternative ways. The decision which route 

should be followed depends on the availability of the precursors. The first approach consists of a 

coupling reaction between 6-((3-benzyloxy)-3-oxopropanoyl)oxy)hexanoic acid (49) and first generation 

NEWKOME dendron 20 (scheme 3.2.17). This STEGLICH amidation reaction is mediated by DCC, HOBt 

and DMAP. The product di-tert-butyl 4-(6-((3-(benzyloxy)-3-oxopropanoyl)oxy)-hexanamido)-4-(3-(tert-

butoxy)-3-oxopropyl)heptanedioate 52 was obtained in a yield of 61% after flash chromatographic 

purification.  

 

Scheme 3.2.17: Synthesis of 52 from hexanoic acid derivative 49 and NEWKOME dendron 20. 
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The second approach yielding 52 begins with a STEGLICH amidation reaction between 6-(benzyloxy)-

hexanoic acid and the first generation NEWKOME dendron 20 (scheme 3.2.18) in the presence of DCC 

and HOBt. 6-(Benzyloxy)hexanoic acid was prepared according to published procedures.[192] The 

product, di-tert-butyl 4-(6-(benzyloxy)hexanamido)-4-(3-(tert-butoxy)-3-oxopropyl)-heptanedioate (53), 

was purified by column chromatography and isolated in yields of up to 69%. Subsequently, the benzyl 

protecting group was removed under reductive conditions. Product 54 was obtained after filtration over 

Celite® and could be converted with 3-(benzyloxy)-3-oxopropanoic acid (35) without any further 

purification. This STEGLICH esterification in the presence of DCC, HOBt and DMAP yielded di-tert-butyl 

4-(6-((3-(benzyloxy)-3-oxopropanoyl)oxy)hexanamido)-4-(3-(tert-butoxy)-3-oxo-propyl)heptanedioate 

(52) in yields of 59% after flash chromatographic purification.Both synthetic approaches are of the 

same complexity and both require non-commercially available starting material. The choice which way 

to follow depends on which precursors are on hand. In the 1H-NMR spectrum of 52, all expected 

signals can be observed (figure 3.2.28). The six protons of the three inner CH2 groups of the C6 chain 

can be assigned to the two multiplets around 1.35 and 1.58 ppm. The 27 protons of the dendron’s 

methyl groups resonate in the singlet at 1.41 ppm. The twelve protons of the CH2 groups of the 

dendron give rise to two triplets at 1.94 and 2.19 ppm. These two triplets display a weak roof effect. 

The triplet at 2.05 ppm can be assigned to the CH2 protons adjacent to the amide functionality. The 

triplet at 4.10 ppm corresponds to the CH2 protons of the C6 chain neighboring the ester group. The 

two singlets at 3.40 and at 5.16 ppm can be assigned to the “malonyl” and the benzylic CH2 protons, 

respectively. The small broad singlet at 5.85 ppm is caused by the NH proton of the amide. Last but 

not least, the five arylic protons resonate in a multiplet in the aromatic region at around 7.33 ppm.  

 

Scheme 3.2.18: Alternative synthetic approach towards compound 52. 
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In the 13C-NMR spectrum of 52 (figure 3.2.29), most of the CH2 carbon atoms of both the dendron and 

the C6 chain resonate in the region between 25 and 30 ppm. The intense peak at 28.0 ppm can be 

assigned to the methyl carbon atoms. The signal at 37.2 ppm corresponds to the CH2 carbon atom 

adjacent to the amide. The “malonyl” CH2 carbon atom gives rise to the peak at 41.5 ppm. The tertiary 

carbon atom of the dendron can be assigned to the signal at 57.3 ppm. The peaks at 63 and 67 ppm 

correspond to the CH2 carbon atoms neighboring the ester groups, the latter one can be assigned to 

the benzylic CH2 carbon atom. The peak at 80.7 ppm can be attributed to the tertiary carbon atoms of 

the tert-butyl groups. In the aromatic region, between 128 and 135 ppm, the resonances of the arylic 

carbon atoms can be found. The carbonyl carbon atoms of the malonate give rise to one signal at 

166.4 ppm, whereas the carbonyl carbon atoms of the dendron and the amide are shifted to around 

172 ppm. The formation of 52 was additionally confirmed by ESI mass spectrometry. The calculated 

mass over charge ratio of 728.3980 fits excellently to the measured value of 728.3981 for the [M+Na]+ 

species. 

 

 

Figure 3.2.28: 1H-NMR spectrum of 52 recorded in CDCl3 (300 MHz, rt). 
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The last step in the synthesis of a malonic acid derivative 55 was the removal of the benzyl protecting 

group of compound 52 (scheme 3.2.19). The protecting group was cleaved with hydrogen gas, 

catalyzed by palladium on charcoal. After filtration over Celite®, product 55 could be isolated in a yield 

of 97% without any additional purification.  

 

Scheme 3.2.19: Removal of the benzyl protecting group under reductive conditions. 

The NMR spectroscopic features of malonic acid derivative 55 are quite similar to the ones of 

compound 52. The successful deprotection can be proven by NMR spectroscopy, the signals for the 

phenyl ring and the CH2 group in benzylic position are no longer observable in the spectra. Additionally, 

the new broad singlet at 7.71 ppm in the 1H-NMR spectrum can be assigned to the carboxylic acid 

proton. The formation of 55 could be confirmed by ESI mass spectrometry, where the measured 

Figure 3.2.29: 13C-NMR spectrum of 52 recorded in CDCl3 (100 MHz, rt). 
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[M+Na]+ peak shows mass over charge ratio of 638.3516, which fits well to the calculated value of 

638.3511. 

Different reaction conditions were tested for the STEGLICH esterification of porphyrin alcohol 47 and 

malonic acid derivative 55, yielding porphyrin tetramer malonate 56 (scheme 3.2.20). The first attempts 

towards 56 followed the classic STEGLICH protocol, hence DMAP and DCC were used as reagents and 

the reaction was performed in DMF.[193] However, under these conditions no product formation was 

observable, even after long reaction times of up to seven days. In the following experiments, HOBt was 

added in order to improve the efficiency of the coupling reaction.[194] Due to a significantly better 

solubility, DCM was chosen as more suitable solvent. Under optimized conditions, the complete 

conversion of porphyrin alcohol 47 could be achieved and the coupled product 56 could be obtained in 

excellent yields of up to 88% after column chromatography and reprecipitation.  

 

Scheme 3.2.20: Synthesis of porphyrin tetramer [1G]-dendron malonate 56. 
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Porphyrin tetramer malonate 56 was characterized by NMR spectroscopy (figures 3.2.31 and 3.2.32). 

In the 1H-NMR spectrum of 56, the NH free base porphyrin protons resonate as expected at very high 

field, at -2.61 ppm. Most protons of the dendron and the C6 chain can be assigned to the signals in the 

area between 1.37 and 2.06 ppm. The “malonyl” CH2 protons give rise to the singlet at 3.52 ppm. The 

overlapping singlets around 3.85 ppm correspond to the methoxy protons of the porphyrins. The triplet 

at 4.18 ppm can be attributed to the CH2 protons of the C6 chain adjacent to the ester group. The four 

CH2 protons of the ethyl chain connecting the porphyrin with the malonate can be assigned to the two 

multiplets at 4.44 and 4.66 ppm. The NH proton of the amide causes the broad singlet at 5.80 ppm. All 

remaining signals in the aromatic region stem from the porphyrin moieties. Residual amounts of ethyl 

acetate, DCM and toluene are observable in the 1H-NMR spectrum. 

In the 13C-NMR spectrum of 56, most carbon atoms of the dendron and the C6 chain resonate in the 

aliphatic region between 25 and 37 ppm. The signal of the “malonyl” carbon atom can be detected at 

41.3 ppm. The peaks of the three remaining carbon atoms of a CH2 group neighboring an oxygen atom 

can be observed between 63 and 65 ppm. The tertiary carbon atom of the tert-butyl groups of the 

dendron can be allocated to the signal at 80.6 ppm. The malonyl carbonyl carbon atoms resonate at 

166 ppm, whereas the other carbonyl carbon atoms are shifted to lower field and resonate at 172 ppm. 

Figure 3.2.31: 1H-NMR spectrum of 56 recorded in CDCl3 (400 MHz, rt). Ethyl acetate, DCM and 

toluene are marked with a star. 
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All remaining signals in the spectrum can be assigned to the porphyrin moieties. An unidentified 

impurity can be observed at 104 ppm. The formation of 56 could additionally be confirmed by ESI mass 

spectrometry. The [M+Na]+ peak was measured with a mass over charge ratio of 3929.23969, which 

fits well to the calculated value of 3929.23354. The solvent used for the measurement has a high 

influence on the obtained mass spectra. The best spectra were recorded when using a mixture of 

MeCN, toluene, methanol and formic acid.  

The cyclopropanation of C60 with porphyrin tetramer malonate 56 was achieved under BINGEL-HIRSCH 

conditions (scheme 3.2.21). For this, C60 was dissolved in anhydrous toluene under argon atmosphere. 

Malonate 56 and elemental iodine were subsequently added to the dark purple solution. The reaction 

was initiated by the dropwise addition of DBU dissolved in toluene. The replacement of CBr4 with 

iodine as halide source improved the yield of the reaction significantly. TLC control of the reaction 

mixture indicated the formation of porphyrin-fullerene adduct 43 after a reaction time of around 

14 hours.  

Figure 3.2.32: 13C-NMR spectrum of porphyrin malonate 56 recorded in CDCl3 (100 MHz, rt). An 

unidentified impurity is marked with a star. 
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Scheme 3.2.21: Synthesis of porphyrin-fullerene adduct 43. 

The first hint of the successful attachment of C60 was given by the lacking fluorescence of the novel red 

spot on the TLC plate. The reaction mixture was concentrated and subjected to column 

chromatography. After precipitation from n-pentane, the product was obtained in yields of up to 39%. 

The successful attachment of C60 to porphyrin tetramer malonate 56 could be verified by NMR 

spectroscopy. All expected peaks of the porphyrin-fullerene conjugate 43 can be observed in the 1H-

NMR spectrum (figure 3.2.33). The signals of the CH2 and CH3 protons of the dendron and some of the 

CH2 protons of the C6 chain resonate in the range between 1.36 and 2.06 ppm. The only signal shifted 

to even higher field corresponds to the NH protons of the free base porphyrin. The methoxy protons 

resonate in several overlapping singlets around 3.83 ppm. Around 4.50 ppm, the overlapping peaks of 

the CH2 protons of the C6 chain adjacent to the ester and one of the CH2 groups connecting the 

malonate to the porphyrin moiety can be detected. The signal at 4.95 ppm can be assigned to the other 

CH2 group of the ethyl chain. The singlet at 5.77 ppm corresponds to the resonance of the NH proton 

of the amide. The remaining signals at lower field can all be assigned to the porphyrin moiety. 

Remaining toluene, water and traces of DCM can be observed as well.  
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Figure 3.2.33: 1H-NMR spectrum of conjugate 43 recorded in CDCl3 (400 MHz, rt). Residual amounts 

of toluene, DCM and water are marked with a star. An unidentified impurity is marked with a circle. 

In the 13C-NMR spectrum of porphyrin-fullerene conjugate 43, most expected signals can be detected, 

despite the weak intensity of some peaks (figure 3.2.34). The weakness of the signals could be a 

consequence of π-π interactions between the fullerene and the porphyrins. Another explanation for the 

weak C60 signals could be an aggregation due to interactions between different fullerene moieties. 

Almost all carbon atoms of the dendron and the C6 chain resonate in the aliphatic region between 25 

and 30 ppm. The peaks of the three CH2 carbon atoms neighboring an oxygen atom can be observed 

between 63 and 68 ppm. At 68.9 ppm, the resonance of the sp3 carbon atoms of C60 can be detected. 

The signal of the quaternary carbon atom adjacent to C60 is not detectable between 50 and 55 ppm, its 

intensity is not high enough to be distinguishable from the baseline noise. The tertiary carbon atom of 

the tert-butyl groups of the dendron can be allocated to the signal at 80.6 ppm. The resonances of the 

sp2 carbon atoms of C60 can be found between 140 and 145 ppm, together with the peaks of the ipso 

carbon atoms. All remaining signals in the spectrum can be assigned to the porphyrin moieties or to 

the dendron. Residual toluene can be observed in the spectrum. The formation of 43 could additionally 

be confirmed by ESI mass spectrometry. Both a singly and a doubly charged species could be 
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detected, corresponding to the [M+Na]+ and the [M+2Na]2+ peak. The measured mass over charge 

ratios (4647.2140 and 2335.1012) fitted well to the calculated values (4647.2179 and 2335.1036). 

 

Figure 3.2.34: 13C-NMR spectrum of conjugate 43 recorded in CDCl3 (100 MHz, rt). Residual amounts 

of toluene are marked with a star. 

The absorption spectra of both the porphyrin-fullerene conjugate 43 and malonate 56 are dominated by 

the porphyrin absorptions (see figure 3.2.35). The SORET band maxima can be found at around 425 nm 

for both 43 and 56. The weaker absorptions at 518, 556, 597 and 650 nm (values for 43) can be 

assigned to the four Q bands. The second and the third Q band of conjugate 43 compared to malonate 

56 show a bathochromic shift of 7 and 10 nm, respectively. The absorptions below 400 nm in the case 

of adduct 43 can be attributed to C60. The comparison of the molar extinction coefficients of 43 and 56 

shows, that the value of ɛ is significantly lower in the case of conjugate 43. This might hint to an 

electronic communication between the structural elements of the porphyrin-fullerene adduct. Regarding 

the measured extinction coefficients, it is necessary to factor in occurring measurement uncertainties. 

They might result from deviations in the weighing and diluting processes and the residual impurities in 

the sample (compare NMR spectra). 
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Figure 3.2.35: UV/Vis spectra of porphyrin-fullerene conjugate 43 and malonate 56 recorded in THF 

and DCM, respectively. 

The deprotection of 43’s tert-butyl esters to the free carboxylic acid groups will be described at a later 

point together with the ester cleavage of the second generation dendron porphyrin-fullerene 

conjugate 44.  
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3.2.2.2.4 Synthesis and Characterization of Second Generation NEWKOME Dendron 

Porphyrin-Fullerene Adduct 44 

For the attachment of the second generation NEWKOME dendron to the porphyrin building block, an 

unsymmetrical malonic acid derivative was required, the equivalent to its first generation 

counterpart 55. The malonic acid derivative should be coupled to porphyrin alcohol 47 and 

subsequently be functionalized with C60. As in the case of the first generation equivalent, the benzyl 

protected malonic acid derivative was prepared in two different approaches (schemes 3.2.22 and 

3.2.23). The first approach was based on a coupling reaction between 6-((3-benzyloxy)-3-

oxopropanoyl)oxy)hexanoic acid 49 and second generation NEWKOME dendron 37 (scheme 3.2.22). 

This STEGLICH amidation reaction was mediated by DCC, HOBt and DMAP and carried out in cold 

DMF. The product, the benzyl protected malonate 58 was obtained in a yield of 66% after flash 

chromatographic purification.  

 

Scheme 3.2.22: Synthesis of the benzyl protected [2G]-malonate 58. 

The second approach yielding 58 was based on a STEGLICH amidation reaction between 6-(benzyloxy)-

hexanoic acid and second generation NEWKOME dendron 37 (scheme 3.2.23) in the presence of DCC 

and HOBt. 6-(Benzyloxy)hexanoic acid was prepared according to published procedures.[192] The 

product, 6-(benzyloxy)-N-[2G]-hexanamide (59), was purified by column chromatography and isolated 

in yields of up to 51%. Subsequently, the benzyl protecting group was removed under reductive 

conditions. Product 60 was obtained after filtration over Celite® and could be converted with 3-
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(benzyloxy)-3-oxopropanoic acid (35) without any further purification. This STEGLICH esterification in the 

presence of DCC, HOBt and DMAP yielded the benzyl protected [2G]-malonate 58 in yields of 53% 

after flash chromatographic purification. 

 

Scheme 3.2.23: Alternative synthetic approach towards 58. 

The obtained malonate 58 was characterized by NMR spectroscopy (figures 3.2.36 and 3.2.37). In the 

1H-NMR spectrum of 58, the resonances of the dendron’s protons and most protons of the CH2 groups 

of the C6 chain can be found between 1.37 and 2.16 ppm. The singlet at 3.40 ppm can be assigned to 

the CH2 protons located between the two ester groups. The triplet at 4.10 ppm is caused by the 

protons of the CH2 group adjacent to the malonate. The two protons in benzylic position give rise to the 

singlet at 5.14 ppm. The resonances of the five arylic protons can be found in the aromatic region. The 

two singlets at 6.08 and 7.51 ppm can be attributed to the four NH amide protons. Traces of residual 

DCM can be observed at 5.20 ppm. In the aliphatic region of the 13C-NMR spectrum of 58, the 

resonances of most CH2 and CH3 carbon atoms can be observed. The peak of the CH2 carbon atom 

adjacent to the amide group can be found at 37.1 ppm, whereas the peak of the CH2 carbon atom 

neighboring the ester group is shifted to 65.4 ppm. The “malonyl” CH2 carbon atom causes the signal 

at 41.5 ppm. The peak at 57.4 ppm can be allocated to the tertiary carbon atoms of the dendron. The 

second tertiary carbon atom of the dendron, the one of the tert-butyl groups, resonates at 80.6 ppm. 

The peak at 67.2 ppm can be assigned to the benzylic CH2 carbon atom. In the aromatic region, four 

signals corresponding to the arylic carbon atoms are observable. As expected, the malonyl carbonyl 
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carbon atoms are shifted to higher field compared to the dendron’s carbonyl signals. The formation of 

58 was additionally confirmed by ESI mass spectrometry. Both the [M+H]+ and the [M+Na]+ peak can 

be observed in the spectra, with a measured mass over charge ratios of 1730.0749 and 1752.06, 

respectively. Both detected values are in good agreement with the calculated values of 1730.0768 and 

1752.0587. 

 

Figure 3.2.36: 1H-NMR spectrum of 58 recorded in CDCl3 (400 MHz, rt). Residual amounts of DCM 

are marked with a star. 
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Figure 3.2.37: 13C-NMR spectrum of 58 recorded in CDCl3 (100 MHz, rt). Residual amounts of ethyl 

acetate are indicated with a star (signals at 21 and 14 ppm are omitted here). 

The last step in the synthesis of malonic acid derivative 61 equipped with a second generation 

NEWKOME dendron was the removal of the benzyl protecting group of compound 58. The protecting 

group was removed under reductive conditions; the hydrogenation was catalyzed by palladium on 

charcoal. After filtration over Celite®, product 61 could be isolated in a yield of 97% (scheme 3.2.24). 

The NMR spectra of 61 give spectroscopic evidence for the successful removal of the benzyl 

protecting group. Compared to the spectra of precursor 58, most spectroscopic features are preserved 

in the spectra of 61. In the 1H-NMR spectrum, the multiplet in the aromatic region is not observable 

anymore, neither is the singlet at 5.10 ppm, which would be caused by benzylic CH2 protons. The 

mentioned signals of the protecting group also can no longer be found in the 13C-NMR spectrum of 61. 

ESI mass spectrometry can additionally confirm the deprotection of 58. The [M+H]+ peak can be 

detected with an observed mass over charge ratio of 1640.02882, which fits nicely to the calculated 

value of 1640.02981. 
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Scheme 3.2.24: Removal of the benzyl protecting group under reductive conditions. 

The malonic acid derivative 61 should be coupled to porphyrin alcohol 47 under formation of the 

porphyrin tetramer malonate 62 (scheme 3.2.25). The optimized reaction conditions developed for the 

preparation of the malonate equivalent 56 were transfered to this reaction. In a STEGLICH esterification 

Scheme 3.2.25: STEGLICH esterification yielding porphyrin tetramer 62. 
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Figure 3.2.38: 1H-NMR spectrum of 62 recorded in CDCl3 (400 MHz, rt). Residual amounts of n-

pentane are marked with a star. 

in the presence of DCC, HOBt and DMAP, malonate 62 could be isolated in yields of up to 46%. 

Porphyrin malonate 62 was characterized by NMR spectroscopy (figures 3.2.38 and 3.2.39). In the 1H-

NMR spectrum of 62, the NH free base porphyrin protons resonate as expected at very high field, more 

precisely at -2.63 ppm. Most protons of the dendron and the C6 chain can be assigned to the signals 

between 1.42 and 2.18 ppm. The singlet at 3.58 ppm corresponds to the “malonyl” CH2 protons. The 

set of overlapping singlets around 3.85 ppm can be assigned to the methoxy protons of the porphyrins. 

The triplet at 4.23 ppm corresponds to the resonance of the CH2 protons of the C6 chain next to the 

ester group. The four CH2 protons of the ethyl chain connecting the porphyrin with the malonate can be 

assigned to the two multiplets at 4.51 and 4.72 ppm. The NH protons of the amides resonate in two 

broad singlets at 6.11 and 7.61 ppm. All remaining signals in the aromatic region stem from the 

porphyrin moieties. In the 13C-NMR spectrum of 61, the majority of the carbon atoms of the dendron 

and the C6 chain resonate between 25 and 37 ppm. The signal of the carbon atom in between the 

ester groups can be detected at 41.4 ppm. The CH2 carbon atoms adjacent to an oxygen atom 

resonate in the three signals between 63 and 65 ppm. The tertiary carbon atoms of the dendron can be 

observed at 57.5 (CONHC) and at 80.6 ppm (tert-butyl groups). The malonyl carbonyl carbon atoms 

resonate at 166 ppm, whereas the other carbonyl carbon atoms are shifted to lower field and resonate 
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at 172 ppm. All remaining signals can be assigned to the porphyrin moieties. Moreover, the formation 

of 61 could be validated by ESI mass spectrometry. A value of 4952.8974 could be measured for the 

mass over charge ratio of the [M+Na]+ peak, which matches very well to the calculated value of 

4952.8942. 

