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Abstract 

 

Photoactive systems can be assembled using the spontaneous π-π attraction between 

porphyrins and fullerenes. We prepared several bis-porphyrin hosts for fullerenes that 

demonstrate fullerene binding in solution. An aryl-alkyne linked bis-porphyrin host was 

prepared by a Sonogashira coupling. Aryl-linked hosts with 3,5-pyridyl or isophthaloyl head 

groups were prepared by amide coupling reactions using acid chloride or activated ester 

methods. Computational modelling demonstrated that the relatively rigid linkers of these 

hosts arranged the porphyrins close to parallel at distances of approximately 12 Å, suitable 

for the inclusion of a fullerene guest between the two porphyrins. UV-Visible 

spectrophotometric titrations showed that association constants of these hosts were between 

1500 - 3100 M
-1

 for C60 in toluene, and were influenced by the number of close contacts 

available with porphyrin meso-position aryl substituents. Association constants for C70 were 

approximately an order of magnitude larger, and association constants were greatly increased 

in 1:1 toluene:acetonitrile. The 3,5-pyridyl-linked bis-porphyrin hosts were coordinated to 

ruthenium porphyrins as an axial ligand, allowing the assembly in solution of ruthenium 

porphyrin - free base porphyrin - fullerene triads, and tetrads with a ferrocene-appended 

ruthenium porphyrin. Coordination to a ruthenium porphyrin results in a small increase in the 

fullerene binding constant of the pyridyl-linked bis-porphyrin. Three porphyrins were linked 

to a cobalt dipyrrin complex, forming tris-porphyrin hosts for fullerenes where the linker is 

also a photoactive chromophore. The binding constants of these hosts for C60 are 1500 – 1800 

M
-1

 in toluene. These multichromophore systems are suitable for investigation of their 

photophysical properties by transient absorption spectroscopy. The presence of secondary 

donors is expected to result in these multichromophore systems exhibiting a longer-lived 

excited state due to sequential electron transfer causing greater spatial separation of the 

radical ion pair. 
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2 Chapter 1: Introduction 
 

1.1 Introduction 

Sustainable methods of energy production are highly desirable as world energy demand increases 

and reserves of non-renewable fuels are consumed. One focus of research into renewable energy 

is the conversion of light energy from the sun into electrical energy. Photosynthesis is a highly 

efficient natural biological process that converts light energy into electrical or chemical energy in 

the form of carbohydrates. Photosynthesis occurs in plants, algae and some bacteria species, and 

many artificial systems have been developed that attempt to reproduce this efficient energy 

capture. Plants primarily absorb light energy using molecules of chlorophyll (1, Figure 1.1), 

which are embedded in and around proteins called Photosystem I and II on the membranes of 

thylakoids, which are arranged in stacks (grana) in chloroplasts; a cellular organelle.
1
  

 

Upon visible light irradiation of a chloroplast, electron transfer from the chlorophyll molecule to 

a hydroquinone acceptor molecule (plastaquinone, PQ) takes place in Photosystem II, resulting 

in a charge separated state with a porphyrin radical cation and a reduced quinone (PQH2). The 

electron on the quinone is transferred to a series of acceptor molecules, including Photosystem I, 

via a sequence of reductions that transport the electron away from the chlorophyll molecule 

(Figure 1.1). The electron is ultimately used to reduce NADP
+
 to NADPH, a reductant used in 

Figure 1.1: Chlorophyll and the ‘Z-scheme’ of the light-dependent reactions of 
photosynthesis. P680 and P700 refer to the absorbance maxima of the chlorophyll 
molecules in the photosystem. PS: photosystem. PQ: plastoquinone. PC: plastocyanin. Fd: 
ferredoxin. FNR: ferredoxin-NADP reductase. Adapted from Taiz and Zeiger.

2 
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many biosynthetic reactions; chiefly the formation of carbohydrates from carbon dioxide and 

water. The chlorophyll radical cation is reduced to its ground state by electrons produced during 

the oxidation of water to O2 and H
+
 at the oxygen-evolving complex, a protein containing a 

manganese cluster that performs the oxidations. The protons formed during this reaction and 

during the oxidation of the reduced plastaquinone PQH2 back to its original oxidation state create 

a gradient with a high H
+
 concentration in the thylakoid lumen and lower concentration in the 

chloroplast stroma. This gradient is used to power a proton pump that generates ATP from ADP. 

ATP is the primary energy source for biological systems. Photosynthesis is a highly efficient 

process, with quantum yield of close to 1 and nearly complete suppression of charge 

recombination. This is due to very fine control of the environment around the chlorophyll and 

acceptor molecules by the proteins comprising the photosystems, which optimises the transfer of 

charge to acceptors and minimises charge recombination. The photophysics of plant 

photosystems and bacterial photosynthetic reaction centres have been investigated extensively.
3
  

A range of artificial systems to mimic aspects of photosynthesis have been designed. These 

include dye-sensitised solar cells, originally developed by Grätzel,
4
 which contain titanium 

dioxide nanoparticles doped with a light absorbing dye and immersed in an electrolyte, forming a 

semi-conductor. A wide variety of materials, dyes and electrolytes have been employed in 

improving these cells.
5,6

 A range of porphyrins and multi-porphyrin arrays have also been used 

as dyes for solar cells. The multi-porphyrin arrays allow for increased dye surface coverage of 

the semi-conductor compared to single porphyrins, and this increases cell efficiency.
7
  

Porphyrins are a class of cyclic tetrapyrroles similar to chlorophyll that strongly absorb light, 

causing formation of an excited state that can lead to electron transfer to a suitable acceptor. 