The final step in the preparation of porphyrin-fullerene conjugate 44 was the addition of C60 to 

porphyrin tetramer malonate 62. This was achieved in a BINGEL-HIRSCH reaction (scheme 3.2.26). C60 

was dissolved in anhydrous toluene under argon atmosphere and malonate 62, iodine and DBU 

dissolved in toluene were added subsequently. The reaction mixture was stirred overnight and 

concentrated. After column chromatography, conjugate 44 was obtained in yields of up to 11%. Longer 

reaction times to increase the amount of formed product did not prove to be useful due to an enhanced 

decomposition of reactants and/ or product. The use of iodine as halide source instead of CBr4 resulted 

in much higher yields. A successful formation of 44 was already indicated by TLC control, where the 

novel red spot did not show any typical porphyrin fluorescence, hinting to an electronic communication 

between the porphyrins and the fullerene.  

Figure 3.2.39: 13C-NMR spectrum of 62 recorded in CDCl3 (100 MHz, rt). Residual amounts of THF 

and n-pentane are marked with a star. 
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Scheme 3.2.26: Synthesis of porphyrin-fullerene conjugate 44. 

Conjugate 44 was characterized by NMR spectroscopy. All expected peaks of porphyrin-fullerene 

conjugate 44 can be observed in the recorded 1H-NMR spectrum (figure 3.2.40). The signal at very 

high field, at -2.66 ppm, can be assigned to the NH protons of the free base porphyrin. The resonances 

of most CH2 and CH3 protons of the dendron and some of the CH2 protons of the C6 chain can be 

detected between 1.38 and 2.18 ppm. The set of overlapping singlets around 3.83 ppm corresponds to 

the methoxy protons of the porphyrins. After the functionalization with C60, the triplet of the CH2 protons 

of the C6 chain adjacent to the ester is now slightly shifted from 4.23 ppm to 4.54 ppm. The two signals 

at 4.63 and 5.04 ppm can be attributed to the two CH2 groups of the ethyl linker, an exact assignment 

is not possible. The NH protons of the two different amides of the dendron resonate at 6.03 and 

7.63 ppm. The remaining signals at lower field can all be assigned to the porphyrin moieties.  
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Figure 3.2.40: 1H-NMR spectrum of 44 (CDCl3, 400 MHz, rt). Residual amounts of toluene and DCM 

are marked with a star, an unidentified impurity is marked with a circle. 

In the 13C-NMR spectrum of 44, most of the expected signals are observable (figure 3.2.41). The 

majority of the carbon atoms of the dendron and the C6 chain resonate in the aliphatic region between 

25 and 37 ppm. The signals between 63 and 65 ppm can be assigned to the three CH2 carbon atoms 

neighboring an oxygen atom. The typical resonances of the sp3 carbon atoms of C60 can be detected 

at 71.0 ppm. As for [1G]-conjugate 43, the resonance of the quaternary carbon atom adjacent to C60 is 

not detectable between 50 and 55 ppm, its intensity is not high enough to be distinguishable from the 

baseline noise despite the very high scan number of nearly 40000. The tertiary carbon atom of the tert-

butyl groups of the dendron can be allocated to the signal at 80.6 ppm. The resonances of the sp2 

carbon atoms of C60 can be found between 141 and 145 ppm, overlapping with the peaks of the arylic 

ipso carbon atoms. Their intensity is very weak, most likely due to π-π interactions between the 

fullerene and the porphyrins or aggregation phenomena. All remaining signals in the spectrum can be 

assigned to the porphyrin moieties or to the dendron. Residual amounts of toluene are detectable in 

the spectrum. The formation of 44 could additionally be confirmed by ESI mass spectrometry. The 

value of the measured mass over charge ratio for the [M+2Na]2+ peak of 2846.9309 fitted very well to 

the calculated value of 2846.9339. 



Chapter 3  Results and Discussion 

99 
 

 

Figure 3.2.41: 13C-NMR spectrum of conjugate 44 recorded in CDCl3 (125 MHz, rt). Residual amounts 

of toluene are marked with a star. 

In the UV/Vis spectrum (figure 3.2.42) of porphyrin-fullerene conjugate 44 and porphyrin tetramer 

malonate 62, the SORET band maximum is found at 423 nm for 44 and at 425 nm for 62 in DCM, while 

the four Q bands, of which the second and third are superimpositions of zinc and free base porphyrin 

absorption features, appear at around 520, 549, 588, and 648 nm, respectively. Additional absorption 

features lower than 400 nm with local maxima at around 259, 314 and 341 nm in the spectrum of 

conjugate 44 can be attributed to the presence of C60. Since the compounds contain four porphyrin 

building blocks, the molar extinction coefficients are exceedingly high, with about 1.25 x 106 and 

1.71 x 106 [M-1cm-1] for the SORET maxima of 44 and 62 in DCM, respectively. Regarding the measured 

extinction coefficients, it is necessary to factor in occurring measurement uncertainties. They might 

result from deviations in the weighing and diluting processes and the residual impurities in the sample. 
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Figure 3.2.42: UV/Vis spectra of porphyrin-fullerene conjugate 44 and porphyrin tetramer malonate 62 

recorded in DCM. 
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3.2.2.2.5 Synthetic Approaches towards Water Soluble Porphyrin-Fullerene Conjugates 

Porphyrin-fullerene conjugates 43 and 44 contain a NEWKOME dendron of the first or the second 

generation, respectively. The attachment of those dendrons intended the creation of water soluble 

adducts after successful removal of the tert-butyl protecting groups. After the deprotection, three or 

nine free carboxylic acids are present in the conjugates which are intended to introduce pH dependent 

water solubility. TFA or other strong acids as standard reagents for the cleavage of tert-butyl esters 

could not be employed for the deprotection of 43 and 44 since zinc would be removed from the 

porphyrins under acidic conditions.[195-197] This would lead to a disruption of the desired inner redox 

gradient of the conjugates. Therefore the cleavage of the tert-butyl esters was performed under neutral 

reaction conditions by adaptation of published procedures (scheme 3.2.27).[163, 198-201] The respective 

porphyrin-fullerene conjugate was dissolved in dry DCM under argon atmosphere. Subsequently 2,6-

lutidine and trimethylsilyl trifluoromethanesulfonate (TMS-OTf) were added to the reaction mixture, 

concluded by the addition of water. During the reaction, a transesterification occurred, converting the 

tert-butyl ester to the corresponding trimethylsilyl ester under release of isobutylene. This trimethylsilyl 

ester could easily be cleaved in the presence of water, releasing the free carboxylic acid.[201] The 

Scheme 3.2.27: Deprotection of 1st generation conjugate 43 and 2nd generation conjugate 44. 
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formed side product hexamethyldisiloxane was easily removed during the work-up. The obtained 

deprotected conjugates were purified by washing with water and multiple reprecipitation steps. The 

deprotection was performed for both the first and the second generation dendron conjugate. It was 

tested with the [2G]-adduct 44 prior to the [1G]-adduct 43 due to the higher structural similarity 

compared to previously published compounds. [2G]-Conjugate 44 was converted with 49 equivalents 

2,6-lutidine and 41 equivalents TMS-OTf. This corresponds to 5.4 equivalents 2,6-lutidine and 

4.6 equivalents TMS-OTf per to be cleaved tert-butyl ester group. The reaction proceeded 

quantitatively according to TLC control. After work-up, product 63 could be obtained in a yield of 61%. 

The same reaction conditions were applied to the conversion of [1G]-conjugate 43, meaning that it was 

reacted with 16.3 equivalents of 2,6-lutidine and 13.6 equivalents of TMS-OTf. However, under these 

conditions, the desired ester cleavage did only partially proceed. Increasing the equivalents of 

reactants up to the quantity used for the conversion of 44 did lead to a complete removal of the 

protecting groups. Both deprotected conjugates were characterized by NMR spectroscopy, however, 

due to the similarity of the spectra, only the ones of the [2G]-conjugate 63 will be discussed and 

depicted.  

 

Figure 3.2.43: 1H-NMR spectrum of the deprotected 2nd generation conjugate 63 recorded in THF-d8 

(400 MHz, rt). Residual amounts of toluene and grease are marked with a star. 
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The obtained spectra were recorded in THF-d8, since conjugates 57 and 63 are not soluble in 

chlorinated solvents. The successful cleavage of the tert-butyl esters can easily be demonstrated by 

1H-NMR spectroscopy (figure 3.2.43). The intense singlet corresponding to the 81 CH3 protons of the 

ester groups is not observable at 1.40 ppm. The resonances of all remaining protons are very similar 

compared to the spectra of the protected precursor 44. This indicates that no decomposition took place 

during the reaction. This can be confirmed by the 13C-NMR spectrum (figure 3.2.44). The removal of 

the tert-butyl groups can be verified through the absence of any peaks at 28 and 80 ppm. The 

characteristic signals of both the porphyrin moieties and the fullerene can be observed in the spectrum, 

indicating that the molecular structure remained intact.  

 

Figure 3.2.44: 13C-NMR spectrum of the deprotected 2nd generation conjugate 63 recorded in THF-d8 

(100 MHz, rt).  

Both obtained deprotected porphyrin-fullerene conjugates 57 and 63 were not soluble in pure water at 

neutral pH. Ultra-sonication did not lead to water solubility either. The conjugates were also neither 

soluble in alcohols such as methanol nor in any chlorinated solvent. Easy solubility was observable for 

THF. It was also tested if they were soluble in basic solutions, but they remained insoluble in a 

carbonate buffer with a pH of 10 and in a 0.01 M sodium hydroxide solution in methanol with a pH of 8. 

It seems likely, that even the second generation dendron with its nine carboxylic acid functionalities is 



Results and Discussion    Chapter 3 

  

104 
 

not hydrophilic enough to provide water solubility for the comparably large organic conjugate. Maybe 

the use of a higher generation NEWKOME dendron, such as a third generation one,[164] or polyethylene 

glycol containing dendrons would introduce the required hydrophilicity.[202] 

The comparison of the UV/Vis spectra of the protected porphyrin-fullerene conjugate 44 and adduct 63 

after deprotection indicate a significantly lower extinction coefficient for the deprotected adduct 63 

(figure 3.2.45). The extinction coefficient of the SORET band of the protected conjugate 44 has a value 

of 1.5 x 106 M-1cm-1, the extinction coefficient of the deprotected conjugate 63 is lowered to 

1.0 x 106 M-1cm-1. Both spectra were recorded in THF and both species have their absorption maxima 

at exactly the same wavelengths. Compared to a measurement in DCM, the maxima of 44 in THF 

show a bathochromic shift of about 5 nm for each absorption feature. Regarding the measured 

extinction coefficients, it is important that occurring measurement uncertainties cannot be neglected. 

They might result from deviations in the weighing and diluting processes and the residual impurities in 

the sample. 

 

  

Figure 3.2.45: UV/Vis spectra of protected conjugate 44 and deprotected conjugate 63 recorded in 

THF. 
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3.3 Photophysical Properties of Porphyrin-Fullerene Conjugates 

For the investigation of possible electron and energy transfer events, selected porphyrin-fullerene 

conjugates have been examined by different experimental techniques. Steady state absorption and 

fluorescence spectroscopy, (spectro) electrochemistry and time resolved spectroscopic techniques 

(time-correlated single photon counting and femtosecond transient absorption spectroscopy) have 

been applied to conjugates 23, 24 and 43. The selected adducts are depicted in figure 3.3.1. All 

experiments as well as data evaluation and interpretation were performed by MAXIMILIAN WOLF of the 

group of Prof. Dr. GULDI (FAU Erlangen, Department of Pharmacy and Chemistry, Chair of Physical 

Chemistry II). In the course of this work, only the results obtained in the femtosecond transient 

absorption measurements and a few other selected results shall be discussed in more detail. For an 

easier understanding of the presented data, a short introduction into the topic of time resolved ultrafast 

transient absorption spectroscopy will be given in the following. A much more detailed description of 

the method and its theoretical background can be found in the cited literature. 

 

Figure 3.3.1: Investigated porphyrin-fullerene conjugates 23, 24 and 43. 
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3.3.1 Time Resolved Transient Absorption Spectroscopy – an Introduction 

In order to understand and monitor light-induced energy transfer, charge transfer, bond formation, 

breaking and rearrangements, it is necessary to employ a spectroscopic technique which operates in a 

timescale of femtoseconds to microseconds. The development of ultrafast laser systems made the real 

time investigation of these processes possible.[203] One prominent method for the examination of liquid- 

and solid-phase (thin films) dynamics is transient absorption spectroscopy.[204-206] It is a pump-probe 

technique, where a part of the sample is promoted to an electronically excited state with a short laser 

pulse (pump pulse) at an exactly defined moment in time.[207] The ratio of excited to ground state 

molecules depends on the chosen experiment. The sample is then subjected to a second white laser 

pulse (probe pulse) with a defined delay time. The delay time is varied during the experiment, each 

time an absorption spectrum is recorded. The change in absorbance, induced by the pump pulse, is 

calculated by subtracting the absorption spectrum of the ground state sample from the absorption 

spectrum of the excited sample. The obtained difference absorption spectrum in dependence of time 

delay and wavelength contains information about the dynamic processes occurring upon excitation.[208] 

Several processes contribute to the obtained spectra, resulting both in positive as well as negative 

signals.[207] One contributing process is ground-state bleaching, which describes the negative signal in 

the wavelength region of the ground state absorption. It is caused by a decreased number of 

molecules in the ground state which results from the fact that a part of the sample has been promoted 

to an excited state. The second process contributing to the spectra is stimulated emission, which often 

overlaps with the ground state bleach and also causes a negative signal. It stems from the emission of 

a photon from an excited molecule which decays to the ground state. The emission of the photon is 

caused by the probe pulse and is STOKES shifted compared to the ground state bleach.[209] The most 

important factor which has an influence on the spectra is excited-state absorption, resulting in a 

positive signal in the spectrum. It is a consequence of optically allowed transitions from the excited 

state molecules to a higher excited state, which are excited by the probe pulse at distinct wavelengths. 

The last contributing process is product absorption. The absorption of an excited product causes a 

positive signal in the spectrum. It is accompanied by a ground state bleach of the product’s ground 

state absorption.[207]  

The amount of data points collected in typical time resolved measurements is exceptionally large, 

therefore it is necessary to analyze the data by global and target analysis techniques.[210-211] This is 

done by simultaneously focusing on wavelength, time and intensity. It enables information about the 

number and kind of species which contribute to the spectrum. It also reveals how much each species 

contributes to the overall spectral intensity at each measured point in time. When evaluating the 

presented data, the probability of measurement uncertainties caused by traces of impurities in the 

samples has to be considered a possibility.  
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3.3.2 Experimental Results  

For the investigation of energy and electron transfer events initiated by laser excitation, conjugates 23, 

24 and 43 were examined by different experimental techniques. Since the results were quite similar in 

the case of all three conjugates, only the spectra obtained for adduct 23 will be depicted. The 

descriptions of the occurring processes refer to the results of all three conjugates.  

Steady state fluorescence spectroscopy can give information about energy transfer events between 

the building blocks of each conjugate. The emission spectra of a 3:1 mixture of ZnP and H2P compared 

to 23 in THF, excited at 555 nm, demonstrate the nearly quantitative energy transfer from the zinc 

porphyrin (main emission at 605 nm, minor contribution to the maximum at 653 nm) to the free base 

porphyrin (emission maxima at 653 nm and 718 nm).  

The fluorescence quantum yields of 23 compared to porphyrin malonate 25 were determined in 

different solvents (THF, benzonitrile and anisole) and clearly demonstrate a solvent dependency. The 

results are summarized in table 3.3.1.  

 

 

 

Figure 3.3.1: Steady state fluorescence spectra of a 3:1 mixture of ZnP/H2P and 23 in THF, excited at 

555 nm. 
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Table 3.3.1: Fluorescence quantum yields of 23 and 25 in THF, benzonitrile and anisole. 

 Fluorescence Quantum Yields [%] 

 THF benzonitrile anisole 

ZnP3-H2P 25 8.52 4.50 8.08 

ZnP3-H2P-C60 23 3.14 0.47 0.77 

Quenching 63% 89% 90% 

As can be seen in table 3.3.1, the porphyrin fluorescence in fullerene-containing conjugate 23 is 

efficiently quenched compared to porphyrin malonate 25, indicating an electronic communication 

between the porphyrins and C60. The fluorescence quenching is most pronounced in anisole, in which 

a quenching of 90% can be reached.   

Conjugates 23, 24 and 43 were analyzed by femtosecond transient absorption spectroscopy in order to 

investigate the processes following the excitation of the system. The measurements were conducted in 

both toluene and benzonitrile in order to determine a possible influence of the solvent polarity. Laser 

excitation was performed at 430 nm (SORET band region of the porphyrins). The experiments were 

performed on a HELIOS (time delays up to 8 ns, time resolution approx. 220 fs) and an EOS (time delays 

up to 400 μs, time resolution below 1 ns) spectrometer by ULTRAFAST SYSTEMS with a Clark-MXR 

CPA2110 Ti:Sa amplifier laser source, in order to gain comprehensive insight into the occurring 

processes. The obtained data was analyzed with ORIGIN and the GLOTARAN interface of the R-package 

TIMP.[212] As already indicated, global target analysis is an powerful tool for modelling the excited state 

surfaces and processes in their entirety.  

An excitation into the SORET band of both H2P and ZnP (430 nm) results in the population of the S2 

state of both H2P and ZnP. After 1-2 ps, an internal conversion leads to the population of the lowest 

lying singlet excited states (S1). The development of a characteristic absorption band at 1020 nm 

indicates the formation of the first charge separated state H2P•+-C60
•-. In toluene, this step takes 70-

100 ps for all three conjugates (compare table 3.3.2). This process is considerably faster in benzonitrile 

(less than 10 ps, compare table 3.3.3). Up to this point, no substantial influences of the solvent on the 

excitation behavior could be found. However, the deactivation pathways from the first charge 

separated state are strikingly different. The experimental results obtained from measurements in 

toluene will be discussed prior to those in benzonitrile.  

In toluene, the signature absorption features of the H2P•+-C60
•- charge separated state of all three 

conjugates decay with lifetimes in the range between 2.3 and 2.8 ns. This decay is associated with an 

increase in absorption at around 700 nm and below 400 nm, which indicates the population of the 

triplet states of both C60 and H2P. It should be mentioned that the transient absorption bands of H2P•+ 
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and 3H2P do not differ significantly. In the following 6-8 ns, the signature absorption features of 3C60 

decrease, whereas the 3H2P signatures increase. This suggests an energy transfer from 3C60 (and 

possibly even ZnP) to 3H2P. The absorption features of the free-base porphyrin triplet state can be 

observed for some tens of μs before the system returns back to the ground state. A charge shift 

reaction, resulting in the spatially more separated charge separated state ZnP•+-H2P-C60
•-, cannot be 

validated by transient absorption spectroscopy. Table 3.3.2 gives an overview of the lifetimes of the 

species involved in charge separation and charge recombination in conjugates 23, 24 and 43 

measured in toluene.  

Table 3.3.2: Lifetimes of the species/processes involved in charge separation and charge 

recombination in toluene. 

 
Charge 

Separation 

Charge 

Recombination 

3H2P-3C60 3H2P 

ZnP3-H2P-C60 23 93 ps 2.3 ns 8.4 ns 28 μs 

ZnP3-H2P-C60 24 68 ps 2.8 ns 7.9 ns 29 μs 

ZnP3-H2P-C60 43 77 ps 2.5 ns 5.9 ns 31 μs 

In figure 3.3.2, the excited state surface of 23 measured in toluene, excited at 430 nm with ns-µs time 

delays, is shown. 

Figure 3.3.2: Excited state surface of 23 in toluene, excitation at 430 nm, ns-µs time delays. 
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The obtained transient absorption spectra of conjugate 23 in toluene are depicted in figure 3.3.3, top. 

The different time delays are given in the legend. The recorded time profile of the 1020 nm C60 radical 

anion signature absorption feature is shown in figure 3.3.3, bottom, too. 

Last but not least, in figure 3.3.4 the results obtained from the global target analysis of the excited state 

surface for 23 in toluene are depicted. In the diagrams, the rise and decay of the individual species 

contributing to the excited state surface can be observed.  

 

Figure 3.3.3: Top: transient spectra of 23 in toluene, excitation at 430 nm, ps-ns time delays. Bottom: 

time profile and exponential fit, monitoring charge separation. 
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In the more polar solvent benzonitrile, the processes following the initial formation of H2P•+-C60
•- are 

profoundly different. A novel strong absorption feature at around 415 nm in the transient absorption 

spectrum indicates the formation of a new species. It develops with a rise time between 80 and 100 ps. 

Simultaneously, the distinctive absorption feature of the C60 radical anion at 1020 nm decreases by 

roughly 10%. The minima at 520 and 650 nm, corresponding to the H2P ground state bleach of the 

lowest and highest energy Q bands, are vanishing. The new state formed during the initial 100 ps is 

characterized by an intense absorption at 415 nm, a weaker maximum between 450-460 nm, a 

broadened band around 650 nm and finally the previously present absorption at 1020 nm. These 

experimental observations strongly indicate the presence of a ZnP radical cation as well as a C60 

radical anion ((ZnP)3
•+-H2P-C60

•-). The associated minor decrease of the 1020 nm C60 radical anion 

absorption and the complete decay of the free base porphyrin ground state bleaches hint towards a 

charge shift from H2P•+ to ZnP with an efficiency of around 90%. The accompanied intensity loss might 

be a result from the beginning charge recombination of the close-range H2P•+-C60
•- radical ion pair. The 

rise and decay of the mentioned species can be observed in the difference transient absorption 

spectrum and the kinetic traces (415 and 1020 nm) for conjugate 23 which are depicted in figure 3.3.5. 