Fullerenes are useful electron acceptors in photoactive systems. Transfer of an electron to a 

fullerene forming a charge separated state results in delocalisation of the electron over the 

fullerene with low reorganisation energy. This slows the rate of charge recombination, and 

thereby increases the lifetime of the excited state. Research into photoactive systems involving 

porphyrins and fullerenes is of great interest for their potential use as light-absorbing electron 

donors and electron acceptors respectively, and many systems have been described that utilise 

both fullerene and porphyrins. 
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Porphyrins and fullerenes both have large π-electron surfaces capable of spontaneous interaction. 

This interaction allows for the in situ assembly of photoactive porphyrin-fullerene systems. 

While covalently bound porphyrin-fullerene systems have to be formed by sequential covalent 

attachment of donor and acceptor molecules, exploitation of the spontaneous π-π attraction 

between porphyrins and fullerenes allows for component chromophores to be individually 

prepared and then assembled together. A disadvantage of this approach is that the bis-porphyrin 

host needs to have a strong association for the fullerene guest in order for assembled systems to 

be essentially fully bound in solution. This is because unbound fullerene also absorbs energy and 

undergoes photophysical processes that make detection of processes that are due to host-guest 

interactions more difficult. Computational modelling allows evaluation of the likely strength of 

the host-guest association, and can assist in the design of fullerene hosts. The major advantage of 

supramolecular assembly of dyads and more complex systems is that a variety of hosts and 

guests can be assembled together, allowing for many combinations to be tested for 

photoelectronic properties. In this thesis several dyads and more complex systems have been 

prepared and their assemblies with fullerenes in solution investigated. 

This introduction describes the principles of supramolecular chemistry and the properties of 

porphyrins and fullerenes, explaining why their properties make them suitable for use as donors 

and acceptors respectively in photoactive systems. The photophysics of porphyrin - fullerene 

dyads is discussed, followed by literature reports of the wide range of covalently-linked 

porphyrin-fullerene systems. Hosts prepared by co-ordination chemistry and supramolecular 

assembly are reported, detailing their fullerene binding properties and their photoelectronic 

properties. A description of the principles of designing bis-porphyrin hosts through 

computational modelling follows. 

The properties of dipyrrins are then discussed, showing why they are suitable molecules to use as 

linkers for synthesis of bis- or tris-porphyrin hosts, and detailing their photoelectronic properties. 

Finally, an overview of aims of this thesis and the contents of the thesis chapters introduces the 

key hosts described in each chapter. 
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1.2 Supramolecular Chemistry 

Supramolecular chemistry is the development of complex chemical systems using the interactive 

forces between molecules, rather than the covalent bonds comprising molecules.
8-11

 There are 

several important supramolecular interactions that allow the design of molecules that produce 

favourable bonding interactions. Intermolecular forces have four main components: 

1) Dipole-dipole interactions (including the Keesom force) 

2) Ion-dipole interactions 

3) Dipole-induced dipole forces (Debye force) 

4) Instantaneous dipole-induced dipole forces (London dispersion force) where electron 

density in a molecule is redistributed due to the presence of another molecule. 

The van der Waals interaction is the sum of dispersive and inductive forces between molecules 

other than electrostatic interactions. Electrostatic interactions involve the attractions between the 

static charge distributions of molecules. The van der Waals interaction includes the Debye force, 

the London dispersion force, and the Keesom force. 

Hydrogen bonding is an attractive interaction that occurs when a hydrogen atom is covalently 

bonded to an electronegative atom, causing a polarised bond. The hydrogen atom can then form 

a bonding interaction with an electron acceptor of another molecule.
12

 For instance, in ammonia, 

NH3, the N-H covalent bond is polarised due to the higher electronegativity of N. A linear 

bonding interaction can then take place between the hydrogen atom and a nitrogen atom of 

another molecule of ammonia. These bonding interactions greatly increase the boiling point of 

ammonia compared to the analogous molecule phosphine, PH3, which does not exhibit hydrogen 

bonding. Arrays of hydrogen bonding are widespread in biological systems where they are vital 

for the three-dimensional organisation of molecules. The strength of these arrays ranges between 

12 – 120 kJ mol
-1

, and the linearity of hydrogen bonding allows for strong selectivity, which has 

been exploited in a wide range of supramolecular host/guest systems.
13 

Delocalised π-systems can experience attractive interactions with other π-systems that can result 

in π-π stacking, or CH-π interactions. Van der Waals forces and solvatophobic effects are 
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favourable for π-π stacking, but out-of-plane π-electron density results in strong repulsive 

electrostatic effects that make this face-face stacking less favourable. Offset stacking and CH-π 

edge-to-face interactions are observed more frequently due to more favourable electrostatic 

interactions resulting from attractive π-σ interactions overcoming repulsive π-π interactions.
14-17 

 

1.3 Porphyrins 

Porphyrins are planar or near-planar macrocyclic compounds containing four pyrrole rings 

linked with methene groups. They are ubiquitous in nature, with derivatives of the basic 

porphyrin structure being found in biologically important compounds such as heme and 

chlorophyll. The basic ring system can be substituted at many positions, and the central nitrogen 

atoms of the pyrrole rings can form complexes with metal cations. Porphyrins are highly 

conjugated aromatic molecules, as they obey Hückel’s rule for aromaticity: they possess 4n + 2  

π electrons where n = 4 as there are 18 π electrons in one of the possible bridged 

diaza[18]annulene delocalisation pathways highlighted in Figure 1.2, with the whole macrocycle 

containing 26 π electrons (n = 6). 

 

The large delocalised π-system results in very strong absorption bands around 400-430 nm, 

called the Soret, or B band, with molar absorptivity, ε, of the order of 10
5
 M

-1
 cm

-1
 and several 

less intense Q bands usually between 500 nm and 650 nm (Figure 1.3).
18,19

 Internal conversion 

between the Q band (S0 → S2) and the Soret Band (S0 → S1) is rapid, leading to fluorescence 

only being observed from S1. These bands arise from π-π* transitions in the large conjugated 

aromatic system of the macrocycle, and can be altered significantly in position by changing 

β-pyrrole positions 

meso H position 

metal binding cavity 

Figure 1.2: The basic porphyrin 

structure, with one of the 

possible delocalisation pathways 

that provide 18 π electrons 

highlighted. Key substitution 

positions also shown. 
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substituents at various ring positions or by metal ion co-ordination. The strong absorption of 

light combined with the ease of synthetic modification of porphyrins makes them desirable 

chromophores for use in photoactive systems. 

 

Figure 1.3: The UV-Visible spectrum of 5,10,15,20-tetraphenylporphyrin (TPP). Left: Spectrum from 300 
– 800 nm showing intense Soret band. Right: Spectrum from 450 – 700 nm at higher concentration 
showing the four Q bands observed for a free base porphyrin. 

The Gouterman 4-orbital model of the molecular orbitals of porphyrins
20,21

 shows two π orbitals 

close in energy, a1u and a2u, and a degenerate pair of π* orbitals, egx and egy (Figure 1.4). Rather 

than two transitions of almost the same wavelength in the electromagnetic spectrum due to a1u → 

eg and a2u → eg, these transitions interact with each other by a process called configuration 

interaction. This leads to two transitions being observed: constructive interference leads to the 

intense shorter-wavelength Soret band, and destructive interference leads to the weak longer-

wavelength Q band.
18 
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Porphyrins may be oxidised and reduced, and the potentials vary significantly depending on the 

substituents on the porphyrin, and the central metal cation. Free base 5,10-15,20-

tetraphenylporphyrin (TPP) can undergo two oxidations at 1.00 - 1.13 V and 1.25 - 1.35 V 

relative to the SCE, depending on solvent and electrolyte conditions. Two reductions can be 

observed at -1.04 to -1.23 and -1.42 to -1.59 V (SCE) depending on conditions. The zinc 

complex of TPP also shows two oxidations (0.65 - 0.91 V and 0.95 - 1.11 V, SCE) and two 

reductions (-1.28 to -1.67 V and -1.67 to 2.20 V, SCE) at significantly different potentials. The 

ruthenium (carbonyl) complex of TPP shows two oxidations (0.79 – 1.05 V and 1.20 – 1.46 V, 

SCE) and two reductions (-1.34 to -1.59 V and -2.00 to -2.08 V, SCE).
22

 These two 

metalloporphyrins will reduce a free base porphyrin radical cation produced by photoinduced 

electron transfer, and so have been included in multi-chromophore systems as secondary donors 

to free base porphyrins.  

Porphyrins undergo a transition to an excited state upon light irradiation, which can then result in 

relaxation back to the ground state, transition to a triplet state, or electron transfer if an 

appropriate electron acceptor is present. The lifetime of the excited state ranges from ca. 1 to 15 

ns for free base porphyrins
19

 and can be substantially altered by porphyrin substituents and 

solvent conditions. Metalloporphyrins exhibit more complex photoelectronic properties that can 

also be altered by porphyrin substituents, solvent conditions and by co-ordination of axial ligands 

to the metal centre.
19 

Figure 1.4: The Gouterman 4-orbital model. Adapted from Anderson.18 
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1.4 Fullerenes 

Fullerenes are allotropes of carbon in the shape of a hollow sphere or ellipsoid where the carbon 

atoms are arranged in hexagonal and pentagonal rings. The first fullerene to be discovered was 

buckminsterfullerene, C60 (2), which was reported by Kroto et al.
23

 in 1985. The name is a 

reference to Richard Buckminster Fuller, an architect and designer of geodesic domes, which 

have a similar geometry to fullerenes. C60 has a truncated icosahedron structure with twenty 

hexagons and twelve pentagons with a carbon at each vertex, and a bond at each edge. The 6:6 

ring junctions (those between two hexagons) have shorter bond lengths (1.39 Å) than the 6:5 ring 

junctions (1.45 Å),
24

 and can be considered double bonds (Figure 1.5). These differing bond 

lengths show that C60 is not aromatic. However, the carbon atoms are in a single identical 
13

C 

NMR environment, at 143.2 ppm in C6D6.
25 

 

The outer surface of C60 is covered with localised π-electrons. The molecular energy diagram of 

C60 (Figure 1.6) shows 30 filled π orbitals, with a five-fold degenerate hu orbital as the HOMO.
26

 

The LUMO is the three-fold degenerate t1u orbital, and it is relatively low energy,
26

 which allows 

C60 to accept up to six electrons in reversible one-electron reductions.
27

 C60 can also be oxidised 

by a single electron.
28

 The reductions were later confirmed by cyclic voltammetry, which 

showed nearly equal spacing of redox potentials in solution, with ca. 0.5 V between each 

consecutive reduction.
27,29,30

 This capability makes fullerenes attractive candidates as electron 

acceptors in photoinduced electron transfer. 