Figure 3.3.4: Global target analysis results: Left: Species associated spectra of conjugate 23 recorded 

in toluene; right: Associated con-centration profiles of conjugate 23 recorded in toluene. 



Results and Discussion    Chapter 3 

  

112 
 

 It is quite noteworthy that the decay of the (ZnP)3
•+-H2P-C60

•- state appears to be biphasic on the 

timescale between 10 and 100 ns. The first lifetime is between 5.6 and 7.9 ns and can be assigned to 

approximately 50% of the amplitude of the signals. The process following this is much longer, it has a 

duration between 140 and 150 ns and is responsible for almost the complete remaining absorption 

intensity. However, it should be emphasized that the absorption features remain constant in relative 

intensity and do not change into different signatures over the course of both the 10 ns and the 150 ns 

timeframe. This allows for the conclusion that ZnP•+ and C60
•- are the exclusively involved species. A 

plausible explanation for the biphasic decay is the fact that calculation of the lowest energy 

conformations reveal that C60 can approach the neighboring zinc porphyrins with center-center 

distances of only about 10 Å. H2P and ZnP are in all cases separated by around 19 Å which explains 

Figure 3.3.5: Top: Transient spectra of 23 in benzonitrile, excitation at 430 nm, ps-ns time delays; 

bottom: Time profile and exponential fit, monitoring charge separation and charge shift. 
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why the hole shift from the free base porphyrin to the zinc porphyrin is not affected. The opposing ZnP 

is separated from C60 by around 30 Å, which is three times further away than the adjacent ZnP. As a 

consequence, the charge recombination between ZnP•+ and C60
•- should be influenced by the varying 

distances, as can be seen in the biphasic decay. Figure 3.3.6 shows a geometry optimized calculation 

of conjugate 23, in which the different spatial separation become evident.[213]  

A small amount of the remaining absorption intensity is caused by 3H2P and 3ZnP, which developed 

during the initial ZnP-H2P energy transfer and H2P•+-C60
•- charge recombination steps, respectively. 

They have a lifetime of some tens of μs. An overview of the lifetimes of all present species/processes 

present after excitation in benzonitrile is given in table 3.3.3. 

Table 3.3.3: Lifetimes of the species/processes involved in charge separation, charge shift and charge 

recombination in benzonitrile. 

 
Charge 

Separation 
Charge Shift 

1st Charge 

Recombination 

2nd Charge 

Recombination 

3H2P 

ZnP3-H2P-C60 23 <10 ps 110 ps 7.9 ns 150 ns 37 μs 

ZnP3-H2P-C60 24 <10 ps 125 ps 7.6 ns 137 ns 2.4 μs 

ZnP3-H2P-C60 43 <10 ps 115 ps 5.9 ns 146 ns 32 μs 

In figure 3.3.7, the excited state surface, obtained from measurements of 23 in benzonitrile, excited at 

430 nm with ns-µs time delays, is illustrated.  

Figure 3.3.6: Geometry optimized conjugate 23 (force field, DREIDING). 



Results and Discussion    Chapter 3 

  

114 
 

 

Finally, in figure 3.3.8 the results obtained from the global target analysis of the excited state surface 

for 23 recorded in benzonitrile are shown. The appearance and disappearance of the individual 

species contributing to the excited state surface can be observed in the graphs.  

Figure 3.3.8: Global target analysis results for 23 recorded in benzonitrile. Left: Species associated 

spectra; Right: Associated concentration profiles. 

Figure 3.3.7: Excited state surface of 23 measured in benzonitrile, excitation at 430 nm, ns-µs time 

delays. 
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To summarize the obtained results, a charge separation yielding (ZnP)3-H2P•+-C60
•- and a subsequent 

charge shift following the internal redox gradient which results in the formation of (ZnP)3
•+-H2P-C60

•- in 

benzonitrile could be confirmed by transient absorption spectroscopy. In this process, several 

sequential and parallel charge separated states and recombination lifetimes of up to 150 ns are 

involved. However, in the less polar solvent toluene, the formation a first charge separated state 

(ZnP)3-H2P•+-C60
•- can be observed. The charge shift yielding (ZnP)3

•+-H2P-C60
•- can apparently not 

compete with the deactivation to the ground state via recombination over triplet excited states of both 

H2P and C60. The nature of the side chain and the connection between the malonate and the porphyrin 

unit does not have a significant influence on the photophysical properties of the conjugates. For a 

better understanding of the described processes, they are illustrated and summarized in the depicted 

energy diagrams (see figure 3.3.9). Compared to the previously developed systems by SCHLUNDT (see 

section 1.4.2, compound 7), a clear improvement concerning the excitation behavior becomes 

apparent. For compound 7, a stepwise charge shift was not observable in organic media since (ZnP)3-

H2P•+-C60
•- was not detectable. The directly formed charge separated state (ZnP)3

•+-H2P-C60
•- existed 

with comparably short lifetimes of up to 489 ps. The desired multistep energy and electron transfer 

could only be realized if the molecule was fixed in a highly viscous environment due to the flexible 

ester linkers. Within this work, it could be shown that the incorporation of a rigid connecting motif can 

enable the existence of a series of energy and electron transfer steps which result in long-lived charge 

separated states also in organic solvents.  
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Figure 3.3.9: Energy diagrams of the deactivation pathways in toluene (top) and benzonitrile (bottom). 
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CHAPTER 4 

 

 

Summary 

 

The aim of this work was the development of multi porphyrin-fullerene conjugates, whose functional 

units are connected via a rigid binding motif. The synthesized adducts differ in their side chain. It was 

possible to prepare conjugates with alkyl side chains of varying length as well as with side chains 

functionalized with a NEWKOME dendron of the first or second generation in very satisfying yields. The 

synthesized conjugates are depicted in figure 4.1.  

 

Figure 4.1: Successfully prepared porphyrin-fullerene conjugates 23, 24, 43 and 44. 
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Under excitation with light, the designed adducts are expected to undergo a series of energy and 

electron transfer steps, which should mimic primary steps of natural solar energy conversion, namely 

light harvesting and charge separation. The choice and alignment of the functional units within the 

developed conjugates is expected to enable an internal redox gradient. It spans from three peripheral 

zinc porphyrins as best electron donors over one central free base porphyrin as second best electron 

donor to C60, an excellent electron acceptor. Within this array, the porphyrins function as light 

harvesting antenna. As already indicated, it was intended to connect the single porphyrins in a rigid 

fashion in order to increase the lifetimes of the charge separated states. This was realized through 

triple bonds; the porphyrins were connected in a threefold SONOGASHIRA cross coupling reaction. In this 

context, it was of highest importance to find suitable copper-free reaction conditions to avoid the 

metalation of the free base porphyrin. An occurring metalation would disrupt the desired internal redox 

gradient. After the optimization of the catalytic system, it was possible to synthesize porphyrin 

tetramers in excellent yields of up to 67%. 

Initially, it was tried to prepare the desired conjugates via PRATO functionalization of C60. Following 

PRATO protocol, a very complex molecule can be built in a very elegant way from three small building 

blocks in just one reaction step. For this, a tetra-porphyrin aldehyde 9 and a secondary amino acid 14 

were prepared successfully (see figure 3.1.2). The N-terminus of the amino acid was substituted with a 

C6 spacer unit connected to a NEWKOME dendron of the first generation. It was tried to synthesize the 

target compound in a series of experiments. It was not possible to isolate the desired conjugate under 

any of the tested reaction conditions. 

In the further course of this work, the focus was shifted towards the cyclopropanation of C60 under 

BINGEL-HIRSCH conditions. Starting from porphyrin alcohol 13, the two porphyrin-fullerene conjugates 

23 and 24 equipped with short and a long alkyl side chains could be synthesized successfully (see 

figure 4.1). The successful synthesis of both conjugates and the corresponding precursor molecules 

could be confirmed doubtlessly via NMR, IR and UV/Vis spectroscopy, as well as mass spectrometry. 

For the synthesis of conjugates equipped with solvophilic groups, NEWKOME dendrons of the first and 

second generation should be incorporated into the arrays. In order to synthesize the desired 

conjugates with dendritic substituents most efficiently, it was made use of the available porphyrin 

alcohol 13 and elements of the C6 spacing unit originally developed for the PRATO approach. As a 

consequence, a synthetic strategy was created that focused on the preparation of unsymmetrical 

mixed ester/amide malonates. For both the first and second generation dendron conjugate all required 

precursor structures including the two porphyrin malonates were prepared and characterized. The 

desired functionalization of C60 did not work despite all efforts. The porphyrin malonates decomposed 

to porphyrin alcohol 13 under BINGEL-HIRSCH conditions. It is considered likely, that the combination of 

the lesser reactivity of mixed ester/amide malonates towards C60 and the sensitive benzylic position of 

the malonic acid esters are possible reasons for the described results. 
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Taking these results into account, the synthetic strategy towards dendritic porphyrin-fullerene 

conjugates was altered in a way that both described critical factors were eliminated. An alternative 

structural motif was chosen for the connection between the porphyrin building block and the malonic 

acid ester. For this purpose, a new porphyrin tetramer was synthesized which was subsequently 

converted to the corresponding alcohol in order to connect it to the malonic acid. The mixed 

ester/amide malonates were replaced with “ester only” malonates so that the reactivity towards C60 

would be enhanced. A multitude of so far unknown compounds was synthesized for this purpose. The 

targeted dendritic porphyrin-fullerene conjugates 43 and 44 were synthesized successfully by reacting 

the prepared porphyrin malonates with C60 under BINGEL-HIRSCH conditions (see figure 4.1). It was 

possible to characterize the conjugates by a variety of spectroscopic methods. The complete 

deprotection of the tert-butyl ester groups of the dendrons was achieved by converting 43 and 44 with 

tms-triflate and 2,6-lutidine. However, water solubility was not observed for neither of the two 

deprotected conjugates.  

The photophysical properties of the prepared porphyrin-fullerene conjugates 23, 24 and 43 were 

examined closely in cooperation with the research group of Prof. Dr. GULDI and MAXIMILIAN WOLF. The 

excitation behavior of the conjugates was investigated with ultrafast transient absorption spectroscopy. 

Upon excitation at 430 nm (SORET band region) and the resulting formation of a singlet excited state, 

an initial charge separation occurred in all examined conjugates, in both a nonpolar (toluene) and a 

polar (benzonitrile) solvent. In this charge separated state the positive charge was located on the free 

base porphyrin, the electron on the fullerene ((ZnP)3-H2P•+-C60
•-). The formation of this state was 

considerably faster in benzonitrile (less than 10 ps) than in toluene (70-100 ps). In toluene, the charge 

shift following the internal redox gradient of the compounds could not compete with the charge 

recombination via the formation of triplet states of both C60 and H2P. The system went back to the 

ground state from the described triplet states. In benzonitrile on the other hand, the existence of 

(ZnP)3
•+-H2P-C60

•- could be confirmed by transient absorption spectroscopy. A biphasic decay was 

observable for this charge separated state. The first process possessed a lifetime of only some 

nanoseconds, whereas for the second process long lifetimes of up to 150 ns could be determined. This 

can be explained by the geometric alignment of the fullerene in relation to the zinc porphyrins. The 

spatial distance between the two components can be either quite short (10 Å) or three times as long, 

referring to the adjacent or the opposing porphyrin, respectively. The measured lifetimes reflect which 

zinc porphyrin participated in the charge separation step. A significant influence of the side chain on 

the charge separation processes was not observed. The experimental results and the proposed 

deactivation pathways are illustrated in figure 4.2.  

It was possible to show that the designed porphyrin-fullerene conjugates exhibit the anticipated 

behavior upon photoexcitation. The deactivation pathway proved to be dependent on the solvent 

polarity. With the appropriate choice of solvent, long lived and spatially well separated charge 
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separated states could be achieved. This reflects a successful implementation of the desired multi-step 

electron/energy transfer following a well-designed redox gradient. The conjugates do possess the 

anticipated ability to mimic the light harvesting and charge separation processes of natural 

photosynthesis. 

 

 

 

Figure 4.2: Energy diagrams of the deactivation pathways in toluene (top) and benzonitrile (bottom). 
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CHAPTER 5 

 

 

Zusammenfassung 

 

Das Ziel dieser Arbeit war es, Multi-Porphyrin-Fulleren Konjugate zu entwickeln, deren funktionelle 

Einheiten durch ein starre Bindungen miteinander verbknüpft sind. Die synthetisierten Addukte 

unterscheiden sich jeweils in ihrer Seitenkette. So konnten Konjugate mit verschieden langen 

Alkylketten, wie auch mit NEWKOME Dendronen der ersten und zweiten Generation in sehr 

zufriedenstellenden Ausbeuten hergestellt werden. Die synthetisierten Addukte sind in Abbildung 5.1 

Abbildung 5.1: Erfolgreich synthetisierte Porphyrin-Fulleren Konjugate 23, 24, 43 und 44. 
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dargestellt. Durch Anregung mit Licht sollten die hergestellten Konjugate eine Reihe von Energie- und 

Elektronentransferschritten durchlaufen, wodurch sie als Modelle für Lichtsammlungs- und 

Ladungstrennungsprozesse der chemischen Sonnenenergieumwandlung dienen.  

Die hergestellten Addukte wurden so entworfen, dass sich über die einzelnen Strukturelemente des 

Moleküls ein Redoxgradient erstreckt. Er verläuft von drei peripheren Zinkporphyrinen als besten 

Elektronendonoren über ein zentrales freie-Base Porphyrin als zweitbestem Elektronendonor zum 

Fulleren, einem idealen Elektronenakzeptor. Die Porphyrine bilden hierbei eine Lichtsammelantenne. 

Die Verbindung der einzelnen Porphyrine sollte wie bereits erwähnt über ein starres Bindungsmotiv 

erfolgen, um die Lebenszeiten der angestrebten ladungsgetrennten Zustände zu verlängern. So 

wurden die Porphyrine mittels Dreifachbindungen verbunden, welche in einer dreifachen SONOGASHIRA 

Kreuzkopplungsreaktion geknüpft wurden. Hierbei war es von großer Bedeutung, geeignete kupferfreie 

Reaktionsbedingungen zu finden, um eine Metallierung des freie-Base Porphyrins und eine damit 

einhergehende Störung des internen Redoxgradienten zu vermeiden. Nach Optimierung der 

Reaktionsbedingungen ist es gelungen, Porphyrintetramere mit exzellenten Ausbeuten von bis zu 67% 

zu isolieren.  

Anfangs wurde versucht, mittels PRATO Funktionalisierung zu den gewünschten Zielstrukturen zu 

gelangen. Hierfür wurden Tetra-Porphyrin Aldehyd 9 und die sekundäre Aminosäure 14 erfolgreich 

hergestellt (siehe Abbildung 3.1.2). Die Aminosäure wurde am N-Terminus durch eine C6-

Spacereinheit mit einem angebundenen NEWKOME Dendron erster Generation substituiert. In einer 

Reihe von Experimenten wurde versucht, das gewünschte Porphyrin-Fulleren Addukt herzustellen. Die 

Zielstruktur konnte allerdings unter keiner der getesteten Reaktions-bedingungen isoliert werden.  

Im weiteren Verlauf dieser Arbeit wurde der Fokus auf die Cyclopropanierung von C60 unter BINGEL-

HIRSCH Bedingungen gelegt. Unter Verwendung des Porphyrinalkohols 13 konnten die zwei Porphyrin-

Fulleren Konjugate 23 und 24 mit verschieden langen Alkylseitenketten synthetisiert werden (siehe 

Abbildung 5.1). Die erfolgreiche Synthese beider Verbindungen und ihrer Vorstufen konnte mittels 

NMR-, IR- und UV/Vis-Spektroskopie, sowie mit Massenspektrometrie eindeutig bestätigt werden. Um 

mit löslichkeitsvermittelnden Gruppen ausgestattete Konjugate herzustellen, wurden weiterhin 

NEWKOME Dendronen der ersten und zweiten Generation in die Porphyrin-Fulleren Addukte 

eingebunden. Um möglichst direkten Zugang zu den gewünschten Dendron-Addukten zu erhalten, 

wurde der bereits synthetisierten Porphyrinalkohol 13 verwendet, wie auch Elemente der für die 

PRATO-Route genutzten C6-Spacereinheit. So wurde eine Synthesestrategie entwickelt, für die die 

Herstellung von unsymmetrischen gemischten Ester-/Amidmalonsäurederivaten von zentraler 

Bedeutung war. Für die Dendronen beider Generationen konnten alle benötigten Vorstufen inklusive 

der beiden Porphyrin-Malonsäurederivate äußerst erfolgreich synthetisiert werden. Die Anbindung von 

C60 konnte nicht erreicht werden, in beiden Fällen zersetzte sich das Porphyrin-Malonat, es wurde 
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ausschließlich Porphyrinalkohol 13 isoliert. Als wahrscheinliche Ursache für diesen Reaktionsausgang 

wird die Kombination aus der geringeren Reaktivität der gemischten Ester-/Amidmalonate und der 

empfindlichen benzylischen Position des Malonsäureesters angenommen.  

Um dennoch zu den gewünschten Dendron-haltigen Konjugaten zu gelangen, wurde eine neue 

Synthesestrategie entwickelt, die die beiden oben genannten kritischen Faktoren ausschloss. Es 

wurde ein alternatives strukturelles Verbindungsmotiv gewählt, damit sich der spätere Malonsäureester 

nicht in benzylischer Position befindet. Hierfür wurde ein neues Porphyrintetramer synthetisiert, 

welches in Folge zum benötigten Porphyrinalkohol 47 umgesetzt wurde. Weiterhin wurde auf den 

Einsatz gemischter Ester-/Amidmalonate verzichtet, stattdessen wurden klassische Malonate 

entwickelt, um die Reaktivität gegenüber C60 zu steigern. Hierfür wurde eine Vielzahl von bisher 

unbekannten Vorstufen überaus erfolgreich synthetisiert und charakterisiert. Durch die Reaktion der 

hergestellten Porphyrin-Malonate mit C60 konnten letztlich äußerst erfolgreich die gewünschten 

Porphyrin-Fulleren Konjugate 43 und 44 erhalten und charakterisiert werden (Abbildung 5.1). Die 

vollständige Entschützung der tert-Butylgruppen der Dendronen konnte durch Umsatz mit TMS-Triflat 

und 2,6-Lutidin erreicht werden. Wasserlöslichkeit wurde allerdings für keines der beiden Konjugate 

beobachtet. 

Die erfolgreich hergestellten Konjugate 23, 24 und 43 wurden in Kooperation mit der Gruppe von Prof. 

Dr. GULDI und MAXIMILIAN WOLF auf ihre photophysikalischen Eigenschaften hin erforscht. Das 

Verhalten der Konjugate nach Anregung durch Licht wurde mittels zeitaufgelöster Absorptions-

spektroskopie untersucht. Nach Anregung bei 430 nm (SORET-Banden Region) und der resultierenden 

Bildung eines angeregten Zustandes (Singulett), fand in allen Konjugaten eine erste Ladungstrennung 

statt. Dies wurde sowohl in unpolarem (Toluol) wie auch in polarem Lösungsmittel (Benzonitril) 

beobachtet. In diesem ladungsgetrennten Zustand befand sich die positive Ladung auf dem freie-Base 

Porphyrin, das Elektron auf dem Fulleren ((ZnP)3-H2P•+-C60
•-). Die Bildung dieses Zustandes lief in 

Benzonitril deutlich schneller ab (unter 10 ps) als in Toluol (70-100 ps). Waren die Beobachtungen für 

die Messungen in beiden Lösungsmitteln bis zu diesem Punkt noch sehr ähnlich, zeigten sich nun 

Unterschiede. In Toluol konnte eine Verschiebung der Ladung entlang des internen Redoxgradienten 

nicht mit der Ladungsrekombination über die Bildung von Triplett-Zuständen von sowohl C60 wie auch 

H2P konkurrieren. Das System kehrte ausgehend von den beschriebenen Triplett-Zuständen in den 

Grundzustand zurück. Im Gegensatz dazu konnte in Benzonitril die Bildung von (ZnP)3
•+-H2P-C60

•- 

mittels zeitaufgelöster Absorptionsspektroskopie gezeigt werden. Für diesen ladungsgetrennten 

Zustand konnte ein zweiphasiger Relaxationsprozess beobachtet werden. Der erste Prozess wies eine 

Lebensdauer von nur wenigen Nanosekunden auf, wohingegen für den zweiten Prozess lange 

Lebenszeiten von bis zu 150 ns gemessen werden konnten. Dies begründet sich in der geometrischen 

Anordnung des Fullerens in Bezug auf die drei Zinkporphyrine. Der räumliche Abstand zwischen den 

beiden Einheiten kann entweder relativ kurz sein (10 Å, C60 vs. benachbartes ZnP), oder dreimal 
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länger (C60 vs. gegenüberliegendes ZnP). Die gemessenen Lebenszeiten spiegeln wider, welches 

Zinkporphyrin an der Ladungstrennung beteiligt war. Ein deutlicher Einfluss der Seitenkette auf die 

Ladungstrennung konnte nicht gezeigt werden. Die experimentellen Ergebnisse und die 

Deaktivierungswege werden in Abbildung 5.2 verdeutlicht. Zusammengefasst lässt sich sagen, dass 

die entwickelten Porphyrin-Fulleren Konjugate das erwartete Verhalten nach Anregung durch Licht 

zeigen. Die jeweilige Relaxation zum Grundzustand ist abhängig von der Polarität des Lösungsmittels. 

Durch Wahl des richtigen Lösungsmittels können langlebige und räumlich isolierte ladungsgetrennte 

Zustände erhalten werden. Dies bedeutet eine erfolgreiche Anwendung des gewünschten multi-step 

Elektronen-/Energietransfers, der sich am wohl definierten internen Redoxgradienten orientiert. Es 

konnte sehr erfolgreich gezeigt werden, dass die hergestellten Konjugate die photosynthetischen 

Primärprozesse der Lichtsammlung und Ladungstrennung effizient imitieren. 

 

Abbildung 5.2: Energiediagramme der Relaxationswege in Toluol (oben) und Benzonitril (unten).  
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CHAPTER 6 

 

 

Experimental Section 

 

6.1 Preface 

6.1.1 Working Techniques 

All chemicals used for syntheses were purchased from commercial sources (SIGMA ALDRICH, FISHER 

SCIENTIFIC, ALFA AESAR) and were used without further purification. Nitrogen or argon served as 

protective gases, degassing of solvents was achieved by freeze-pump-thaw method. All solvents were 

purified by distillation using rotary evaporation (DCM and EtOAc over K2CO3). Deuterated solvents 

(CDCl3, MeCN-d3 and THF-d8) were purchased from DEUTERO or EURISOTOP and HPLC-grade solvents 

were purchased from VWR and used as obtained. C60 (99%) was provided by IOLITEC NANOMATERIALS. 

Thin layer chromatography was carried out with aluminum carrier foils coated with silica gel (MERCK, 

silica gel 60 F254, 20 x 20 cm, film thickness 0.2 mm). The detection occurred with a UV lamp (254 or 

366 nm), development in an aqueous potassium permanganate solution (1%), development in a 

ninhydrin solution (10% in isopropanol and glacial acetic acid) or exposure to iodine crystals. Column 

chromatography was performed with MACHERY-NAGEL silica gel 60 M (grain size: 40-63 μm, 

deactivated) or size exclusion chromatography (SX1 Resin, BioBeads, suspended in THF). All 

products were dried in fine-vacuum (10-3 mbar). Yields are given in percentage corresponding to the 

reactant that was used as one equivalent (eq.) if not otherwise noted. Automated flash chromatography 

was carried out with a BIOTAGE Isolera One system using 100 g KP-Sil SNAP cartridges from BIOTAGE, 

15 g or 5 g PuriFlash columns from MACHERY-NAGEL. 
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6.1.2 Analyses 

1H/13C-NMR Spectroscopy  BRUKER Avance 400 (400.13 MHz, 100.62 MHz) 

     JEOL JNM EX 400 (400 MHz, 100.5 MHz) 

     JEOL Alpha 500 (500 MHz, 125.65 MHz) 

IR Spectroscopy   BRUKER Tensor 27 

MALDI-TOF Mass Spectrometry  SHIMADZU Biotech Axima Confidence 

     BRUKER UltrafleXtreme 

ESI Mass Spectrometry   BRUKER micrOTOF II 

UV/Vis Spectroscopy   VARIAN Cary 5000 UV-vis-NIR-Spectrophotometer 

 

Melting Point (MP): All melting point measurements were carried out using a FISHER SCIENTIFIC Digital 

Melting Point IA9100 instrument. 

Elemental Analysis (EA): Elemental analysis was carried out by combustion and gas 

chromatographic analysis with an EA 1110 CHNS analyzer (CE INSTRUMENTS). Although all samples 

were dried in vacuo, water and solvent molecules (which are able to interact with hydrogen bonds in a 

non-covalent way) could frequently be observed and cause the deviations from the theoretical values. 

Nuclear Magnetic Resonance spectroscopy (NMR): All spectra were recorded at room temperature 

(300 K). All chemical shifts are given in the δ-scale in ppm, relative to SiMe4 (TMS) and refer to the 

non-deuterized proportion of the solvent. All data was analyzed with MestReNova 10.0 or JEOL Delta 

5.0.4. Identification of solvent residues was done with the aid of a publication by GOTTLIEB and 

NUDELMAN.[214] Coupling constants are given in Hertz [Hz], without consideration of the sign. If not 

mentioned otherwise, all coupling constants refer to 3J-couplings. To characterize the multiplicities of 

the signals, the following abbreviations are used: s (singlet), bs (broad singlet), ss (set of overlapping 

singlets), d (doublet), t (triplet), quar (quartet), quin (quintet) and m (multiplet) or combinations of these. 

If a strong roof effect was visible in the spectra, the AB notation was used for an AB system. The 

atoms responsible for the respective shift are written in italics. All 13C-NMR spectra were recorded 

broad-band decoupled. 

Infrared spectroscopy (IR): All spectra were recorded in the ATR-mode (diamond) directly in 

substance. Transmission (ṽ) was given in wavenumbers [cm-1].  
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Mass spectrometry (MS): All mass spectra were recorded in MALDI-TOF, ESI or APPI mode in 2,5-

dihydroxybenzoic acid (dhb), sinapinic acid (sin), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-pro-

penylidene]malononitrile (dctb) or without a matrix (wm). In all cases the observed isotope pattern is in 

agreement with the theoretically expected one. If not mentioned otherwise the detection took place in 

the positive mode. In MALDI mode, the given peak, usually noted as [M]+, refers to the highest peak of 

the isotope pattern of the respective substance. The molecular weight stated in the drawings refers to 

the average molecular mass of the structure, where atomic masses are based on the natural 

abundance of all isotopes of the element. 

UV/Vis spectroscopy: The spectra were recorded in HPLC-grade DCM or THF at room temperature 

in quartz cuvettes (1 cm path length). Baseline correction took place prior to measurement. The molar 

extinction coefficient ε [M-1cm-1] was measured by recording three spectra at different defined 

concentrations. 
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6.1.3 Precursor Molecules 

The following literature known compounds have been synthesized according to the cited protocols. 

Their spectroscopic properties have been in agreement with the published data. 

- Di-tert-butyl 4-nitro-4-[2-(tert-butoxycarbonyl)ethyl]-heptanedioate[164] 

- Di-tert-butyl 4-[2-(tert-butoxycarbonyl)-ethyl]-4-nitroheptanedioate[215] 

- Di-tert-butyl 4-amino-4-[2-(tert-butoxycarbonyl)ethyl]-heptanedioate (20)[164] 

- 9-Cascade:nitromethane[3]:(2-aza-3-oxopentylidyne):propanoic-acid-tert-butylester[177] 

- 9-Cascade:aminomethane[3]:(2-aza-3-oxopentylidyne):propanoic-acid-tert-butylester (37)[177] 

- 4-Iodobenzaldehyde[191] 

- Methyl 2-(4-formylphenoxy)acetate[190] 

- 5-(4-Ethynyl-trimethylsilyl-phenyl)-10,15,20-tri(3,5-dimethoxy-phenyl)-porphyrin[165] 

- 5-(4-Ethynyl-trimethylsilyl-phenyl)-10,15,20-tri(3,5-dimethoxy-phenyl)-porphyrinato zinc (II)[165] 

- 5-(4-Ethynyl-phenyl)-10,15,20-tri(3,5-dimethoxy-phenyl)-porphyrinato zinc (II) (11)[165] 

- 3-(Benzyloxy)-3-oxopropanoic acid (35)[188] 

- 3-((6-(Tert-butoxy)-6-oxohexyl)oxy)-3-oxopropanoic acid (50)[192] 

- Di-tert-butyl 4-(6-(((benzyloxy)carbonyl)amino)hexanamido)-4-(3-(tert-butoxy)-3-oxopropyl) 

heptanedioate (21)[176]  

- Di-tert-butyl 4-(6-aminohexanamido)-4-(3-(tert-butoxy)-3-oxopropyl)heptanedioate (17)[176]  

- 6-[(Benzyloxycarbonyl)amino]capronamide derivative 38[176] 

- Deprotected 6-aminocapronamide derivative 39[176] 

- Tert-butyl 6-(benzyloxy)hexanoate[192] 

- 6-(Benzyloxy)hexanoic acid[192] 

- Tert-butyl 6-hydroxyhexanoate (51)[192] 

- Dibenzyl tartrate (18)[173] 

- N-Carbobenzoxy-6-aminohexanoic acid (19)[175]    

- Benzyl 2-oxoacetate (16)[174] 
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6.2 Synthetic Procedures and Spectroscopic Data 

5-[4-(Methoxycarbonyl)phenyl]-10,15,20-tri-4-iodophenylporphyrin 12 

To a stirring solution of 0.41 mL pyrrole (5.76 mmol, 4.0 eq.), 1.00 g 

4-iodobenzaldehyde (4.31 mmol, 3.0 eq.) and 0.24 g 4-

methoxycarbonylbenzaldehyde (1.44 mmol, 1.0 eq.) in DCM 

(250 mL) and EtOH (2.25 mL), 0.21 mL of boron trifluoride diethyl 

etherate (1.44 mmol, 1.0 eq.) were added dropwise changing the 

color of the reaction mixture to dark red. The solution was stirred for 

70 minutes under the exclusion of light followed by the addition of 

0.49 g DDQ (2.16 mmol, 1.5 eq.). The reaction mixture was stirred 

for another 3 h after which it was filtered over silica. The solvent of the porphyrin containing fractions 

was removed under reduced pressure. The product was obtained as a dark purple solid after multiple 

column chromatography (toluene/DCM 25:1) and precipitation from n-pentane.  

Yield: 128 mg (0.12 mmol, 9%). 

1H-NMR (400 MHz, CDCl3): δ = - 2.87 (s, 2H, NH), 4.12 (s, 3H, CH3), 7.90 (d’, 6H, J = 8.0 Hz, IArCCH), 

8.06 (d, 6H, J = 8.8 Hz, IArCCHCH), 8.27 (d, 2H, J = 8.4 Hz, OArCCHCH), 8.43 (d, 2H, J = 8.8 Hz, 

OArCCH), 8.79-8.83 (m, 8H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 52.9 (CH3), 94.8 (IArC), 119.6, 119.7, 119.8 (meso-ArC), 128.4 

(OArCCH), 130.2 (OArC), 134.9 (OArCCHCH), 136.4, 136.5 (IArCCH, IArCCHCH), 141.8 (ArC), 147.1 

(ArC), 167.7 (CO) ppm.  

IR (ATR, rt): ṽ = 3310, 2919, 2851, 1719, 1605, 1470, 1432, 1384, 1346, 1271, 1211, 1177, 1098, 

1056, 1006, 989, 981, 962, 875, 840, 793, 758, 727, 641, 555, 520, 489 cm-1. 

MS (MALDI, wm): m/z = 1050 [M]+. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 420 (342500), 516 (42500), 550 (19300), 591 (12000), 648 

(8800) nm. 
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Porphyrin tetramer ester 10 

A solution of 0.10 g 5-[4-methoxy-carbonyl)-

phenyl]-10,15,20-tri-4-iodo-phenylporphyrin 

12 (95.0 μmol, 1.0 eq.), 0.28 g 5-(4-

ethynylphenyl)-10,15,20-tris-(3,5-dimethoxy-

phenyl) porphyrinato zinc (II) (11) 

(0.31 mmol, 3.3 eq.) and 0.15 g AsPh3 

(0.47 mmol, 5.0 eq.) in THF/TEA (9.0 mL/ 

1.8 mL) was degassed thoroughly (pump-

freeze), whereupon 50.0 mg Pd2(dba)3 x 

CHCl3 (48.0 μmol, 0.5 eq.) were added to the 

reaction mixture. It was stirred for 3 d at 

45 °C. The solvent was removed under 

reduced pressure and the product was 

purified by column chromatography (toluene/ 

THF 30:1) and multiple precipitation from 

THF with n-pentane.  

Yield: 252 mg (76.0 μmol, 67%). 

1H-NMR (400 MHz, CDCl3): δ = -2.67 (s, 2H, 

NH), 3.88-3.93 (ss, 54H, OCH3), 4.08 (s, 3H, 

COOCH3), 6.80-6.86 (m, 9H, p-Ar-CH), 7.35-

7.40 (m, 18H, o-Ar-CH), 8.00-8.13 (m, 12H, ArCH), 8.25-8.37 (m, 14H, ArCH), 8.44 (d, 2H, J = 8.0 Hz, 

ArCHCCOO), 8.89 (d, 2H, J = 8.0 Hz, β-pyrH), 9.00-9.06 (m, 30H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 52.4 (COOCH3), 55.6 (OCH3), 90.3, 90.7 (C≡C), 100.0 (p-Ar-CH), 

113.8 (o-Ar-CH), 119.1, 119.9, 120.0, 120.3, 120.9 (meso-ArC), 122.4, 122.5, 122.9, 127.9, 129.6, 

129.9, 130.0, 130.1 (ArCH), 131.8, 132.1, 132.2 (β-pyrC), 134.5, 134.7 (ArCH), 143.1, 144.6 (ArC-

ipso), 149.9, 150.0, 150.1 (α-pyrC), 158.6, 158.7 (ArCO), 167.3 (COO) ppm. 

MS (MALDI, dctb): m/z = 3314 [M]+. 

MS (ESI, MeCN/CHCl3):  calc.: m/z = 3307.88465 [M+H]+; found: m/z = 3307.90507 [M+H]+. 

       calc.: m/z = 1654.44596 [M+2H]2+; found: m/z = 1654.44855 [M+2H]2+. 

IR (ATR, rt): ṽ  = 3414, 3385, 2956, 2925, 2850, 1718, 1587, 1452, 1419, 1346, 1314, 1285, 1202, 

1151, 1100, 1022, 997, 966, 953, 936, 854, 794, 761, 736, 718, 694, 646, 539 cm-1. 
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UV/Vis: λmax (ε [M-1cm-1], DCM) = 282 (sh), 425 (2473000), 517 (50500), 550 (139000), 589 

(29700) nm.  

 

Porphyrin tetramer alcohol 13 

To a cooled solution (-15 °C) of 0.16 g 

porphyrin tetramer ester 10 (49.0 μmol, 

1.0 eq.) in 10 mL dry THF was added an 

excess of LAH. The reaction was 

monitored via TLC control (toluene/THF 

15:1). After complete conversion of the 

ester, the reaction mixture was diluted with 

DCM (50 mL) and the reaction was 

quenched by the addition of water (50 mL). 

The organic phase was washed with water 

(150 mL) and dried over MgSO4. The 

solvent was removed under reduced 

pressure and the product was purified by 

column chromatography (toluene/ THF 

10:1) and precipitation from diethyl ether. 

13 was obtained as pink powder. 

Yield: 145 mg (44.0 μmol, 90%). 

1H-NMR (400 MHz, CDCl3): δ = -2.65 (s, 

2H, NH), 3.81-3.89 (ss, 56H, OCH3, CH2), 

6.71-6.79 (m, 9H, p-Ar-CH), 7.31-7.38 (m, 

18H, o-Ar-CH), 8.00-8.13 (m, 12H, ArCH), 8.25-8.37 (m, 16H, ArCH, ArCHCCOO), 8.71-9.06 (m, 32H, 

β-pyrH) ppm.  

13C-NMR (100 MHz, CDCl3): δ = 55.6 (OCH3), 64.4 (CH2), 90.2, 90.6 (C≡C), 99.9 (p-Ar-CH), 113.8 (o-

Ar-CH), 119.7, 120.2, 120.8, 120.9 (meso-ArC), 122.3, 122.8, 122.9, 129.9, 130.0, 130.1 (ArCH), 

131.7, 132.1, 132.2 (β-pyrC), 134.5, 134.6 (ArCH), 142.2, 143.1, 144.6 (ArC-ipso), 149.8, 149.9, 150.1 

(α-pyrC), 158.2, 158.6 (ArCO) ppm. 

MS (MALDI, sin): m/z = 3281.61 [M]+. 

MS (ESI, MeCN): calc.: m/z = 1640.44850 [M+2H]2+; found: m/z = 1640.45596 [M+2H]2+. 
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IR (ATR, rt): ṽ = 2930, 2834, 1700, 1587, 1449, 1418, 1343, 1315, 1287, 1202, 1150, 1061, 1025, 998, 

966, 953, 937, 854, 794, 761, 735, 718, 694, 628 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 426 (1616500), 518 (31200), 549 (91900), 588 (21300), 647 

(6500) nm. 

 

Porphyrin tetramer aldehyde 9 

Activated manganese dioxide was added to 

a stirred solution of 0.11 g porphyrin tetramer 

alcohol 13 (32.0 μmol, 1.0 eq.) dissolved in 

10 mL DCM. The reaction progress was 

monitored via TLC control (toluene/THF 

15:1). Small portions of manganese dioxide 

were added until the conversion was 

completed. The suspension was filtered 

through Celite® and the filter cake was 

thoroughly rinsed with DCM and MeOH. The 

solvent was removed under reduced 

pressure and the crude product was purified 

by column chromatography (toluene/THF 

10:1) and precipitation from n-pentane. The 

product was obtained as bright purple solid. 

Yield: 56.0 mg (17.0 μmol, 53%). 

1H-NMR (400 MHz, CDCl3): δ = -2.65 (s, 2H, 

NH), 3.85-3.92 (ss, 54H, OCH3), 6.76-6.86 

(m, 9H, p-Ar-CH), 7.33-7.39 (m, 18H, o-Ar-

CH), 7.99-8.46 (m, 26H, ArCH, ArCHCCOO), 

8.87-9.13 (m, 32H, β-pyrH), 10.35 (s, 1H, CHO) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 55.6 (OCH3), 90.2, 90.7 (C≡C), 100.1 (p-Ar-CH), 113.7 (o-Ar-CH), 

120.0, 120.3, 120.8, 120.9 (meso-ArC), 122.4, 123.1, 129.9, 130.0, 130.1 (ArCH), 131.7, 132.1, 132.2 

(β-pyrC), 134.5, 134.7 (ArCH), 142.2, 143.2, 144.6 (ArC-ipso), 149.8, 149.9, 150.1 (α-pyrC), 158.7 

(ArCO), 192.4 (CHO) ppm. 

MS (MALDI, sin): m/z = 3286 [M]+.  



Chapter 6  Experimental Section 

133 
 

MS (ESI, Tol/MeOH/MeCN/HCOOH): calc.: m/z = 3277.87408 [M+H]+; found: m/z = 3277.87561 

[M+H]+. 

IR (ATR, rt): ṽ = 2934, 2834, 1700, 1696, 1587, 1448, 1419, 1344, 1315, 1202, 1150, 1062, 1025, 997, 

966, 937, 854, 794, 761, 718, 693 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 425 (1137600), 517 (36600), 549 (77200), 588 (27000), 648 

(15400) nm. 

 

Di-tert-butyl-4-(6-((2-(benzyloxy)-2-oxoethyl)amino)hexanamido)-4-(3-tert-butoxy-3-oxopropyl)-

heptanedioate 15 

To a solution of 0.50 g di-tert-butyl 4-(6-amino-hexanamido)-

4-(3-(tert-butoxy)-3-oxopropyl)-heptanedioate 17 (0.95 mmol, 

1.0 eq.) in DCE (7.5 mL) were added 0.31 g NaBH(OAc)3 

(1.43 mmol, 1.5 eq.). A solution of 0.18 g benzyl 2-

oxoacetate 16 (1.14 mmol, 1.2 eq.) in DCE (7.5 mL) was 

added slowly over 30 min. After stirring for 1.5 h, H2O 

(13 mL) was added, the organic layer was isolated, and the aqueous layer was extracted with DCM 

(15 mL). The combined organic layers were dried over Na2SO4, filtered and concentrated. Flash 

column chromatography of the crude product (EtOAc) yielded di-tert-butyl-4-(6-((2-(benzyloxy)-2-

oxoethyl)-amino)-hexane-amido)-4-(3-(tert-butoxy)-3-oxopropyl)heptanedioate 15 as a colorless oil.  

Yield: 0.36 g (0.53 mmol, 56%). 

1H-NMR (400 MHz, CDCl3): δ = 1.32-1.38 (m, 2H, CH2), 1.40 (s, 27H, CH3), 1.48-1.58 (m, 4H, CH2), 

1.94 (t, 6H, J = 8.0 Hz, CH2), 2.05 (t, 2H, J = 8.0 Hz, NHCOCH2), 2.19 (t, 6H, J = 8.0 Hz, CH2), 2.59 (t, 

2H, J = 8.0 Hz, NHCH2), 3.43 (s, 2H, NHCH2CO), 5.14 (s, 2H, ArCH2), 5.82 (s, 1H, NH), 7.30-7.34 (m, 

5H, ArCH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.4, 26.8 (CH2), 28.0 (CH3), 29.5, 29.8, 29.9 (CH2), 37.3 

(NHCOCH2), 49.2 (NHCH2), 50.7 (NHCH2CO), 57.2 (CONHC), 66.6 (ArCH2), 80.6 (C(CH3)3), 128.3, 

128.4, 128.6 (ArCH), 135.6 (ArC-ipso), 172.2, 172.3 (CO), 172.9 (COO-tert-Bu) ppm. 