Figure 1.5: Structure of C60 (2) showing 6:6 and 6:5 ring junction bond lengths; and C70 (3) 

showing the five 13C NMR environments. 

1.45 Å 
1.39 Å 

a 
b 

c 

d 

e 

2 3 
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C70 (3) has an ellipsoidal rugby ball-like shape comprising two hemispheres similar to C60 with a 

connecting belt of ten additional carbon atoms forming hexagons. The surface of C70 is flatter in 

the area of the central belt, and this flatter surface leads to a stronger π-π association with 

porphyrins and other similar planar molecules. C70 has D5h symmetry with five 
13

C NMR signals 

(at 130.8, 144.4, 147.8, 148.3 and 150.8 ppm in C6D6) corresponding to five different atom types 

in the molecule (a-e of 3, Figure 1.5).
25 
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Figure 1.6: π molecular orbital diagram for C60.
26 
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Fullerenes can absorb light energy
31,32

 to form a singlet excited state with lifetimes of 1.3 ns for 

C60 and 700 ps for C70. Singlet-singlet peaks can be observed at 513, 759 and 885 nm for C60 and 

675 and 840 nm for C70. This state exhibits weak fluorescence with quantum yields of 10
-5

 - 10
-4

 

for C60 (720 nm) and C70 (682 nm). The singlet state also undergoes rapid intersystem crossing to 

form a triplet excited state. Quantum yields are close to 1 for formation of this triplet excited 

state. Triplet-triplet peaks can be observed at 330 nm and 750 nm for C60 (ε = 40000 and 20000 

L mol
-1

 cm
-1

 respectively) and 335 nm, 480 nm, 690 nm and 970 nm for C70 (ε = 35000, 12000, 

2250 and 3800 L mol
-1

 cm
-1

 respectively). C60 and C70 have similar triplet energy levels of ca. 35 

kcalmol
-1

. The triplet excited state can be quenched by a suitable sensitiser, forming a triplet 

state on the sensitiser (Figure 1.7). Notably, the quenching of the triplet state by porphyrins is 

slower than quenching by other sensitisers with similar energy levels, with a rate constant of 2-4 

x 10
7
 M

-1
s

-1
. 

31,32
 Electron transfer processes can give rise to radical cations or radical anions of 

fullerenes. The radical cation C60
·+

 can be observed at 980 nm, while radical anions can be 

observed at 950 and 1080 nm for C60
·-
 and 1390 for C70

·-
. 

32 

 

Fullerenes are stable molecules, but have widely studied reactivity.
33,34

 In particular, electrophilic 

addition at the 6:6 ring junction of C60 has been used to functionalise fullerenes for attachment to 

other molecules or surfaces. This reaction leads to increased stability of the fullerene, as the sp
2
-

hybridised 6:6 ring junction is not planar in the spherical C60, which leads to angle strain that is 

reduced upon conversion to sp
3
-hybridisation. Complexes of fullerenes with metals have also 

been extensively investigated.
35

  

Figure 1.7: Fullerene excited states. 
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Fullerenes also show important non-covalent van der Waal’s interaction due to the partial 

delocalisation of π electron density across the curved surface of the fullerene. This can lead to 

self-aggregation or attractive interactions with other surfaces, such as the large planar π surface 

of porphyrins. Cocrystallates of fullerenes with a wide range of compounds have been reported, 

including with porphyrins, ferrocene, and planar electron-rich molecules such as thiafulvalenes.
36

 

Weak charge transfer interactions between π-electron deficient fullerenes and π-electron rich 

molecules are responsible for the complex formation observed in these cocrystallates. Large 

macrocyclic compounds such as calix[n]arenes have been shown to encapsulate fullerenes,
37-39

 

and this encapsulation has been used in selective extraction of specific fullerenes from mixtures 

of fullerenes. 

 

1.5 Porphyrin - Fullerene Interactions 

Boyd and co-workers
40-42

 were the first to obtain X-ray crystallographic evidence of a close 

interaction between porphyrin and C60 in a covalently linked porphyrin-fullerene dyad (4, Figure 

1.8). In this structure, the closest distance between the carbon atoms of C60 and the mean plane of 

the 16-atom inner ring of the porphyrin are shorter (2.78-2.79 Å) than would be expected from 

solely π- π interactions (3.0 - 3.5 Å) – implying the existence of a significant donor-acceptor 

interaction. Individual molecules of 4 are arranged in a zig-zag formation where each porphyrin 

has close interactions to two fullerenes of different molecules, one above and one below the 

plane of the porphyrin. 
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Many examples of the attractive interaction between the planar π surface of porphyrins and the 

curved π surface of fullerenes have been documented in the literature. One such example shows 

close interaction of an octaethylporphyrin with C60 where the ethyl groups are positioned in the 

crystal structure such that an interaction between these substituents and C60 is observed.
43

 