MS (ESI, MeCN/DCM): calc.: m/z = 677.43716 [M+H]+; found: m/z = 677.43969 [M+H]+. 
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(6-((1,7-Di-tert-butoxy-4-(3-tert-butoxy-3-oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxohexyl)-

glycine 14 

0.19 g Di-tert-butyl 4-(6-((2-(benzyloxy)-2-oxoethyl)-amino) 

hexane-amido)-4-(3-tert-butoxy-3-oxopropyl)heptanedioate 15 

(0.29 mmol, 1.0 eq.) were dissolved in 25 mL MeOH and 26.0 mg 

Pd/C were added. The suspension was hydrogenated under 

normal pressure for 24 h. The reaction mixture was filtered over 

Celite®, the solvent was removed and the product was obtained 

as colorless solid without further purification. 

Yield: 0.17 g (0.28 mmol, 99%). 

1H-NMR (400 MHz, CDCl3): δ = 1.28-1.55 (m, 31H, CH3, CH2), 1.72-1.74 (m, 2H, CH2), 1.88 (m, 6H, 

CH2), 2.01-2.04 (m, 2H, NHCOCH2), 2.10 (t, 6H, J = 8.0 Hz, CH2), 2.86 (m, 2H, NHCH2), 3.36 (s, 2H, 

NHCH2CO), 5.88 (s, 1H, NH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.4, 26.8 (CH2), 27.9 (CH3), 29.5, 29.6, 29.7, 29.8 (CH2), 36.9 

(NHCOCH2), 46.9 (NHCH2), 50.1 (NHCH2CO), 57.1 (CONHC), 80.3 (C(CH3)3), 170.5 (COOH), 172.3 

(CO), 172.7 (COO-tert-Bu) ppm. 

MS (MALDI, sin):  m/z = 587 [M]+, m/z = 610 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 587.39021 [M+H]+; found: m/z = 587.39066 [M+H]+. 

IR (ATR, rt): ṽ = 3306, 2977, 2934, 2868, 1725, 1646, 1547, 1456, 1420, 1390, 1365, 1314, 1247, 

1214, 1103, 947, 847, 757, 732, 694, 610 cm-1. 

EA: C30H54N2O9  calc.: C 61.41% H 9.28% N 4.77%. 

found: C 60.32% H 9.39% N 4.62%. 

MP: 126 °C. 
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Porphyrin ethyl malonate 25 

A solution of porphyrin tetramer 

alcohol 13 (77.0 mg, 23.0 μmol, 

1.0 eq.) in DCM (5 mL) was cooled 

to 0 °C. Pyridine (2.3 μL, 28.0 μmol, 

1.2 eq.) and ethyl malonyl chloride 

(5.0 μL, 28.0 μmol, 1.2 eq.) were 

added subsequently. The solution 

was allowed to warm up to rt and 

was stirred overnight. The reaction 

mixture was washed with water 

twice, the organic phase was dried 

over MgSO4 and the solvent was 

removed under reduced pressure. 

The crude product was purified by 

column chromatography (toluene/ 

THF 10:1) and precipitation from n-

hexane. Porphyrin ethyl malonate 

25 was obtained as pink solid. 

Yield: 58.0 mg (17.0 μmol, 73%). 

1H-NMR (400 MHz, CDCl3): 

δ = -2.63 (s, 2H, NH), 1.35 (t, 3H, J = 8.0 Hz, CH3), 3.59 (s, 2H, CH2), 3.87-3.95 (ss, 54H, OCH3), 4.27 

(q, 2H, J = 7.2 Hz, CH2), 5.55 (s, 2H, ArCH2), 6.80-6.88 (m, 9H, p-Ar-CH), 7.35-7.40 (m, 18H, o-Ar-

CH), 7.76-7.78 (m, 2H, ArCH), 8.00-8.13 (m, 12H, ArCH), 8.23-8.36 (m, 14H, ArCH), 8.93-9.11 (m, 

32H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 14.1 (CH3), 41.7 (OCCH2CO), 55.6 (OCH3), 61.7 (CH2CH3), 67.1 

(ArCH2), 90.3, 90.7 (C≡C), 100.0 (p-Ar-CH), 113.8 (o-Ar-CH), 119.1, 119.9, 120.0, 120.3, 120.9 (meso-

ArC), 122.4, 122.5, 123.9, 127.9, 129.6, 129.9, 130.0, 130.1 (ArCH), 131.8, 132.1, 132.2 (β-pyrC), 

134.5, 134.7 (ArCH), 143.1, 144.6 (ArC-ipso), 149.9, 150.0, 150.1 (α-pyrC), 158.6, 158.7 (ArCO), 

166.5, 166.7 (COO) ppm. 

MS (MALDI, sin): m/z = 3398 [M]+. 

MS (ESI, Tol): calc.: m/z = 3393.92142 [M]+; found: m/z = 3393.91896 [M]+. 
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IR (ATR, rt): ṽ = 2932, 2835, 2361, 1734, 1587, 1448, 1419, 1344, 1202, 1150, 1061, 1025, 998, 966, 

937, 794, 761, 718, 693 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 425 (1371000), 516 (32100), 550 (69800), 590 (15100), 647 

(7500) nm. 

 

Porphyrin-Fullerene adduct 23 

C60 (19.0 mg, 25.7 μmol, 1.5 eq.) 

was dissolved in dry degassed 

toluene (40 mL) under argon 

atmosphere. Subsequently por-

phyrin ethyl malonate 25 

(58.0 mg, 17.1 μmol, 1.0 eq.) and 

CBr4 (6.0 mg, 18.8 μmol, 1.1 eq.) 

were added under the exclusion 

of light. DBU (2.8 μL, 18.8 μmol, 

1.1 eq., dissolved in 2 mL dry 

toluene) was added dropwise and 

the reaction mixture was stirred 

overnight. The reaction mixture 

was concentrated before 

subjecting it to column chromato-

graphy (toluene/THF 15:1). The 

product was purified via preci-

pitation from n-pentane and 23 

was received as pink powder. 

Yield: 20.0 mg (4.78 μmol, 28%). 

1H-NMR (400 MHz, THF-d8): δ = -2.64 (s, 2H, NH), 1.47 (t, 3H, J = 8.0 Hz, CH3), 3.83-3.91 (ss, 54H, 

OCH3), 4.54-4.56 (m, 2H, CH2), 5.79 (s, 2H, ArCH2), 6.84-6.89 (m, 9H, p-Ar-CH), 7.35-7.38 (m, 18H, o-

Ar-CH), 7.81-8.33 (m, 28H, ArCH), 8.85-9.98 (m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, THF-d8): δ = 14.7 (CH3), 52.7 (OCCCO), 55.6 (OCH3), 64.1 (CH2CH3), 64.2 

(ArCH2), 71.7 (C60-sp3), 90.8, 91.5 (C≡C), 100.2 (p-Ar-CH), 114.5 (o-Ar-CH), 120.4, 120.6, 120.9, 

121.0, 121.5 (meso-ArC), 123.4, 123.8, 130.4, 130.8 (ArCH), 131.8, 132.2, 132.3 (β-pyrC), 135.4, 

135.9 (ArCH), 138.3, 138.6, 139.7, 140.7, 141.3, 142.2, 142.3, 143.1, 143.2, 143.5, 143.6, 144.1, 
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144.6, 144.8, 145.0, 146.0 (C60-sp2, ArC-ipso), 150.6, 150.7, 150.8 (α-pyrC), 159.6, 160.1 (ArCO), 

163.5 (COO) ppm. 

MS (ESI, THF/MeCN): calc.: m/z = 4111.90577 [M]+; found: m/z = 4111.89807 [M]+. 

IR (ATR, rt): ṽ = 2932, 2362, 2332, 1773, 1700, 1587, 1448, 1419, 1342, 1201, 1150, 1060, 1024, 997, 

936, 794, 761, 719, 693 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], THF) = 254 (sh), 315 (sh), 428 (1123300), 517 (25000), 557 (59000), 598 

(23200), 649 (5300) nm. 

 

3-(Hexadecyloxy)-3-oxopropanoic acid 26 

2.50 g meldrum’s acid (17.3 mmol, 1.0 eq.) and 4.19 g 1-

hexadecanol (17.3 mmol, 1.0 eq.) were heated at 115 °C 

for 3 h. After cooling to rt, the resulting solid was washed 

with n-pentane and dried in vacuo. The product was 

obtained as colorless solid. 

Yield: 5.23 g (15.9 mmol, 92%). 

1H-NMR (400 MHz, CDCl3): δ = 0.86 (t, 3H, J = 6.4 Hz, CH3), 1.24-1.31 (m, 26H, CH2), 1.64 (tt, 2H, J = 

6.8 Hz, 14.0 Hz, COOCH2CH2), 3.41 (s, 2H, OCCH2CO), 4.15 (t, 2H, J = 6.8 Hz, COOCH2) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 14.1 (CH3), 22.7, 25.7, 28.4, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9 

(CH2), 40.4 (OCCH2CO), 66.2 (COOCH2), 167.3 (COOCH2), 170.6 (COOH) ppm. 

MS (MALDI, wm): m/z = 350 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 351.25058 [M+Na]+; found: m/z = 351.25057 [M+Na]+. 

IR (ATR, rt): ṽ = 2964, 2917, 2849, 1739, 1687, 1472, 1430, 1402, 1312, 1283, 1247, 1226, 1163, 

1048, 1022, 1004, 962, 906, 793, 730, 719, 680 cm-1. 

EA: C19H36O4  calc.: C 69.47% H 11.05%. 

found: C 69.89% H 11.03%. 

MP: 59 °C. 
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Tert-butyl hexadecyl malonate 28 

Under argon atmosphere, 1.00 g 3-(hexadecyloxy)-3-

oxopropanoic acid 26 (3.04 mmol, 1.0 eq.), 5.0 mL 

pyridine and 10.0 mL tert-butanol were cooled to 0 °C. 

0.31 mL POCl3 (3.35 mmol, 1.1 eq.) were added 

dropwise. The solution was stirred for 30 min before it was allowed to reach rt and was stirred 

overnight. The reaction mixture was concentrated under reduced pressure and purified by flash 

chromatography (hexanes/EtOAc 7:1). The product 28 was obtained as colorless oil. 

Yield: 0.85 g (2.20 mmol, 72%). 

1H-NMR (300 MHz, CDCl3): δ = 0.86 (t, 3H, J = 6.4 Hz, CH3), 1.23-1.28 (m, 28H, CH2), 1.55 (s, 9H, 

C(CH3)3), 1.61-1.66 (m, 2H, CH2), 3.25 (s, 2H, OCCH2CO), 4.10 (t, 2H, J = 6.0 Hz, COOCH2) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 14.1 (CH3), 22.7, 25.7 (CH2), 27.9 (C(CH3)3), 28.5, 29.2, 29.3, 29.4, 

29.5, 29.6, 29.7, 31.9 (CH2), 42.9 (OCCH2CO), 65.5 (COOCH2), 81.9 (C(CH3)3), 165.8, 167.1 (CO) 

ppm. 

MS (MALDI, dhb): m/z = 407 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 407.31318 [M+Na]+; found: m/z = 407.31222 [M+Na]+. 

IR (ATR, rt): ṽ = 2922, 2852, 1732, 1467, 1368, 1258, 1139, 1003, 965, 839, 760, 721 cm-1. 

EA: C23H44O4  calc.: C 71.83% H 11.53%. 

found: C 72.02% H 11.55%. 

 

Hexadecyl-tert-butyl unsymmetrical monoadduct 29 

Under argon atmosphere and exclusion of light, 

0.50 g C60 (0.69 mmol, 1.5 eq.) were dissolved in 

250 mL anhydrous toluene. 0.18 g tert-butyl 

hexadecyl malonate 28 (0.46 mmol, 1.0 eq.) and 

0.17 g CBr4 (0.51 mmol, 1.1 eq.) were added to 

the solution. Over a period of 30 min, 0.08 mL DBU (0.51 mmol, 1.1 eq.) dissolved in 20 mL toluene 

were added dropwise and the solution was stirred for 48 h. The reaction mixture was concentrated 

under reduced pressure and purified by column chromatography (hexanes/toluene 2:1). The product 

was obtained as dark brown solid. 
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Yield: 0.24 g (0.22 mmol, 48%). 

1H-NMR (300 MHz, CDCl3): δ = 0.86 (t, 3H, J = 6.8 Hz, CH3), 1.24-1.45 (m, 26H, CH2), 1.66 (s, 9H, 

C(CH3)3), 1.78-1.87 (m, 2H, CH2), 4.47 (t, 2H, J = 6.8 Hz, COOCH2) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 14.1 (CH3), 22.7, 26.0, 28.1, 28.6, 29.2, 29.6 (C(CH3)3), 31.9, 53.3 

(OCCCO), 67.3 (OCH2), 71.9 (C60-sp3), 84.9 (C(CH3)3), 138.8, 139.1, 140.8, 141.8, 142.2, 142.8, 

143.0, 143.8, 144.5, 144.6, 144.8, 145.1, 145.2, 145.5, 145.6 (C60-sp2), 162.2, 164.3 (CO) ppm. 

MS (MALDI, dhb, neg. mode): m/z = 1103 [M]+. 

MS (APPI, Tol/MeCN): calc.: m/z = 1102.307761 [M]+; found: m/z = 1102.307160 [M]+. 

IR (ATR, rt): ṽ = 2919, 2848, 1740, 1540, 1457, 1428, 1391, 1367, 1230, 1179, 1151, 1112, 1062, 990, 

902, 831, 815, 755, 730, 711, 703 cm-1. 

UV/Vis: λmax (DCM) = 267, 271, 326, 426, 496 nm. 

EA: C83H42O4  calc.: C 90.36% H 3.84%. 

found: C 88.85% H 3.86%. 

MP: 105 °C. 

 

Hexadecyl unsymmetrical monoadduct 30 

0.21 g of tert-butyl protected monoadduct 29 

(0.19 mmol, 1.0 eq.) were dissolved in 10 mL toluene 

and treated with 0.30 mL TFA (3.80 mmol, 20.0 eq.). 

The dark-red solution was stirred overnight. 

Additional eq. of TFA were added until TLC control 

indicated the complete conversion of the starting material (between 50 and 70 eq.). The solvent was 

removed under reduced pressure and the excess of TFA was removed by repetitive coevaporation with 

chloroform and toluene. The product was obtained as dark-brown powder. 

Yield: 0.19 g (0.19 mmol, 100%). 

1H-NMR (400 MHz, CDCl3): δ = 0.86 (t, 3H, J = 8.0 Hz, CH3), 1.24-1.43 (m, 24H, CH2), 1.45-1.48 (m, 

2H, CH2), 1.84 (tt, 2H, J = 8.0 Hz, 12.0 Hz, CH2), 4.52 (t, 2H, J = 8.0 Hz, COOCH2) ppm. 
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13C-NMR (100 MHz, CDCl3): δ = 14.2 (CH3), 22.7, 25.9, 28.5, 29.2, 29.3, 29.6, 29.7, 31.9 (CH2), 51.8 

(OCCCO), 67.8 (OCH2), 71.3 (C60-sp3), 138.7, 139.6, 140.9 (2C), 141.8 (2C), 142.2, 142.9, 143.0, 

143.1, 143.8, 143.9, 144.5, 144.6, 144.7, 144.8, 145.1, 145.2, 145.3, 145.5, 145.6 (C60-sp2), 163.6, 

167.1 (CO) ppm. 

MS (MALDI, dctb): m/z = 1046 [M]+. 

MS (APPI, Tol): calc.: m/z = 1046.24516 [M]+; found: m/z = 1046.24631 [M]+. 

IR (ATR, rt): ṽ = 2919, 2848, 2329, 1734, 1718, 1700, 1696, 1648, 1540, 1459, 1428, 1266, 1230, 

1183, 1114, 1059, 816, 754, 711 cm-1. 

UV/Vis: λmax (DCM) = 267, 271, 325, 426, 477, 684 nm. 

EA: C79H34O4  calc.: C 90.62% H 3.27%. 

found: C 89.11% H 3.51%. 

MP: 135 °C. 

 

Hexadecyl Porphyrin-Fullerene adduct 24 

70.0 mg porphyrin tetramer alcohol 13 (21.3 μmol, 1.0 eq.) and 35.0 mg hexadecyl unsymmetrical 

monoadduct 30 (21.3 μmol, 1.0 eq.) were dissolved in 5 mL DCM under argon atmosphere. The 

solution was cooled to 0 °C, whereupon 5.3 mg HOBt (27.7 μmol, 1.3 eq.) and 2.0 mg DMAP 

(8.52 μmol, 0.4 eq.) were added. The solution was stirred for 30 min before 26.0 mg DCC (0.13 mmol, 

6.0 eq.) were added. After 2 h, the solution was warmed to rt and stirring was continued for 4 d. The 

solvent was removed under reduced pressure and the product was purified by column chromatography 

(toluene/THF 30:1) and precipitation from n-pentane. The product was obtained as pink powder. 

Yield: 37.0 mg (8.76 μmol, 40%). 

1H-NMR (400 MHz, CDCl3): δ = -2.67 (s, 2H, NH), 0.76 (t, 3H, J = 8.0 Hz, CH3), 1.21-1.29 (m, 24H, 

CH2), 1.42-1.49 (m, 2H, CH2), 1.86 (tt, 2H, J = 8.0 Hz, 12.0 Hz, CH2), 3.83-3.91 (ss, 54H, OCH3), 4.51 

(t, 2H, J = 8.0 Hz, COOCH2), 5.79 (s, 2H, ArCH2), 6.60-6.73 (m, 9H, p-Ar-CH), 7.29-7.33 (m, 18H, o-

Ar-CH), 7.84-8.29 (m, 28H, ArCH), 8.88-9.03 (m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 14.0 (CH3), 22.5, 25.9, 28.6, 29.1, 29.2, 29.5, 31.7, 31.8 (CH2), 51.8 

(OCCCO), 55.6 (OCH3), 67.6 (OCH2), 71.0 (C60-sp3), 90.2, 90.7 (C≡C), 99.9 (p-Ar-CH), 113.7 (o-Ar-

CH), 119.8, 120.2, 120.8 (meso-ArC), 122.3, 122.9, 127.3, 129.8, 129.9, 130.1 (ArCH), 131.6, 131.9, 
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132.1 (β-pyrC), 134.5 (5C, 

ArCH), 138.2, 138.6, 139.9, 

140.7, 140.9, 141.5, 141.7, 

141.8, 142.2, 142.3, 142.6, 

142.7, 142.8, 143.1, 143.2, 

143.3, 143.6, 143.7, 143.8, 

143.9, 144.3, 144.4, 144.5, 

144.6, 144.8, 145.0 (C60-sp2, 

ArC-ipso), 149.8, 149.9, 150.1 

(α-pyrC), 158.4, 158.5 

(ArCO), 163.4 (CO) ppm. 

MS (MALDI, dhb): m/z = 

4311.766 [M]+. 

MS (ESI, Tol/MeOH/MeCN/ 

HCOOH): calc.: m/z = 

4308.12488 [M+H]+; found: 

m/z = 4308.13983 [M+H]+. Calc: m/z = 2154.06216 [M+H]2+; found: m/z = 2154.06349 [M+H]2+.  

IR (ATR, rt): ṽ = 2921, 2849, 1739, 1699, 1652, 1587, 1557, 1451, 1418, 1346, 1316, 1298, 1287, 

1229, 1202, 1151, 1060, 1026, 999, 966, 937, 854, 827, 794, 761, 717, 693 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 258 (132000), 325 (77400), 425 (1010000), 518 (21800), 548 

(56800), 590 (13200), 646 (5200) nm. 

 

Di-tert-butyl 4-(6-(3-(benzyloxy)-3-oxopropanamido)hexanamido)-4-(3-tert-butoxy-3-oxo-

propyl)heptanedioate 36 

Under argon atmosphere, 73.0 mg 3-(benzyl-oxy)-3-

oxopronaoic acid 35 (0.38 mmol, 1.0 eq.), 77.0 mg HOBt 

(0.57 mmol, 1.5 eq.) and 0.11 g DCC (0.55 mmol, 

1.45 eq.) were dissolved in 5 mL DMF. The solution was 

cooled to 0 °C and stirred for 1 h, followed by the 

addition of 0.22 g di-tert-butyl 4-(6-aminohexanamido)-4-

(3-(tert-butoxy)-3-oxo-propyl)heptanedioate 17 (0.42 mmol, 1.1 eq.). The reaction mixture was stirred 

for another 2 h at 0 °C and 3 d at rt. Precipitated DCU was filtered off, the solvent was removed under 

reduced pressure and the residue was dissolved in EtOAc. The organic layer was washed with 
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aqueous citric acid (10%), H2O and sat. aqueous NaHCO3 solution. The organic layer was dried over 

MgSO4 and the solvent was removed. The crude product was purified by flash chromatography 

(hexanes/EtOAc 2:1). The product was obtained as colorless solid. 

Yield: 0.17 g (0.24 mmol, 63%). 

1H-NMR (300 MHz, CDCl3): δ = 1.41 (s, 29H, CH3, CH2), 1.52-1.61 (m, 4H, CH2), 1.94 (t, 6H, J = 

8.0 Hz, CH2), 2.06 (t, 2H, J = 8.0 Hz, NHCOCH2), 2.20 (t, 6H, J = 8.0 Hz, CH2), 3.25 (dt, 2H, J = 

6.0 Hz, CONHCH2), 3.33 (s, 2H, OCCH2CO), 5.15 (s, 2H, ArCH2), 5.85 (s, 1H, NH), 7.05-7.07 (m, 1H, 

NH), 7.31-7.34 (m, 5H, ArCH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.1, 26.5 (CH2), 28.0 (CH3), 28.9, 29.8, 29.9, 31.7 (CH2), 37.1 

(NHCOCH2), 39.4 (NHCH2), 41.2 (OCCH2CO), 57.4 (CONHC), 67.1 (ArCH2), 80.6 (C(CH3)3), 128.3, 

128.5, 128.6 (ArCH), 135.1 (ArC-ipso), 164.7, 169.4, 172.2 (CO), 172.9 (COO-tert-Bu) ppm. 

MS (MALDI, dhb): m/z = 727 [M+Na]+. 

IR (ATR, rt): ṽ = 3274, 3082, 2933, 2865, 1725, 1641, 1557, 1457, 1365, 1316, 1244, 1142, 1100, 951, 

847, 753, 698, 614 cm-1. 

MP: 106 °C. 

 

3-((6-((1,7-Di-tert-butoxy-4-(3-tert-butoxy-3-oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxo-

hexyl)amino)-3-oxopropanoic acid 33 

0.13 g Di-tert-butyl 4-(6-(3-(benzyloxy)-3-oxopropanamido)-

hexanamido)-4-(3-tert-butoxy-3-oxo-propyl)heptanedioate 36 

(0.19 mmol, 1.0 eq.) were dissolved in MeOH and 18.0 mg 

Pd/C were added. The suspension was hydrogenated under 

normal pressure for 28 h. The reaction mixture was filtered over 

Celite® and the solvent was removed under reduced pressure. 

The product was obtained as colorless oil without further purification. 

Yield: 0.11 g (0.17 mmol, 89%). 

1H-NMR (400 MHz, CD3CN): δ = 1.39 (s, 27H, CH3), 1.50-1.62 (m, 6H, CH2), 1.94 (t, 6H, J = 8.0 Hz, 

CH2), 2.10-2.22 (m, 8H, CH2), 3.28-3.41 (m, 4H, OCCH2CO, CH2), 6.13 (s, 1H, NH), 7.36 (bs, 1H, NH) 

ppm. 
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13C-NMR (100 MHz, CD3CN): δ = 26.1, 27.1 (CH2), 28.3 (CH3), 29.5, 29.6, 30.1, 30.3 (CH2), 37.3 

(NHCOCH2), 39.9 (NHCH2), 40.1 (OCCH2CO), 58.0 (CONHC), 80.7 (C(CH3)3), 166.2 (CO), 169.7 

(COOH), 173.4 (NHCO), 173.9 (COO) ppm. 

MS (MALDI, sin): m/z = 637 [M+Na]+, m/z = 651 [M+K]+. 

MS (ESI, MeCN): calc.: m/z = 615.38512 [M+H]+; found: m/z = 615.38604 [M+H]+. 

IR (ATR, rt): ṽ = 3318, 2977, 2933, 2874, 1725, 1645, 1544, 1456, 1392, 1366, 1313, 1248, 1147, 

1101, 1045, 953, 846, 757 cm-1. 

EA: C31H54N2O10 calc.: C 60.57% H 8.85% N 4.56%. 

found: C 59.74% H 9.23% N 4.68%. 

MP: 117 °C. 

 

Benzyl-protected [2G]-mixed malonate 40 

Under argon atmosphere, 56.0 mg 3-

(benzyloxy)-3-oxopronaoic acid 35 (0.28 mmol, 

1.0 eq.) were dissolved in 10 mL DMF and 

cooled to 0 °C. 60.0 mg HOBt (0.44 mmol, 

1.55 eq.) and 85.0 mg DCC (0.41 mmol, 

1.45 eq.) were added and the solution was 

stirred at 0 °C for 1 h, followed by the addition 

of 0.49 g [2G]-6-amino-capronamide derivative 

39 (0.31 mmol, 1.1 eq.). The reaction mixture 

was stirred for another 1 h at 0 °C and 5 d at rt. 

Precipitated DCU was filtered off, the solvent 

was removed under reduced pressure and the 

residue was dissolved in EtOAc. The organic layer was washed with aqueous citric acid (10%), H2O 

and sat. aqueous NaHCO3 solution. The organic layer was dried over MgSO4 and the solvent was 

removed. The crude product was purified by flash chromatography (hexanes/EtOAc 1:1). The product 

was obtained as colorless solid. 

Yield: 0.30 g (0.17 mmol, 61%). 
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1H-NMR (300 MHz, CDCl3): δ = 1.40 (s, 83H, CH3, CH2), 1.47-1.60 (m, 4H, CH2), 1.88-1.97 (m, 24H, 

CH2), 2.13-2.18 (m, 26H, CH2), 3.22-3.28 (m, 2H, CONHCH2), 3.34 (s, 2H, OCCH2CO), 5.15 (s, 2H, 

ArCH2), 6.10 (bs, 3H, NH), 7.27-7.33 (m, 5H, ArCH), 7.50 (bs, 1H, NH) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 25.6, 26.3 (CH2), 28.1 (CH3), 29.1, 29.8, 33.8 (CH2), 37.0 

(NHCOCH2), 39.4 (CONHCH2), 41.4 (OCCH2CO), 57.4, 57.5 (CONHC), 67.1 (ArCH2), 80.5 (C(CH3)3), 

128.3, 128.4, 128.6 (ArC), 135.2 (ArC-ipso), 164.9 (CONH), 169.2 (CO), 172.7 (COO-tert-Bu), 172.8, 

173.2 (CONH) ppm. 

MS (MALDI, dhb): m/z = 1752 [M+Na]+. 

MS (ESI, MeCN/Tol): calc.: m/z = 1729.09274 [M+H]+; found: m/z = 1729.09215 [M+H]+. 

IR (ATR, rt): ṽ = 3313, 2978, 2933, 1725, 1653, 1539, 1457, 1392, 1366, 1314, 1250, 1215, 1146, 

1102, 1041, 1003, 955, 846, 756, 698 cm-1. 

MP: 58 °C. 

 

[2G]-mixed malonic acid 34 

0.28 g Benzyl-protected [2G]-mixed malonate 40 

(0.16 mmol, 1.0 eq.) were dissolved in EtOH and 

25.0 mg Pd/C were added. The suspension was 

hydrogenated under normal pressure for 24 h. The 

reaction mixture was filtered over Celite® and the 

solvent was removed under reduced pressure. The 

product was obtained as colorless solid without 

further purification. 

Yield: 0.26 g (0.15 mmol, 90%). 

1H-NMR (300 MHz, CDCl3): δ = 1.40 (m, 83H, CH3, 

CH2), 1.47-1.60 (m, 4H, CH2), 1.88-1.97 (m, 24H, 

CH2), 2.13-2.18 (m, 26H, CH2), 3.22-3.30 (m, 4H, CONHCH2, OCCH2CO), 6.30 (bs, 3H, NH), 7.40 (bs, 

1H, NH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 24.6, 24.8, 25.6, 25.8 (CH2), 28.1 (CH3) 29.8, 31.6, 33.8 (CH2), 36.9 

(NHCOCH2), 38.9 (CONHCH2), 40.7 (OCCH2CO), 57.4, 57.5, 60.3 (CONHC), 80.5 (C(CH3)3), 167.9 

(CONH), 170.3 (COOH), 172.7 (COO-tert-Bu), 173.3, 173.6 (CONH) ppm. 
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MS (MALDI, dhb): m/z = 1661 [M+Na]+. 

MS (ESI, MeCN/Tol/MeOH): calc.: m/z = 1661.02774 [M+Na]+; found: m/z = 1661.03250 [M+Na]+. 

IR (ATR, rt): ṽ = 3299, 2977, 2930, 1724, 1653, 1540, 1457, 1366, 1313, 1250, 1147, 1102, 1039, 953, 

846, 757, 736 cm-1. 

MP: 61 °C. 

 

Porphyrin tetramer [2G]-mixed malonate 41 

Under argon atmosphere, 25.0 mg porphyrin tetramer alcohol 13 (7.61 μmol, 1.0 eq.) and 13.0 mg 

[2G]-mixed malonic acid 34 (7.61 μmol, 1.0 eq.) were dissolved in 3 mL DMF. The solution was cooled 

to 0 °C before 2.00 mg HOBt (0.01 mmol, 1.5 eq.) and 2.00 mg DMAP (0.01 mmol, 1.5 eq.) were 

added. The reaction mixture was stirred for 30 min before 3.00 mg DCC (0.01 mmol, 1.5 eq.) were 

added and the solution was stirred for another 2 h at 0 °C. The solution was warmed to rt before 

stirring for 3 d. Precipitated DCU was filtered off, the solvent was removed under reduced pressure and 

the residue was purified by column chromatography (toluene/THF 3:1). The product was obtained as 

purple solid after multiple precipitation from n-pentane. 

Yield: 7.00 mg (1.43 μmol, 19%). 
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1H-NMR (300 MHz, CDCl3): δ = -2.68 (bs, 2H, NH), 1.39-1.41 (m, 83H, CH3, CH2), 1.56-2.17 (m, 54H, 

CH2), 3.28-3.30 (m, 2H, NHCH2), 3.47 (s, 2H, OCCH2CO), 3.93 (ss, 54H, OCH3), 5.55 (s, 2H, ArCH2), 

6.12 (s, 3H, NH), 6.87 (s, 9H, p-Ar-CH), 7.38-7.40 (m, 18H, o-Ar-CH), 7.79-7.81 (m, 2H, ArCH), 8.05-

8.09 (m, 12H, ArCH), 8.25-8.29 (m, 14H, ArCH), 9.00-9.10 (m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 26.9 (CH2), 28.1 (CH3), 29.0, 29.7, 29.8, 31.7, 31.8 (CH2), 55.6 

(OCH3), 57.4 (CONHC), 80.6 (C(CH3)3), 100.1 (p-Ar-CH), 113.7 (o-Ar-CH), 120.9 (meso-ArC), 129.1, 

130.0, 130.1 (ArC), 131.8, 132.1, 132.2 (β-pyrC), 134.5, (ArC), 144.6 (ArC-ipso), 149.9, 150.0, 150.1 

(α-pyrC), 158.6 (ArCO), 172.7 (CO) ppm. 

MS (ESI, MeCN/Tol/MeOH): calc.: m/z = 2472.44442 [M+2Na]2+; found: m/z = 2472.44948 [M+2Na]2+. 

Calc.: m/z = 4921.89963 [M+Na]+; found: m/z = 4921.90378 [M+Na]+. 

 

Methyl 2-(4-(10,15,20-tris(4-iodophenyl)porphyrin-5-yl)phenoxy)acetate 45 

To a stirred solution of 0.63 mL pyrrole (8.80 mmol, 4.0 eq.), 

1.5 g 4-iodobenzaldehyde (6.50 mmol, 3.0 eq.) and 0.42 g 

methyl 2-(4-formylphenoxy) acetate (2.20 mmol, 1.0 eq.) in 

DCM (375 mL) and EtOH (3.30 mL), 0.32 mL of boron trifluoride 

diethyl etherate (2.20 mmol, 1.0 eq.) were added dropwise, 

changing the color of the solution to dark red/purple. Under the 

exclusion of light, the solution was stirred for 70 minutes before 

adding 0.73 g DDQ (3.30 mmol, 1.5 eq.). The reaction mixture 

was stirred for another 3 h after which it was filtered over silica. 

The solvent was removed under reduced pressure. The purified product 45 was obtained after column 

chromatography (toluene/DCM 10:1), flash chromatography (toluene/DCM 93:7) and precipitation from 

diethyl ether as a dark purple solid. 

Yield: 162 mg (0.15 mmol, 7%). 

1H-NMR (300 MHz, CDCl3): δ = -2.87 (s, 2H, NH), 3.94 (s, 3H, CH3), 4.90 (s, 2H, CH2), 7.27 (d, 2H, J = 

9.0 Hz, OArCCH), 7.88 (d, 6H, J = 8.0 Hz, IArCCH), 8.02-8.11 (m, 8H, ArCH), 8.81-8.88 (m, 8H, β-

pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 52.4 (CH3), 65.6 (OCCOO), 94.2 (IArC), 112.9 (OArCCH), 118.7, 

118.9, 120.2 (meso-ArC), 131.4 (β-pyrC), 135.3 (ArC-ipso), 135.6 (OCArCHCH), 135.9 (IArCCH), 

136.1 (IArCCHCH), 141.4, 141.5 (ArC), 157.8 (OArC), 169.4 (CO) ppm. 

MS (MALDI, wm): m/z = 1080 [M]+. 



Chapter 6  Experimental Section 

147 
 

MS (ESI, Tol): calc.: m/z = 1079.95247 [M]+; found: m/z = 1079.95265 [M]+. 

IR (ATR, rt): ṽ = 3744, 3312, 2948, 1759, 1732, 1505, 1471, 1382, 1346, 1294, 1058, 990, 964, 874, 

796, 782, 726 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 420 (412600), 516 (14800), 552 (7200), 592 (4000), 647 (3100) nm. 

 

Porphyrin tetramer ester 46 

A solution of 80.0 mg methyl 2-(4-(10, 

15,20-tris(4-iodophenyl)porphyrin-5-yl)-

phenoxy)acetate 45 (74.0 μmol, 1.0 eq.), 

0.29 g 5-(4-ethynyl-phenyl)-10,15,20-tris-

(3,5-dimethoxyphenyl)-porphyrinato zinc 

(II) 11 (0.24 mmol, 3.3 eq.) and 0.15 g 

AsPh3 (0.49 mmol, 5.0 eq.) in THF/TEA 

(9.0 mL/1.8 mL) was degassed thoroughly 

(pump-freeze), whereupon 50.0 mg 

Pd2(dba)3 x CHCl3 (48.0 μmol, 0.5 eq.) 

were added to the solution. The reaction 

mixture was stirred for 3 d at 45 °C. The 

solvent was removed under reduced 

pressure and the product was purified by 

column chromatography (toluene/THF 

30:1) and reprecipitation from THF with n-

pentane.  

Yield: 153 mg (0.045 mmol, 62%). 

1H-NMR (400 MHz, CDCl3): δ = -2.66 (s, 

2H, NH), 3.84-3.93 (ss, 57H, OCH3), 4.91 (s, 2H, CH2), 6.79-6.87 (m, 9H, p-Ar-CH), 7.31-7.41 (m, 20H, 

o-Ar-CH, ArCH), 8.00-8.12 (m, 12H, ArCH), 8.18-8.20 (m, 2H, ArCH), 8.25-8.36 (m, 12H, ArCH), 8.96-

9.10 (m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 52.5 (COOCH3), 55.6 (OCH3), 65.6 (CH2), 90.4, 90.7 (C≡C), 100.1 (p-

Ar-CH), 113.7 (o-Ar-CH), 119.6, 120.3, 120.9, 121.0 (meso-ArC), 122.5, 122.9, 130.0, 130.1 (ArCH), 

131.8, 132.1, 132.2 (β-pyrC), 134.5, 134.7, 135.7 (ArCH), 142.3, 143.1, 144.6 (ArC-ipso), 149.9, 150.0, 

150.1 (α-pyrC), 158.6, 158.7 (ArCO), 169.5 (COO) ppm. 
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MS (MALDI, dhb): m/z = 3348 [M]+. 

MS (ESI, MeCN/Tol/MeOH/HCOOH): calc.: m/z = 3337.89521 [M]+; found: m/z = 3337.88777 [M]+. 

IR (ATR, rt): ṽ = 2929, 2883, 2358, 1586, 1448, 1419, 1343, 1202, 1150, 1060, 1025, 998, 966, 937, 

793, 761, 718, 693 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 426 (2303000), 514 (55700), 549 (137400), 588 (37100), 649 

(18500) nm. 

 

Porphyrin tetramer alcohol 47 

To a cooled (-15 °C) solution of 179.0 mg 

porphyrin tetramer ester 46 (53.5 μmol, 

1.0 eq.) in 10 mL dry THF was added an 

excess of LAH. The reaction was 

monitored via TLC control (toluene/THF 

15:1). After complete conversion, the 

reaction mixture was diluted with DCM 

(100 mL) and water (50 mL). The organic 

phase was washed with water (150 mL) 

and dried over MgSO4. The solvent was 

removed under reduced pressure and the 

product was purified by flash 

chromatography (toluene/THF 10:1) and 

precipitation from diethyl ether. The 

product was obtained as pink/purple 

powder. 

Yield: 142 mg (42.8 μmol, 80%). 

1H-NMR (400 MHz, CDCl3): δ = -2.60 (s, 

2H, NH), 3.51 (m, 2H, CH2), 3.84-3.93 (ss, 

56H, OCH3, CH2), 6.79-6.87 (m, 9H, p-Ar-

CH), 7.31-7.41 (m, 20H, o-Ar-CH, ArCH), 7.86-8.26 (m, 26H, ArCH), 8.96-9.10 (m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 55.6 (OCH3), 66.5 (CH2), 90.1, 90.5 (C≡C), 99.9 (p-Ar-CH), 113.8 (o-

Ar-CH), 119.6, 120.1, 120.6, 120.7 (meso-ArC), 122.2, 122.6, 129.8, 130.1 (ArCH), 131.8, 132.1, 132.2 



Chapter 6  Experimental Section 

149 
 

(β-pyrC), 134.5, 134.7, 135.7 (ArCH), 142.3, 143.1, 144.7 (ArC-ipso), 149.9, 150.0, 150.1 (α-pyrC), 

158.6 (ArCO) ppm. 

MS (MALDI, dhb): m/z = 3317 [M]+. 

MS (ESI, MeCN/Tol/MeOH/HCOOH): calc.: m/z = 3308.89247 [M]+; found: m/z = 3308.90402 [M]+. 

Calc.: m/z = 1654.44596 [M]2+; found: m/z = 1654.45311 [M]2+. 

IR (ATR, rt): ṽ = 2990, 2929, 2837, 1652, 1587, 1506, 1451, 1418, 1345, 1316, 1285, 1242, 1202, 

1151, 1060, 1026, 999, 966, 937, 854, 838, 793, 761, 719, 695, 667 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 424 (1314000), 518 (27100), 549 (74200), 587 (16500), 649 

(8300) nm. 

 

Benzyl (6-tert-butoxy-6-oxohexyl) malonate 48 

Under argon atmosphere, 0.50 g 3-((6-tert-butoxy-6-oxohexyl)-

oxy)-3-oxopropanoic acid 50 (1.82 mmol, 1.0 eq.) was dissolved 

in 10 mL anhydrous MeCN. 0.25 mL TEA (1.82 mmol, 1.0 eq.) 

were added dropwise, followed by the addition of 0.22 mL benzyl 

bromide (1.82 mmol, 1.0 eq.). The reaction mixture was refluxed for 3 h before cooling it to 0 °C. The 

mixture was treated with 7.5 mL aqueous HCl (5%). The layers were separated, the aqueous layer was 

extracted with EtOAc (3 x 10 mL), the combined organic layers were dried over MgSO4 and the solvent 

was removed under reduced pressure. The crude product was purified by flash chromatography 

(hexanes/EtOAc 17:3) and obtained as light yellow oil.  

Yield: 0.35 g (0.97 mmol, 53%). 

Alternative preparation: 

0.61 g 3-(benzyloxy)-3-oxopropanoic acid 35 (3.20 mmol, 1.0 eq.) and 0.59 g tert-butyl 6-

hydroxyhexanoate 51 (3.20 mmol, 1.0 eq.) were dissolved in 20 mL DCM under argon atmosphere. 

The solution was cooled to 0 °C. Subsequently, 0.56 g HOBt (4.16 mmol, 1.3 eq.) and 0.16 g DMAP 

(1.3 mmol, 0.4 eq.) were added to the solution before it was stirred for 20 min. 3.90 g DCC (19.2 mmol, 

6.0 eq.) were added and the reaction mixture was stirred at 0 °C for 2 h before stirring it at rt for 3 d. 

The suspension was filtered to remove the precipitated DCU and the solvent was removed under 

reduced pressure. The residue was redissolved in EtOAc and washed with saturated aqueous 

NaHCO3 solution and water. The organic layer was dried over MgSO4 and the solvent was removed 

under reduced pressure. The product was purified by flash chromatography (hexanes/EtOAc 17:3).  
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Yield: 0.89 g (2.44 mmol, 76%). 

1H-NMR (400 MHz, CDCl3): δ = 1.30-1.34 (m, 2H, CH2), 1.42 (s, 9H, CH3), 1.53-1.64 (m, 4H, CH2), 

2.17 (t, 2H, J = 8.0 Hz, tert-BuCOOCH2), 3.39 (s, 2H, OCCH2CO), 4.10 (t, 2H, J = 8.0 Hz, CH2), 5.15 

(s, 2H, ArCH2), 7.32-7.35 (m, 5H, ArCH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 24.6, 25.3 (2C, CH2), 28.1 (CH3), 35.3 (tert-BuCOOCH2), 41.6 

(OCCH2CO), 65.4 (CH2), 67.2 (ArCH2), 80.0 (C(CH3)3), 128.3, 128.4, 128.6 (ArCH), 132.0 (ArC-ipso), 

166.4 (CO), 172.9 (tert-BuCOO) ppm. 

MS (MALDI, sin): m/z = 387 [M+Na]+. 

IR (ATR, rt): ṽ = 2973, 2936, 2867, 1726, 1456, 1366, 1327, 1256, 1144, 1002, 846, 750, 697 cm-1. 

 

6-((3-(benzyloxy)-3-oxopropanoyl)oxy)hexanoic acid 49 

0.33 g benzyl (6-tert-butoxy-6-oxohexyl) malonate 48 (0.91 mmol, 

1.0 eq.) were dissolved in 5 mL CHCl3 and treated with 0.69 mL 

TFA (9.06 mmol, 10.0 eq.). The solution was stirred at rt overnight, 

whereupon another equivalent of TFA was added. After TLC control 

showed the complete conversion of the starting compound, the solvent was removed under reduced 

pressure and excessive TFA was removed in vacuo by repeated coevaporation with chloroform and 

toluene. The product was obtained as colorless oil. 