Substituents of a porphyrin can enhance or decrease the strength of the interaction between the 

porphyrin and the fullerene, depending on whether the orientation of the substituents is 

favourable for interaction with the fullerene. However, porphyrin-fullerene interactions occur 

without requirement for additional recognition elements. Boyd and co-workers
44

 reported the 

close-approach of a fullerene to tetraarylporphyrins in the solid state, with a porphyrin mean 

plane - fullerene distance of ca. 2.7 Å. This is supported by molecular modelling which indicates 

that this interaction is largely due to van der Waals forces. These interactions do not only exist in 

the solid state – 
1
H NMR spectra of porphyrins and 

13
C NMR spectra of fullerenes in solution 

show upfield shifts when both porphyrin and fullerene are present.
44

 In addition to observed π-π 

interactions, an attractive interaction between the electropositive centre of the porphyrin and the 

electron-rich 6:6 ring junction of the fullerene is observed in crystal structures, with the 6:6 ring 

junction being centred over the centre of the porphyrin. 

C70 shows higher association constants for the bis-porphyrins described in this thesis. This is due 

to C70 having a less curved surface than C60, which allows for additional π-contacts. 

Figure 1.8: A covalently linked dyad 4 with a close porphyrin-fullerene interaction, and a 

representation of the X-ray crystal structure of 4, showing a zig-zag arrangement. 41 

4 
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1.6 Photoelectronics of Porphyrins and Fullerenes 

Vital to photosynthesis is a reaction where photoinduced electron transfer occurs between a 

donor porphyrin-like molecule (chlorophyll) to an electron acceptor. Similarly, photovoltaic cells 

can be constructed where photoinduced electron transfer between a sensitiser and an acceptor 

molecule can be used to generate a current. Light energy absorbed by a sensitiser (S), such as a 

porphyrin, produces an excited state, and an electron can be transferred to a suitable acceptor 

molecule (A), such as a fullerene, resulting in a radical cation of the sensitiser (the donor, S
·+

) 

and a radical anion of the acceptor (A
·-
). For multi-step electron transfer systems designed to 

mimic photosynthetic systems, at least three components are required. Following the initial 

photoinduced electron transfer from the singlet state of the excited sensitiser (
1
S*) to the 

acceptor, further electron transfer must occur from a donor (D) to the radical cation of the donor 

(S
·+

) or from the acceptor to a secondary acceptor. These systems can be denoted D-S-A or S-A-

A. With sequential electron transfer, energy is lost with each electron transfer step. However, the 

resulting radical ion pair of D
·+

 and A
·-
 may have a greatly prolonged lifetime as a result of the 

greater distance of separation between the charges. Figure 1.9 shows the energies of the various 

intermediate states in these systems, and the reaction pathways of energy transfer. 

 

Understanding the process of photoinduced electron transfer is of great importance in chemistry 

and biology, and replicating the process in synthetically created mimic systems is the subject of 

Figure 1.9: Reaction pathway for a D-S-A triad.45 
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much research.
46-48

 To form an effective system for converting light into storable energy several 

conditions have to be met: 

- Light energy absorbed must result in an excited state. 

- Charge separation must then occur, rather than other electronic processes. 

- The electron transfer must be vectorial. 

- The lifetime of the excited state must be long enough for the transfer to occur before 

relaxation of the excited state. 

Achieving an electron transfer process similar to those in natural systems requires at least three 

connected components arranged so that sequential electron transfer can occur. 

Porphyrins are excellent candidates for donor or sensitiser molecules as they have a highly 

conjugated π-system that strongly absorbs light energy and have excellent electron donating 

ability. Porphyrins also have long-lived singlet and triplet excited states that satisfy the fourth 

criterion above – lifetimes of 1-15 ns without the presence of an electron acceptor are observed 

for free base porphyrins.
19 

Section 1.4 above describes the ability of C60 to accept up to six electrons. The first reduction 

potential is also similar to that of quinones, the molecules that accept electrons in natural 

photosystems. One important property of C60 is its small reorganisation energy, where the 

delocalisation of charge from an electron over the whole molecule leads to an increase in the rate 

of charge separation and a decrease in the rate of charge recombination.
49

 A range of systems 

described below undergo sequential reductions along a well-designed redox gradient 

incorporating a fullerene donor and utilise the delocalisation of charge on the fullerene to slow 

the rate of recombination and thereby increase the lifetime of the excited state. 

This unusual reduction of the rate of charge recombination can be explained by the Marcus 

theory of electron transfer.
50-52

 Electron transfer rates are dependent on the driving force for the 

reaction. Initially as a reaction becomes more exergonic electron transfer rates increase, but then 

peak and decrease for very exergonic reactions, forming a parabolic curve. The decrease in rates 

of electron transfer for highly exergonic reactions is referred to as the Marcus inverted region 



16 Chapter 1: Introduction 
 

(Figure 1.10). The delocalisation of charge on fullerene acceptor molecules makes the charge 

recombination highly exergonic (the driving force –ΔG
0

ET is much larger than the total 

reorganisation energy λ), pushing the reaction into the inverted region of the Marcus parabola.
53

 

Prior to the observation of electron transfer in the Marcus inverted region in porphyrin-fullerene 

dyads, this property had only rarely been experimentally observed.
54 

 

The first demonstration of photoinduced electron transfer in a porphyrin-containing system was 

reported by Sakata et al.
55

 where a porphyrin attached to a benzoquinone (5, Figure 1.11) showed 

charge separated state lifetimes of up to 2 ns. A compound with an additional appended 

benzoquinone as a secondary acceptor (6) was later reported that exhibited a longer lived charge 

separated state (τCT ~ 300 ps) compared to the analogous molecule with a single acceptor (τCT ~ 

130 ps in benzene). This is due to the extended distance of the charge separation slowing the rate 

of charge recombination.
56

  

log(kET (s
-1)) 

-ΔG0
ET (eV) 

Figure 1.10: Electron transfer in the Marcus Inverted Region. In this system charge separation (CS) is 

at a lower -ΔG0 and occurs close to the top of the Marcus parabola, resulting in a high rate constant. 