Yield: 0.29 g (0.90 mmol, 100%). 

1H-NMR (400 MHz, CDCl3): δ = 1.35-1.45 (m, 2H, CH2), 1.61-1.70 (m, 4H, CH2), 2.35 (t, 2H, 

J = 7.6 Hz, CH2COOH), 3.43 (s, 2H, OCCH2CO), 4.14 (t, 2H, J = 6.8 Hz, CH2), 5.19 (s, 2H, ArCH2O), 

7.33-7.40 (m, 5H, ArCH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 24.1, 25.2, 28.1, 33.7 (CH2), 41.6 (OCCH2CO), 65.3 (CH2), 67.2 

(ArCH2), 128.3, 128.4, 128.6 (ArCH), 135.2 (ArC-ipso), 166.4, 166.5 (CO), 179.2 (COOH) ppm. 

MS (MALDI, wm): m/z = 331 [M+Na]+, m/z = 347 [M+K]+. 

MS (ESI, MeCN):  calc.: m/z = 309.13326 [M+H]+; found: m/z = 309.13330 [M+H]+. 

   calc.: m/z = 331.11521 [M+Na]+; found: m/z = 331.11501 [M+Na]+. 

IR (ATR, rt): ṽ = 2945, 2868, 1718, 1705, 1456, 1411, 1379, 1146, 1001, 907, 737, 697 cm-1. 
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EA: C16H20O6  calc.: C 62.33% H 6.54%. 

found: C 61.34% H 6.60%. 

 

Di-tert-butyl 4-(6-(benzyloxy)hexanamido)-4-(3-tert-butoxy-3-oxopropyl)heptanedioate 53 

0.25 g Di-tert-butyl 4-amino-4-(3-tert-butoxy-3-oxopropyl)-

heptanedioate 20 (0.60 mmol, 1.0 eq.) and 0.13 g 6-

(benzyloxy)hexanoic acid (0.60 mmol, 1.0 eq.) were dissolved in 

5 mL DMF under argon atmosphere and cooled to 0 °C. 

Subsequently, 0.11 g HOBt (0.78 mmol, 1.3 eq.) and 0.16 g 

DCC (0.78 mmol, 1.3 eq.) were added. The solution was warmed to rt after 1 h and stirred for 5 d. The 

reaction mixture was filtered to remove precipitated DCU, the solvent was removed under reduced 

pressure and the residue was dissolved in EtOAc. The organic phase was washed with sat. aqueous 

NaHCO3 solution and brine and dried over MgSO4. The solvent was removed and the product was 

purified by column chromatography (hexanes/EtOAc 2:1). The product was obtained as colorless 

liquid. 

Yield: 0.26 g (0.41 mmol, 69%). 

1H-NMR (400 MHz, CDCl3): δ = 1.40 (s, 29H, CH3, CH2), 1.56-1.63 (m, 4H, CH2), 1.93 (t, 6H, J = 

8.0 Hz, CH2), 2.07 (t, 2H, J = 8.0 Hz, NHCOCH2), 2.18 (t, 6H, J = 8.0 Hz, CH2), 3.43 (t, 2H, J = 8.0 Hz, 

OCH2), 4.45 (s, 2H, ArCH2), 5.80 (s, 1H, NH), 7.29-7.32 (m, 5H, ArCH), ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.6, 25.9 (CH2), 28.1 (CH3), 29.4, 29.8, 29.9 (CH2), 37.4 

(NHCOCH2), 57.4 (CONHC), 70.2 (OCH2), 72.9 (ArCH2), 80.7 (C(CH3)3), 127.5, 127.6, 128.3 (ArCH), 

138.6 (ArC-ipso), 172.6 (NHCO), 172.9 (COO) ppm. 

MS (MALDI, wm): m/z = 643 [M+Na]+. 

IR (ATR, rt): ṽ = 3302, 2977, 2934, 2869, 1722, 1647, 1538, 1456, 1366, 1274, 1147, 1100, 1026, 951, 

847, 756, 713 cm-1. 
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Di-tert-butyl 4-(3-tert-butoxy-3-oxopropyl)-4-(6-hydroxyhexanamido)heptanedioate 54 

0.11 g Di-tert-butyl 4-(6-(benzyloxy)hexanamido)-4-(3-tert-butoxy-3-

oxopropyl)heptanedioate 53 (0.18 mmol, 1.0 eq.) were dissolved in 

EtOH and 25.0 mg Pd/C were added. The suspension was 

hydrogenated under normal pressure for 14 h. The reaction mixture 

was filtered over Celite® and the solvent was removed under reduced 

pressure. The product was obtained as colorless solid without further purification. 

Yield: 79.0 mg (0.15 mmol, 83%). 

1H-NMR (300 MHz, CDCl3): δ = 1.32-1.46 (m, 29H, CH3, CH2), 1.47-1.64 (m, 4H, CH2), 1.92 (t, 6H, J = 

8.0 Hz, CH2), 2.10 (t, 2H, J = 8.0 Hz, NHCOCH2), 2.18 (t, 6H, J = 8.0 Hz, CH2), 3.60 (t, 2H, J = 8.0 Hz, 

OCH2), 5.94 (s, 1H, NH), ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.2, 25.3 (CH2), 27.9 (CH3), 29.8, 29.9, 32.2 (CH2), 37.2 

(NHCOCH2), 57.3 (CONHC), 62.7 (OCH2), 80.7 (C(CH3)3), 172.5 (NHCO), 172.9 (COO) ppm. 

MS (MALDI, wm): m/z = 553 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 530.36874 [M+H]+; found: m/z = 530.36923 [M+H]+. 

IR (ATR, rt): ṽ = 3366, 2978, 2935, 2875, 1723, 1673, 1533, 1457, 1416, 1365, 1320, 1303, 1247, 

1219, 1151, 1108, 1053, 949, 846, 802, 755, 714 cm-1. 

EA: C28H51NO8  calc.: C 63.49% H 9.70% N 2.64%. 

found: C 63.01% H 9.55% N 2.61%. 

MP: 68 °C. 

 

Di-tert-butyl 4-(6-((3-(benzyloxy)-3-oxopropanoyl)oxy)hexanamido)-4-(3-tert-butoxy-3-oxo-

propyl)heptanedioate 52 

Under argon atmosphere, 0.29 g 6-((3-(benzyloxy)-3-

oxopropanoyl)oxy)hexanoic acid 49 (0.95 mmol, 1.0 eq.) 

and 0.39 g di-tert-butyl 4-amino-4-(3-tert-butoxy-3-oxo-

propyl)heptane-dioate 20 (0.95 mmol, 1.0 eq.) were 

dissolved in 10 mL DMF. The solution was cooled to 0 °C 

before 0.19 g HOBt (1.42 mmol, 1.5 eq.) and 0.17 g 



Chapter 6  Experimental Section 

153 
 

DMAP (1.42 mmol, 1.5 eq.) were added. The reaction mixture was stirred for 30 min. 0.29 g DCC 

(1.42 mmol, 1.5 eq.) were added and the solution was stirred for 2 h at 0 °C before stirring for 5 d at rt. 

Precipitated DCU was filtered off, the solvent was removed under reduced pressure and the residue 

was dissolved in EtOAc. The organic layer was washed with aqueous citric acid (10%), H2O and 

saturated aqueous NaHCO3 solution. The organic layer was dried over MgSO4 and the solvent was 

removed. The crude product was purified by flash chromatography (hexanes/EtOAc 7:3). The product 

was obtained as colorless oil. 

Yield: 0.41 g (0.58 mmol, 61%). 

Alternative Preparation: 

Under argon atmosphere, 50.0 mg 3-(benzyloxy)-3-oxopropanoic acid 35 (0.26 mmol, 1.0 eq.) and 

0.17 g di-tert-butyl 4-(3-tert-butoxy-3-oxopropyl)-4-(6-hydroxyhexanamido)heptanedioate 54 

(0.26 mmol, 1.0 eq.) were dissolved in 10 mL DMF. The solution was cooled to 0 °C before 45.9 mg 

HOBt (0.34 mmol, 1.3 eq.) and 12.0 mg DMAP (0.10 mmol, 0.4 eq.) were added. The reaction mixture 

was stirred for 30 min before 0.32 g DCC (1.56 mmol, 6.0 eq.) were added and the solution was stirred 

for another 2 h at 0 °C. The solution was warmed to rt before stirring for 4 d. Precipitated DCU was 

filtered off, the solvent was removed under reduced pressure and the residue was dissolved in EtOAc. 

The organic layer was washed with aqueous citric acid (10%), H2O and saturated aqueous NaHCO3 

solution. The organic layer was dried over MgSO4 and the solvent was removed. The crude product 

was purified by flash chromatography (hexanes/EtOAc 7:3). The product was obtained as colorless oil. 

Yield: 0.11 g (0.15 mmol, 59%). 

1H-NMR (300 MHz, CDCl3): δ = 1.33-1.36 (m, 2H, CH2), 1.41 (s, 27H, CH3), 1.52-1.65 (m, 4H, CH2), 

1.94 (t, 6H, J = 8.0 Hz, CH2), 2.05 (t, 2H, J = 6.0 Hz, NHCOCH2), 2.19 (t, 6H, J = 8.0 Hz, CH2), 3.40 (s, 

2H, OCCH2CO), 4.10 (t, 2H, J = 6.0 Hz, COOCH2), 5.16 (s, 2H, ArCH2), 5.85 (bs, 1H, NH), 7.32-7.34 

(m, 5H, ArCH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.1, 25.5 (CH2), 28.0 (CH3), 28.1, 29.8, 29.9 (CH2), 37.2 

(NHCOCH2), 41.5 (OCCH2CO), 57.3 (CONHC), 63.4 (COOCH2), 67.2 (ArCH2), 80.7 (C(CH3)3), 128.3, 

128.4, 128.6 (ArCH), 135.3 (ArC-ipso), 166.4 (CO), 172.1 (NHCO), 172.9 (COO) ppm. 

MS (MALDI, wm): m/z = 728 [M+Na]+, m/z = 744 [M+K]+. 

MS (ESI, MeCN): calc.: m/z = 728.39803 [M+Na]+; found: m/z = 728.39813 [M+Na]+. 

IR (ATR, rt): ṽ = 3376, 3317, 2977, 2934, 1726, 1652, 1533, 1456, 1366, 1314, 1248, 1145, 1039, 

1002, 953, 847, 752, 697 cm-1. 
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3-((6-((1,7-di-tert-butoxy-4-(3-tert-butoxy-3-oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxo-

hexyl)oxy)-3-oxopropanoic acid 55 

0.16 g Di-tert-butyl 4-(6-((3-(benzyloxy)-3-oxo-propanoyl)oxy)-

hexanamido)-4-(3-tert-butoxy-3-oxo-propyl)heptanedioate 52 

(0.24 mmol, 1.0 eq.) were dissolved in EtOH and 25.0 mg Pd/C 

were added. The suspension was hydrogenated under normal 

pressure for 6 h. The reaction mixture was filtered over Celite® 

and the solvent was removed under reduced pressure. The 

product was obtained as colorless solid without further purification. 

Yield: 0.14 g (0.23 mmol, 97%). 

1H-NMR (400 MHz, CDCl3): δ = 1.40 (s, 29H, CH3, CH2), 1.58-1.68 (m, 4H, CH2), 1.94 (t, 6H, J = 

8.1 Hz, CH2), 2.11 (t, 2H, J = 8.0 Hz, NHCOCH2), 2.20 (t, 6H, J = 8.1 Hz, CH2), 3.36 (s, 2H, 

OCCH2CO), 4.14 (t, 2H, J = 8.0 Hz, COOCH2), 6.17 (s, 1H, NH), 7.71 (bs, 1H, COOH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 24.8, 25.6, 27.3 (CH2), 27.6 (CH3), 29.4, 29.6 (CH2), 36.9 

(NHCOCH2), 41.1 (OCCH2CO), 59.9 (CONHC), 63.4 (COOCH2), 80.5 (C(CH3)3), 167.2 (CO), 172.7 

(NHCO), 172.9 (COO) ppm. 

MS (MALDI, dhb): m/z = 639 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 638.35108 [M+Na]+, found: m/z = 638.35162 [M+Na]+. 

IR (ATR, rt): ṽ = 3370, 2977, 2935, 2871, 1725, 1651, 1541, 1456, 1366, 1314, 1247, 1146, 1101, 

1042, 953, 846, 757 cm-1. 

EA: C31H53NO11  calc.: C 60.47% H 8.68% N 2.27%. 

found: C 60.39% H 8.61% N 2.44%. 

MP: 81 °C. 

 

Porphyrin tetramer [1G]-malonate 56 

0.10 g Porphyrin tetramer alcohol 47 (0.03 mmol, 1.0 eq.) and 20.0 mg 3-((6-((1,7-di-tert-butoxy-4-(3-

tert-butoxy-3-oxopropyl)-1,7-dioxoheptan-4-yl)amino)-6-oxohexyl)oxy)-3-oxopropanoic acid 55 

(0.03 mmol, 1.0 eq.) were dissolved in 10 mL DCM under argon atmosphere and cooled to 0 °C. 

Subsequently, 5.00 mg HOBt (0.04 mmol, 1.3 eq.), 2.00 mg DMAP (0.01 mmol, 0.4 eq.) and 39.0 mg 
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DCC (0.18 mmol, 6.0 eq.) were added. The solution was warmed to rt after 1 h and stirred for 4 d. The 

solvent was removed under reduced pressure and the residue was purified by column chromatography 

(toluene/THF 5:1). After multiple precipitation from n-pentane, the product was obtained as purple 

solid. 

Yield: 109.0 mg (27.9 μmol, 88%). 

1H-NMR (400 MHz, CDCl3): δ = -2.61 (s, 2H, NH), 1.37-1.39 (m, 29H, CH3, CH2), 1.55-1.91 (m, 8H, 

CH2), 2.00-2.06 (m, 10H, CH2), 3.52 (s, 2H, OCCH2CO), 3.81-3.90 (ss, 54H, OCH3), 4.18 (t, 2H, J = 

8.0 Hz, OCOCH2), 4.44, 4.66 (bs, 4H, ArOCH2/ArOCH2CH2), 5.80 (bs, 1H, NH), 6.69-6.84 (m, 9H, p-

Ar-CH), 7.30-7.41 (m, 20H, o-Ar-CH, ArCH), 7.88-8.36 (m, 26H, ArCH), 8.98-9.10 (m, 32H, β-pyrH) 

ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.1, 25.4, 27.8 (CH2), 28.1 (CH3), 29.1, 29.6, 29.7 (CH2), 36.8 

(NHCOCH2), 41.3 (OCCH2CO), 55.5, 55.6 (OCH3), 57.5 (CONHC), 63.7 (ArOCH2), 65.5, 65.7 (OCH2), 

80.6 (C(CH3)3), 90.2, 90.6 (C≡C), 99.9 (p-Ar-CH), 113.8 (o-Ar-CH), 119.6, 120.1, 120.4, 120.7, 120.8 

(meso-ArC), 122.4, 129.8, 129.9 (ArCH), 131.7, 131.9, 132.2 (β-pyrC), 134.5, 134.7, 135.7 (ArCH), 
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142.3, 143.1, 144.5, 144.6, 144.7 (ArC-ipso), 149.8, 149.9, 150.0 (α-pyrC), 158.3, 158.5, 158.6 (ArCO), 

166.4, 166.7 (COO), 171.8, 172.6 (NHCO), 172.9 (COO) ppm. 

MS (ESI, MeCN/Tol/MeOH/HCOOH): calc.: m/z = 3929.23354 [M+Na]+; found: m/z = 3929.23969 

[M+Na]+. 

IR (ATR, rt): ṽ = 3675, 2929, 2849, 2845, 1730, 1700, 1653, 1588, 1507, 1448, 1419, 1345, 1244, 

1202, 1151, 1062, 997, 953, 937, 794, 760, 717, 693 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 424 (1811000), 517 (33500), 549 (97800), 587 (19500), 652 (5500) 

nm. 

 

[1G]-Porphyrin-Fullerene Adduct 43 

Under argon atmosphere and the exclusion of light, 14.0 mg C60 (19.4 μmol, 2.0 eq.) were dissolved in 

21 mL dry toluene. 37.0 mg porphyrin tetramer [1G]-malonate 56 (9.45 μmol, 1.0 eq.) were dissolved in 
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a small amount of dry DCM and added to the C60 solution, followed by the addition of 3.00 mg iodine 

(11.8 μmol, 1.1 eq.). 3.20 μL DBU (19.4 μmol, 2.0 eq.) were dissolved in 2 mL dry toluene and added 

to the reaction mixture over a period of 20 min. After the complete addition, the solution was stirred 

overnight and concentrated under reduced pressure. The crude product was purified by column 

chromatography (toluene/THF 8:1) and precipitation from n-pentane. The product could be obtained as 

pink solid. 

Yield: 17.0 mg (3.67 μmol, 39%). 

1H-NMR (400 MHz, CDCl3): δ = -2.65 (s, 2H, NH), 1.36-1.40 (m, 29H, CH3, CH2), 1.55-1.91 (m, 8H, 

CH2), 2.00-2.06 (m, 10H, CH2), 3.79-3.87 (ss, 54H, OCH3), 4.49-4.53 (m, 4H, J = 8.0 Hz, ArOCxH2/ 

OCOCH2), 4.95 (bs, 2H, ArOCxH2), 5.77 (s, 1H, NH), 6.72-6.77 (m, 9H, p-Ar-CH), 7.36-7.40 (m, 20H, 

o-Ar-CH, ArCH), 7.82-8.24 (m, 26H, ArCH), 8.89-9.08 (m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.1, 25.2, 25.6, 27.9, 28.0 (CH2), 28.1 (CH3), 29.6, 29.7 (CH2), 55.6 

(OCH3), 57.2 (CONHC), 63.9 (ArOCH2), 67.9 (2C, OCH2), 68.9 (C60-sp3), 80.6 (C(CH3)3), 90.4, 90.7 

(C≡C), 100.0 (p-Ar-CH), 113.7 (o-Ar-CH), 120.2, 120.3, 120.7, 120.9 (meso-ArC), 129.9, 130.1 (ArCH), 

131.7, 131.8, 132.0, 132.2 (β-pyrC), 134.5, 134.6, 134.7 (ArCH), 140.3, 140.4, 140.5, 141.2, 141.3, 

141.4, 141.9, 142.0, 142.1, 142.3, 142.4, 142.5, 143.1, 143.2, 143.3, 143.7,143.8, 144.0, 144.1, 144.6 

(C60-sp2, ArC-ipso), 149.9, 150.0, 150.1 (α-pyrC), 158.6 (ArCO), 172.8 (CO) ppm. 

MS (MALDI, dctb): m/z = 4634 [M]+. 

MS (ESI, MeCN/Tol/MeOH): calc.: m/z = 2335.10356 [M+2Na]2+; found: m/z = 2335.10123 [M+2Na]2+. 

MS (ESI, MeCN/Tol/MeOH/HCOOH): calc.: m/z = 4647.21789 [M+Na]+; found: m/z = 4647.21402 

[M+Na]+. 

IR (ATR, rt): ṽ = 3315, 2952, 2924, 2851, 1722, 1588, 1456, 1418, 1347, 1299, 1232, 1203, 1151, 

1061, 1027, 997, 967, 937, 847, 795, 761, 718, 694 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], THF) = 254 (128000), 315 (96200), 427 (865700), 518 (18500), 556 (51000), 

597 (20400), 650 (3500) nm. 

 

Deprotected [1G]-Porphyrin-Fullerene Adduct 57 

26.0 mg Porphyrin-fullerene adduct 43 (5.61 μmol, 1.0 eq.) were dissolved in 10 mL dry DCM under 

argon atmosphere. To this dark red solution, 32.0 μL 2,6-lutidine (0.27 mmol, 49 eq.) and 41.0 μL 

trimethylsilyl trifluoromethanesulfonate (0.23 mmol, 41 eq.) were added. The reaction mixture was 
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stirred for 30 h under the exclusion of light. The reaction was quenched through the addition of 10 mL 

H2O, after which stirring was continued for another 2 h. The solvents were removed under reduced 

pressure until the product precipitated as dark brown solid. The solid was washed with water several 

times and redissolved in THF and purified by multiple precipitation from n-pentane. The product was 

obtained as dark brown solid. 

Yield: 18.0 mg (4.04 μmol, 72%). 

1H-NMR (400 MHz, THF-d8): δ = -2.57 (s, 2H, NH), 1.39-1.40 (m, 2H, CH2), 1.50-2.22 (m, 18H, CH2), 

3.92-3.93 (ss, 54H, OCH3), 4.49-4.53 (m, 4H, J = 8.0 Hz, ArOCxH2/ OCOCH2), 4.95 (bs, 2H, ArOCxH2), 

6.85-6.95 (m, 9H, p-Ar-CH), 7.37-7.40 (m, 20H, o-Ar-CH, ArCH), 7.92-8.29 (m, 26H, ArCH), 8.85-9.08 

(m, 32H, β-pyrH) ppm. 

13C-NMR (100 MHz, THF-d8): δ = 28.0 (CH2), 29.6, 29.7 (CH2), 55.6 (OCH3), 91.2, 91.4 (C≡C), 100.2 

(p-Ar-CH), 114.6 (o-Ar-CH), 121.9 (meso-ArC), 129.9, 130.4 (ArCH), 131.7, 131.8, 132.1, 132.3 (β-

pyrC), 135.4 (ArCH), 144.0, 144.4, 144.6, 144.8, 146.6 (C60-sp2, ArC-ipso), 150.5, 150.7, 150.8 (α-

pyrC), 159.8 (ArCO), 174.6 (CO) ppm. 
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IR (ATR, rt): ṽ = 3401, 2839, 2826, 1733, 1700, 1652, 1588, 1505, 1456, 1418, 1345, 1287, 1241, 

1202, 1151, 1061, 1025, 999, 937, 853, 795, 761, 719, 695, 667 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], THF) = 327 (61000), 348 (45100), 428 (593600), 518 (13700), 556 (35700), 

598 (13500), 652 (3700) nm. 

 

9-Cascade:6-(benzyloxy)hexyl-aminomethane[3]:(2-aza-3-oxopentylidyne):tert-butyl propionate 

59 

0.7 g [2G]-NEWKOME dendron 37 (0.49 mmol, 1.0 eq.) 

and 0.11 g 6-(benzyloxy)hexanoic acid (0.49 mmol, 

1.0 eq.) were dissolved in 10 mL DMF under argon 

atmosphere and cooled to 0 °C. Subsequently, 85.0 mg 

HOBt (0.64 mmol, 1.3 eq.) and 0.13 g DCC (0.64 mmol, 

1.3 eq.) were added. The solution was warmed to rt 

after 1 h and stirred for 5 d. The reaction mixture was 

filtered to remove precipitated DCU, the solvent was 

removed under reduced pressure and the residue was 

redissolved in EtOAc. The organic phase was washed 

with saturated aqueous NaHCO3 solution and brine and 

dried over MgSO4. The solvent was removed; the 

product was purified by column chromatography (hexanes/EtOAc 1.5:1) and obtained as colorless 

solid. 

Yield: 0.42 g (0.25 mmol, 51%). 

1H-NMR (400 MHz, CDCl3): δ = 1.38 (s, 83H, CH3, CH2), 1.53-1.63 (m, 4H, CH2), 1.87-1.94 (m, 24H, 

CH2), 2.07-2.15 (m, 24H, CH2), 3.43 (t, 2H, J = 8.0 Hz, OCH2), 4.45 (s, 2H, ArCH2), 6.00 (s, 3H, NH), 

7.27-7.29 (m, 5H, ArCH), 7.50 (s, 1H, NH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.6, 25.9 (CH2), 28.1 (CH3), 29.4, 29.7, 29.8, 31.7, 31.9 (CH2), 37.3 

(NHCOCH2), 57.4 (CONHC), 70.2 (OCH2), 72.8 (ArCH2), 80.6 (C(CH3)3), 128.3, 127.6, 127.4 (ArCH), 

138.7 (ArC-ipso), 172.7 (COO), 172.9, 173.4 (NHCO) ppm. 

MS (MALDI, dhb): m/z = 1666 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 1644.07636 [M+H]+; found: m/z = 1644.07539 [M+H]+. 

   calc.: m/z = 1666.05831 [M+Na]+; found: m/z = 1666.05842 [M+Na]+. 
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IR (ATR, rt): ṽ = 3317, 2977, 2934, 2871, 1726, 1652, 1538, 1456, 1391, 1365, 1313, 1250, 1214, 

1146, 1101, 1037, 952, 919, 847, 757, 733, 697 cm-1. 

EA: C89H150N4O23 calc.: C 65.02% H 9.20% N 3.41%. 

found: C 64.79% H 8.81% N 3.43%. 

MP: 83 °C. 

 

9-Cascade:6-(hydroxy)hexyl-aminomethane[3]:(2-aza-3-oxopentylidyne):tert-butyl propionate 60 

0.39 g 9-Cascade:6-(benzyloxy)hexyl-aminomethane[3]:(2-

aza-3-oxopentylidyne):tert-butyl propionate 59 (0.24 mmol, 

1.0 eq.) were dissolved in EtOH and 22.0 mg Pd/C were 

added. The suspension was hydrogenated under normal 

pressure for 30 h. The reaction mixture was filtered over 

Celite® and the solvent was removed under reduced 

pressure. The product was purified by flash chromatography 

(hexanes/EtOAc 37/63) and obtained as colorless solid. 

Yield: 0.29 g (0.18 mmol, 77%). 

1H-NMR (400 MHz, CDCl3): δ = 1.39 (s, 83H, CH3, CH2), 

1.56-1.64 (m, 4H, CH2), 1.89-1.96 (m, 24H, CH2), 2.13-2.18 (m, 24H, CH2), 3.63 (t, 2H, J = 8.0 Hz, 

OCH2), 6.18 (s, 3H, NH), 7.59 (s, 1H, NH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 24.7, 25.1 (CH2), 28.1 (CH3), 29.7, 29.8, 31.7, 31.8, 31.9 (CH2), 37.1 

(NHCOCH2), 57.4, 57.5 (CONHC), 62.1 (OCH2), 80.6 (C(CH3)3), 172.7 (COO), 172.9, 173.5 (NHCO) 

ppm. 

MS (MALDI, dhb): calc.: m/z = 1576.0114 [M+Na]+; found: m/z = 1576.0137 [M+Na]+. 

IR (ATR, rt): ṽ = 3339, 3319, 2975, 2932, 2878, 1725, 1652, 1540, 1456, 1391, 1366, 1316, 1252, 

1213, 1147, 1101, 955, 919, 847, 756 cm-1. 

MP: 57 °C. 
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Benzyl-protected [2G]-malonate 58 

Under argon atmosphere, 0.10 g 6-((3-

(benzyloxy)-3-oxo-propanoyl)oxy)hexanoic acid 

49 (0.32 mmol, 1.0 eq.) and 0.47 g [2G]-

NEWKOME dendron 37 (0.32 mmol, 1.0 eq.) 

were dissolved in 10 mL DMF. The solution was 

cooled to 0 °C before 66.0 mg HOBt 

(0.49 mmol, 1.5 eq.) and 60.0 mg DMAP 

(0.49 mmol, 1.5 eq.) were added. The reaction 

mixture was stirred for 30 min before 0.10 g 

DCC (0.49 mmol, 1.5 eq.) were added and 

stirring was continued for another 2 h at 0 °C. 

The solution was warmed to rt before stirring it 

for additional 5 d. Precipitated DCU was filtered off, the solvent was removed under reduced pressure 

and the residue was dissolved in EtOAc. The organic layer was washed with aqueous citric acid (10%), 

H2O and saturated aqueous NaHCO3 solution. The organic layer was dried over MgSO4 and the 

solvent was removed. The crude product was purified by flash chromatography (hexanes/ EtOAc 1:2). 

The product was obtained as colorless, glassy solid. 

Yield: 0.37 g (0.21 mmol, 66%). 

Alternative Preparation: 

Under argon atmosphere, 32.0 mg 3-(benzyloxy)-3-oxopropanoic acid 35 (0.16 mmol, 1.0 eq.) and 

0.26 g 6-hydroxy-N-[2G]-hexanamide 60 (0.16 mmol, 1.0 eq.) were dissolved in 10 mL DMF. The 

solution was cooled to 0 °C before 28.0 mg HOBt (0.21 mmol, 1.3 eq.) and 8.00 mg DMAP (66.0 μmol, 

0.4 eq.) were added. The reaction mixture was stirred for 30 min before 0.20 g DCC (0.96 mmol, 

6.0 eq.) were added and stirring was continued for another 2 h at 0 °C. The solution was warmed to rt 

before stirring it for additional 3 d. Precipitated DCU was filtered off, the solvent was removed under 

reduced pressure and the residue was dissolved in EtOAc. The organic layer was washed with 

aqueous citric acid (10%), H2O and saturated aqueous NaHCO3 solution. The organic layer was dried 

over MgSO4 and the solvent was removed. The crude product was purified by flash chromatography 

(hexanes/EtOAc 1:2). The product was obtained as colorless, glassy solid. 

Yield: 0.15 g (86.7 μmol, 53%). 
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1H-NMR (400 MHz, CDCl3): δ = 1.37-1.41 (m, 83H, CH3, CH2), 1.54-1.64 (m, 4H, CH2), 1.88-1.95 (m, 

24H, CH2), 2.06-2.16 (m, 26H, CH2), 3.40 (s, 2H, OCCH2CO), 4.10 (t, 2H, J = 8.0 Hz, COOCH2), 5.14 

(s, 2H, ArCH2), 6.08 (s, 3H, NH), 7.26-7.34 (m, 5H, ArCH), 7.51 (bs, 1H, NH) ppm. 

13C-NMR (100 MHz, CDCl3): δ = 25.2, 25.5 (CH2), 28.0 (CH3), 29.7, 29.8, 31.7, 31.8 (CH2), 37.1 

(NHCOCH2), 41.5 (OCCH2CO), 57.4 (CONHC), 65.4 (COOCH2), 67.2 (ArCH2), 80.6 (C(CH3)3), 128.3, 

128.4, 128.5 (ArCH), 135.3 (ArC-ipso), 166.4, 166.5 (CO), 172.6 (NHCO), 172.9, 173.2 (COO) ppm. 

MS (MALDI, dhb): m/z = 1752 [M+Na]+. 

MS (ESI, MeCN/Tol):  calc.: m/z = 1730.07676 [M+H]+; found: m/z = 1730.07491 [M+H]+. 

calc.: m/z = 1752.05870 [M+Na]+; found: m/z = 1752.06000 [M+Na]+. 

IR (ATR, rt): ṽ = 3324, 2978, 2933, 2874, 1726, 1652, 1536, 1456, 1391, 1366, 1313, 1250, 1146, 

1102, 1039, 1003, 955, 920, 847, 755, 698 cm-1. 

EA: C92H152N4O26 calc.: C 63.87% H 8.86% N 3.24%. 

found: C 63.07% H 8.51% N 3.29%. 

MP: 58 °C. 

 

[2G]-Unsymmetrical malonic acid 61 

0.16 g Benzyl-protected [2G]-malonate 58 

(0.09 mmol, 1.0 eq.) were dissolved in EtOH and 

24.0 mg Pd/C were added. The suspension was 

hydrogenated under normal pressure for 18 h. The 

reaction mixture was filtered over Celite® and the 

solvent was removed under reduced pressure. The 

product was obtained as colorless solid. 

Yield: 0.15 g (89.0 μmol, 97%). 

1H-NMR (400 MHz, CDCl3): δ = 1.39-1.42 (m, 83H, 

CH3, CH2), 1.56-1.64 (m, 4H, CH2), 1.89-1.96 (m, 

24H, CH2), 2.13-2.18 (m, 26H, CH2), 3.33 (s, 2H, OCCH2CO), 4.18 (t, 2H, J = 8.0 Hz, OCH2), 6.28 (s, 

3H, NH), 7.57 (s, 1H, NH) ppm. 
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13C-NMR (100 MHz, CDCl3): δ = 25.1, 26.2, 27.5 (CH2), 28.7 (CH3), 29.7, 29.8, 31.6, 31.7 (CH2), 37.5 

(NHCOCH2), 42.6 (OCCH2CO), 57.5, 57.6 (CONHC), 65.4 (OCH2), 80.6 (C(CH3)3), 172.7 (NHCO), 

172.9 (COO), 174.5 (COOH) ppm. 

MS (MALDI, sin): m/z = 1662 [M+Na]+. 

MS (ESI, MeCN): calc.: m/z = 1640.02981 [M+H]+; found: m/z = 1640.02882 [M+H]+. 

IR (ATR, rt): ṽ = 3324, 2976, 2933, 1725, 1651, 1538, 1456, 1395, 1366, 1313, 1249, 1215, 1146, 

1102, 1068, 955, 919, 846, 757 cm-1. 

EA: C85H146N4O26 calc.: C 62.25% H 8.97% N 3.42%. 

found: C 61.86% H 8.55% N 3.32%. 

MP: 63 °C. 
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Porphyrin tetramer [2G]-malonate 62 

114.0 mg Porphyrin tetramer alcohol 47 (0.03 mmol, 1.0 eq.) and 85.0 mg [2G]-unsymmetrical malonic 

acid 61 (0.03 mmol, 1.0 eq.) were dissolved in 12 mL DCM under argon atmosphere and cooled to 

0 °C. Subsequently, 6.00 mg HOBt (0.05 mmol, 1.3 eq.), 3.00 mg DMAP (0.02 mmol, 0.4 eq.) and 

42.0 mg DCC (0.18 mmol, 6.0 eq.) were added. The solution was warmed to rt after 1 h and stirred for 

5 d. The solvent was removed under reduced pressure and the residue was purified by column 

chromatography (toluene/THF 4:1). After multiple precipitation from n-pentane, the product was 

obtained as purple solid. 

Yield: 77.0 mg (15.6 μmol, 46%). 

1H-NMR (400 MHz, CDCl3): δ = -2.63 (s, 2H, NH), 1.42 (m, 83H, CH3, CH2), 1.56-1.64 (m, 4H, CH2), 

1.89-1.96 (m, 24H, CH2), 2.13-2.18 (m, 26H, CH2), 3.58 (s, 2H, OCCH2CO), 3.87-3.93 (ss, 54H, 

OCH3), 4.23 (t, 2H, J = 8.0 Hz, OCOCH2), 4.51, 4.72 (m, 4H, ArOCH2/ArOCH2CH2), 6.11 (s, 3H, NH), 

6.79-6.86 (m, 9H, p-Ar-CH), 7.35-7.41 (m, 20H, o-Ar-CH, ArCH), 7.61 (s, 1H, NH), 8.01-8.38 (m, 26H, 

ArCH), 8.99-9.09 (m, 32H, β-pyrH) ppm. 
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13C-NMR (100 MHz, CDCl3): δ = 25.2, 25.6, 27.9 (CH2), 28.1 (CH3), 29.7, 31.6, 31.7 (CH2), 37.1 

(NHCOCH2), 41.4 (OCCH2CO), 55.6 (OCH3), 57.5 (CONHC), 63.9 (ArOCH2), 65.6 (OCH2), 65.9 

(OCH2), 80.6 (C(CH3)3), 90.3, 90.7 (C≡C), 99.9 (p-Ar-CH), 113.8 (o-Ar-CH), 119.6, 120.1, 120.4, 120.7, 

120.8 (meso-ArC), 122.3, 129.9, 130.1 (ArCH), 131.6, 131.9, 132.1 (β-pyrC), 134.5, 134.7, 135.7 

(ArCH), 142.3, 143.3, 144.7 (ArC-ipso), 149.8, 149.9, 150.0 (α-pyrC), 158.3, 158.5, 158.6 (ArCO), 

166.5, 166.8 (COO), 172.7 (NHCO), 172.9, 173.1 (COO) ppm. 

MS (ESI, MeCN/Tol/MeOH): calc.: m/z = 4952.89421 [M+Na]+; found: m/z = 4952.89739 [M+Na]+. 

IR (ATR, rt): ṽ = 3326, 2973, 2927, 2843, 1726, 1662, 1588, 1516, 1451, 1418, 1347, 1314, 1249, 

1202, 1149, 1101, 1062, 1026, 998, 966, 938, 845, 794, 761, 735, 718, 695 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 425 (1706000), 518 (36600), 549 (95300), 588 (22000), 650 

(10700) nm. 

 

[2G]-Porphyrin-fullerene conjugate 44 
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Under argon atmosphere and the exclusion of light, 12.0 mg C60 (15.8 μmol, 1.5 eq.) were dissolved in 

24 mL dry toluene. 52.0 mg porphyrin tetramer [2G]-malonate 62 (10.5 μmol, 1.0 eq.) were dissolved in 

a small amount of dry DCM and added to the C60 solution, followed by the addition of 3.00 mg iodine 

(11.6 μmol, 1.1 eq.). 3.00 μL DBU (21.0 μmol, 2.0 eq.) were dissolved in 2 mL dry toluene and added 

to the reaction mixture over a period of 20 min. After the complete addition, the solution was stirred 

overnight and concentrated under reduced pressure. The crude product was purified by column 

chromatography (toluene/THF 4:1) and precipitation from n-pentane. The product 44 could be obtained 

as pink solid. 

Yield: 6.4 mg (1.13 μmol, 11%). 

1H-NMR (400 MHz, CDCl3): δ = -2.66 (s, 2H, NH), 1.38-1.41 (m, 83H, CH3, CH2), 1.59-1.64 (m, 4H, 

CH2), 1.88-1.94 (m, 26H, CH2), 2.12-2.18 (m, 24H, CH2), 3.86-3.93 (ss, 54H, OCH3), 4.54 (t, 2H, J = 

8.0 Hz, OCOCH2), 4.63, 5.04 (m, 4H, ArOCH2/ArOCH2CH2), 6.03 (s, 3H, NH), 6.78-6.83 (m, 9H, p-Ar-

CH), 7.33-7.40 (m, 20H, o-Ar-CH, ArCH), 7.63 (s, 1H, NH), 7.92-8.32 (m, 26H, ArCH), 8.91-9.08 (m, 

32H, β-pyrH) ppm. 

13C-NMR (125 MHz, CDCl3): δ = 25.1, 25.2, 25.6, 27.9 (CH2), 28.1 (CH3), 29.6, 29.7, 31.6, 31.7 (CH2), 

37.1 (NHCOCH2), 55.6 (OCH3), 57.5 (CONHC), 63.9 (ArOCH2), 65.6 (OCH2), 65.9 (OCH2), 71.0 (C60-

sp3), 80.6 (C(CH3)3), 90.4, 90.7 (C≡C), 100.0 (p-Ar-CH), 113.8 (o-Ar-CH), 120.3, 120.7, 120.9 (meso-

ArC), 122.9, 125.3, 128.8, 129.0, 129.9, 130.1 (ArCH), 131.8, 132.0, 132.2 (β-pyrC), 134.5, 134.7 

(ArCH), 141.4, 141.6, 142.2, 142.3, 142.4, 143.1, 143.9, 144.2, 144.3, 144.6, 144.8, 145.0 (C60-sp2, 

ArC-ipso), 149.9, 150.0, 150.1 (α-pyrC), 158.7 (ArCO), 172.5 (NHCO), 172.6, 172.8 (COO) ppm. 

MS (ESI, MeCN/Tol/MeOH): calc.: m/z = 2846.93389 [M+2Na]2+; found: m/z = 2846.93096 [M+2Na]2+. 

IR (ATR, rt): ṽ = 3313, 2971, 2929, 2833, 1726, 1680, 1588, 1523, 1508, 1452, 1419, 1391, 1365, 

1346, 1315, 1298, 1287, 1246, 1202, 1149, 1061, 1026, 998, 966, 953, 938, 846, 794, 761, 736, 718, 

695, 668 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], DCM) = 259 (169000), 314 (sh), 341 (84600), 423 (1250000), 521 (27000), 

549 (78700), 587 (19600), 647 (7800) nm. 

UV/Vis: λmax (ε [M-1cm-1], THF) = 316 (sh), 347 (70900), 428 (1515000), 518 (27400), 557 (80100), 596 

(27000), 652 (4500) nm. 
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Deprotected [2G]-Porphyrin-Fullerene Adduct 63 

9.00 mg [2G]-Porphyrin-fullerene adduct 44 (1.59 μmol, 1.0 eq.) were dissolved in 5 mL dry DCM 

under argon atmosphere. To this dark red solution, 10.0 μL 2,6-lutidine (77.9 μmol, 49 eq.) and 12.0 μL 

trimethylsilyl trifluoromethanesulfonate (65.0 μmol, 41 eq.) were added. The reaction mixture was 

stirred overnight under the exclusion of light. The reaction was quenched through the addition of 3 mL 

H2O, after which stirring was continued for another 2 h. The solvents were removed under reduced 

pressure until the product precipitated as dark brown solid. The solid was washed with water several 

times and redissolved in THF and purified by multiple precipitation from n-pentane. The product was 

obtained as dark red-brown solid. 

Yield:  5.0 mg (0.97 μmol, 61%). 

1H-NMR (400 MHz, THF-d8): δ = -2.56 (s, 2H, NH), 1.38-1.39 (m, 2H, CH2), 1.88-2.02 (m, 26H, CH2), 

2.12-2.25 (m, 24H, CH2), 3.89-3.94 (ss, 54H, OCH3), 4.55 (s, 2H, OCOCH2), 4.67, 5.11 (m, 4H, 

ArOCH2/ArOCH2CH2), 6.85-6.92 (m, 9H, p-Ar-CH), 7.38-7.41 (m, 20H, o-Ar-CH, ArCH), 7.98-8.32 (m, 

26H, ArCH), 8.92-9.08 (m, 32H, β-pyrH) ppm. 
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13C-NMR (100 MHz, THF-d8): δ = 29.6, 29.7, 31.6, 31.7 (CH2), 55.6 (OCH3), 57.5 (CONHC), 90.4, 90.7 

(C≡C), 100.2 (p-Ar-CH), 114.5 (o-Ar-CH), 120.5, 121.3, 121.4 (meso-ArC), 130.0, 130.4, 130.7, 130.8, 

130.9 (ArCH), 131.7, 131.8, 132.2, 132.4 (β-pyrC), 135.4, 135.7 (ArCH), 142.5, 143.2, 143.3, 144.0, 

144.4, 144.5, 144.7, 144.8, 146.0 (C60-sp2, ArC-ipso), 150.6, 150.7, 150.8 (α-pyrC), 159.8 (ArCO), 

173.8, 174.8 (CO) ppm. 

IR (ATR, rt): ṽ = 3307, 2956, 2923, 2851, 1718, 1588, 1452, 1419, 1349, 1283, 1243, 1225, 1203, 

1153, 1109, 1060, 1030, 970, 927, 849, 798, 758, 731, 694, 638 cm-1. 

UV/Vis: λmax (ε [M-1cm-1], THF) = 256 (sh), 314 (sh), 428 (1000300), 518 (24300), 557 (67400), 596 

(26200), 652 (7400) nm. 
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