Charge recombination is at a high -ΔG0 and is pushed into the inverted region, so the rate constant is 

lower than for CS, and the lifetime of the excited state will be enhanced. 
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Photoinduced electron transfer was also observed in a carotene – porphyrin - quinone system (7) 

reported by Gust et al.
57

 (Figure 1.12). The lifetime of the excited state was found to be ~ 170 ns, 

much longer than that of Sakata’s system. Imahori proposes
45

 that this is due to the greater 

degree of rigidity in Gust’s system, which inhibits charge recombination. An extended system 

(8) with a configuration of carotene - zinc porphyrin - free base porphyrin - diquinone was 

reported
58

 that shows sequential electron transfer steps with high quantum yields (> 0.8) and a 

charge separated state lifetime of 55 µs in chloroform. Longer excited states (200 - 300 µs) can 

be achieved by alteration of the solvent, or demetallation of the porphyrin, though this reduces 

the quantum yield. A number of similar carotene-porphyrin-quinone systems have been 

reported.
59

  

Figure 1.11: Sakata’s benzoquinone-containing systems. 

5 6 
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1.7 Covalently-linked Porphyrin - Fullerene Systems 

One of the first porphyrin - fullerene dyads 4 was reported by Boyd
40-42

 as described in Section 

1.5 above. The porphyrin singlet excited states decay in ~ 20 ps in toluene by energy transfer to 

the fullerene singlet excited state. This state undergoes intersystem crossing to the triplet excited 

state, which is in equilibrium with the porphyrin triplet excited state. However, in benzonitrile, 

photoinduced electron transfer competes with the energy transfer, and the fullerene singlet 

excited state is also quenched by this electron transfer. The charge separated state shows a 

lifetime of the excited state of 290 ps for the free base porphyrin and 50 ps for the Zn 

coordinated porphyrin.
60

 The charge separated state is produced in a quantum yield close to 1. 

Many dyads, triads and larger covalent arrangements of porphyrins and fullerenes have been 

synthesised and their photoelectronics studied. 

Gust and co-workers
61

 were the first to report a porphyrin-fullerene system showing a charge 

separated state (9, Figure 1.13). This system undergoes energy transfer from an excited singlet 

Figure 1.12: Gust’s carotene-containing systems. 

7 

8 
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state porphyrin to give a singlet fullerene, causing quenching of the fluorescence of the 

porphyrin. The singlet porphyrin has a lifetime of < 7 ps. In toluene a triplet fullerene excited 

state can form from the singlet fullerene by intersystem crossing with a lifetime of ~ 10 µs and 

an absorption maximum of 700 nm, while a charge separated state forms in polar benzonitrile. 

When Zn-complexed porphyrin is used, charge separation occurs in both solvents. Further work 

involved development of the carotene – porphyrin - quinone system reported above to utilise a 

fullerene as the electron acceptor in a triad. This system, 10, shows a high quantum yield of 0.88, 

and has charge separated state lifetimes of up to 1 µs. Their results also indicate that charge 

separated state energies vary less for systems using fullerene as an acceptor than those using 

quinones as an acceptor when experimental conditions such as solvent are altered.
62,63 

 

Since these early discoveries, a large number of covalently-linked porphyrin-fullerene systems 

have been reported in the literature
45,64-66

 and their photophysics investigated by Guldi
64,67

 and 

other groups.
32,46,68 

One group of dyads of interest are ‘parachute’ dyads (11, 12, Figure 1.14) where the fullerene is 

tethered to the porphyrin by flexible linkers arranged so that the fullerene is directly above the 

plane of the porphyrin.
69-73

 The photoelectronics of these dyads were investigated by Guldi.
54,73

 

Figure 1.13: Gust’s photoactive systems. 

9 

10 
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The dyads were found to have rates of back electron transfer in the ‘Marcus inverted’ region that 

are up to three orders of magnitude slower than for systems where electron transfer occurs in the 

‘Marcus normal’ region. These parachute dyads and others with flexible linkers (e.g. 13)
74

 that 

allow close porphyrin-fullerene contacts showed extremely rapid formation of a charge separated 

state, due to electron transfer being through space, rather than through the linker, as is observed 

for more rigidly-linked dyads such as those of Imahori reported below.  

 

Figure 1.14:  Flexible linker P-F dyads. 11 and 12: the first reported parachute dyads, by 

Diederich69 and Hirsch70 respectively. 13: a P-F dyad with a flexible tether.74 

11 12 

13 
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Imahori has reported
75-77

 a wide range of covalently connected porphyrin - fullerene dyads 

(including 14 - 17, Figure 1.15), many of which use amide couplings to form the links between 

chromophores. Imahori and a range of collaborators have also reported the self-assembly of PF 

systems on Au electrodes
49,78-80

, indium-tin-oxide electrodes
81-83

, TiO2 Grätzel Cells
84

 and Au 

Figure 1.15: Selected examples of Imahori’s amide-linked porphyrin-fullerene systems. 

14 

15 

16 

17 
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nanoparticles
85

 to investigate their photoelectronic properties on surfaces and compare them with 

photosynthesis processes.  

Several groups have investigated additional secondary donors for inclusion in porphyrin - 

fullerene systems to increase lifetimes of the charge separated state by increasing the distance 

between the charges with sequential electron transfers. Gust
86

 has reported tetrathiafulvalene as a 

suitable secondary donor, and many groups
79,87,88

 have used ferrocene as a secondary donor 

(such as 15 and 16 in Figure 1.15). These secondary donors have higher reduction potentials than 

porphyrins, and will reduce a porphyrin radical cation that forms after charge separation due to 

electron transfer to a fullerene. A tetrad (16) is reported by Imahori
87

 where a ferrocene, a zinc 

porphyrin, a free base porphyrin and C60 are covalently attached by amide linkers, in order of 

their reduction potentials so that photoinduced electron transfer will set up a cascade of 

reductions resulting in a ferrocene radical cation, and a negative charge delocalised on the 

fullerene. This extended system results in a greatly increased lifetime of the excited state. 

Pyromellitimide is a photoactive component with a redox potential between that of porphyrins 

and C60 which has been used as a linker between the porphyrin and fullerene (17).
89,90

 A 

triphenylamine group has similarly been utilised by Fukuzumi as a photoactive linker.
91 

 

1.8 Supramolecular Assembly of Porphyrin-Fullerene Systems 

Important interactions between porphyrins and fullerenes are not only present in covalently-

linked systems. Supramolecular chemistry
47

 and co-ordination chemistry
65,92

 have been widely 

utilised in the synthesis of porphyrin-fullerene photoactive systems. 

Several groups have reported the formation of a porphyrin - fullerene dyad by complexation of a 

pyridyl-substituted fullerene to a zinc
93

 or ruthenium porphyrin
94

 (such as 18 and 19 in Figure 

1.16). This and several similar porphyrin-fullerene dyads formed by co-ordination of pyridyl-

substituted fullerenes to a porphyrin metal centre are discussed further in Chapter 4. 
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In addition to pyridyl coordination, imidazole has been used as a ligand for metalloporphyrins. 

Kobuke
95

 reported that an imidazole meso-position substituent on a zinc porphyrin allowed for 

the coordination of a Zn porphyrin with a ferrocene substituent to a Zn porphyrin with a C60 

substituent (20, Figure 1.16). El-Khouly et al.
96

 reported the co-ordination of an imidazole-

substituted C60 derivative to a zinc porphyrin – triphenylamine - boron subphthalocyanine triad 

to form a tetrad (21) with a long-lived charge separated state of 6.6 µs in toluene. 

Crown ethers have also been appended to porphyrins and used as recognition elements for 

alkylammonium groups of fullerene derivatives.
97-99

 Some of these systems (such as 22, Figure 

1.17) have utilised both pyridyl-coordination and crown ethers to allow for equilibrium of 

coordination to be controlled by the presence of pyridine. 

Figure 1.16: Selected pyridyl- and 

imidazole-coordinated metalloporphyrin-

fullerene systems. 

18 19 

20 

21 
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Hirsch
100

 reported the synthesis of porphyrin - fullerene dyads (such as 23, Figure 1.17) 

assembled by complementary binding of a urea substituent attached to the porphyrin to a 

complementary Hamilton receptor attached to C60. The association constants were between 10
4
 

and 10
5
 M

-1
, and electron transfer was able to take place through the hydrogen bonding of the 

receptor, leading to a long lived charge separated state. 

 

1.9 Bis-porphyrin Hosts for Fullerenes 

The attraction between the π surfaces of porphyrins and fullerenes can also be used to design 

hosts for fullerenes by arranging two or more porphyrins to hold a fullerene molecule in close 

proximity. In solution the spontaneous attraction between porphyrins and fullerenes can be 

detected by upfield chemical shifts in the 
1
H NMR spectrum of the porphyrin and the 

13
C NMR 

spectrum of the fullerene.
101

 Close association of a fullerene also quenches the fluorescence of 

Figure 1.17: A Crown ether-linked P-F dyad and a Hamilton receptor-linked P-F dyad. 

22 

23 
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the porphyrin, and causes a broadening and redshift of the Soret band in the electronic spectrum. 

Each of these methods can be used to estimate association constants of the host for fullerenes. 

Several hosts for fullerenes with two or more porphyrins oriented to maximise the binding of 

fullerenes have been designed and synthesised that show varying degrees of bonding to C60.  

Many factors affect the strength of the porphyrin - C60 interaction in these compounds. A key 

factor is the distance between the two porphyrins – about 1.2 - 1.3 nm is an ideal distance to 

accommodate the size of C60 with close π-π interactions between the porphyrins and the 

fullerene.
101

 This is because the distance between the fullerene and the plane of the porphyrin in 

crystal structures has been shown to be about 0.275 nm,
42

 and the diameter of C60 is 0.71 nm.
102

 

Complexation of a metal ion to the porphyrin centre can significantly affect the binding constant 

– in particular cobalt and rhodium complexes of porphyrins exhibit a stronger binding interaction 

to fullerenes.
42,103,104 

Altering the solvent can significantly alter the binding constant, due to 

changes in the solvation free energies of the host and guest, particularly C60 and C70.
42

 For the 

bis-porphyrin hosts discussed in this thesis, an increase in binding constant for C60 or C70 of 

approximately an order of magnitude is observed upon changing the solvent conditions from 

toluene to a mixture of 1:1 toluene/acetonitrile. Fullerenes are less soluble in this solvent 

mixture, and the fullerenes have higher solvation free energies. Therefore binding constants of 

hosts for fullerenes can be significantly increased when required, for instance in measurements 

of excited state lifetimes, provided the complex binds C60 or C70 sufficiently strongly. Discussed 

below are several important published examples of bis-porphyrin hosts for fullerenes. 

Aida and co-workers synthesised
105

 a cyclic bis-porphyrin host (24) for C60 with two porphyrins 

separated by two flexible linkers (Figure 1.18). This host forms a 1:1 complex with C60 with a 

binding constant of 6.5 x 10
5
 M

-1
 in benzene. The flexible alkane linkers allow for sufficient 

freedom of movement to accommodate the C60 molecule, as compared to a similar bis-porphyrin 

with rigid diacetylene spacers that shows no accommodation of C60.
105

 Aida later reported
106

 a 

larger macrocycle where two fused diporphyrins were linked with the same hexyl groups, 

forming a four-porphyrin host that was able to bind C120 – a fused difullerene. Another 

macrocyclic bis-porphyrin 25 has been reported by Tani
107,108

 with rigid butadiyne linkers that 

has an association constant for C60 of 9.6 x 10
4
 M

-1
 in toluene and 2.0 x 10

5
 M

-1
 for the Ni 

complex in toluene. 
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A meta-pyridyl substituted porphyrin was used to form a palladium complex 26 (Figure 1.19) 

designed from modelling to accommodate a C60 molecule between two porphyrins in a similar 

manner to that observed in porphyrin - fullerene cocrystallates.
101

 The two porphyrin planes are 

spread at an angle of 42º, which is similar to the 45º observed in porphyrin - fullerene 

cocrystallates and the 41.5º predicted for the complex from molecular modelling. The fullerene 

has a close interaction with the porphyrin – as observed by the mean plane distance to porphyrin 

of 2.856 (10) Å. 
13

C NMR experiments showed a binding constant of the complex for fullerene 

of 5.2 x 10
3
 M

-1
, indicating a strong, but labile interaction. Titrations of C60 with the host 

observed by 
13

C NMR confirm a 1:1 complex is formed between the host and C60. 

R = -CH2(CH2)4CH2- 

Figure 1.18: Cyclic bis-porphyrins hosts for fullerenes. 

24 25 
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1.9.1 Calix[4]arene-linked Bis-porphyrins 

Lhoták, Lang and co-workers
109-111

 synthesised several calix[4]arene and thiacalix[4]arenes with 

two (27) or four (28) attached porphyrins linked by amide groups to the lower rim of the 

calixarene structure (Figure 1.20). In several of these systems the porphyrins are held closely 

together, which results in a splitting of the Soret band in the UV-Visible spectrum due to short-

range exciton coupling.
109

 Calix[4]arenes with urea groups appended to the upper rim (29) were 

developed as anion receptors by the same group. Appending porphyrins to the urea group forms 

an anion receptor where the presence of several anions can be detected by changes in the Soret 

band of the porphyrins.
110 

Figure 1.19: A Pd-linked m-pyridyl-substituted bis-porphyrin 

and a representation of the X-ray crystal structure of a 

cocrystallate  of 26 with C60. 
101 

26 
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Several of the bis-porphyrins, including those with upper-rim and lower-rim attachment sites for 

the porphyrins, were found to bind fullerenes, with binding constants in toluene ranging from 

1460 - 8600 M
-1

 for C60 and 3330 - 37400 M
-1

 for C70. The higher binding constants for C70 are 

observed for many bis-porphyrin hosts. In contrast to Boyd’s reported lower binding constants 

for C60 for Zn-complexed bis-porphyrin hosts compared to free base porphyrins,
42,112

 binding 

constants here were similar for both Zn and free base hosts.
111 

The Boyd research group has also investigated calix[4]arene-linked bis-porphyrins as hosts for 

fullerenes.
112

 The binding constants of the bis-porphyrins for fullerenes were found to vary 

depending on the nature of the link between the calix[4]arene and the two appended porphyrins.  

The length of this linker affected the flexibility of the bis-porphyrin, which changed the binding 

constant for fullerenes – too short a linker or too long a flexible linker resulted in lower binding 

constants. The bis-porphyrin 30 shown in Figure 1.21 below has a binding constant in toluene for 

C60 of 8700 M
-1

, and for C70 of 38600 M
-1

. Increasing the methylene alkyl spacer between the 

calix[4]arene to three carbon atoms in length (31), or removing the spacer so a carboxyl 

X = CH2 or S 

R = n-Pr or –CH2COOEt 

Por = mono-4-aminophenyl porphyrin 

Figure 1.20: Calix[4]arene and thiacalix[4]arene-linked bis-porphyrins. 

27 

28 

29 
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substituted porphyrin is directly attached to the porphyrin (32) greatly reduces the association 

constants for C60 in toluene to 2000 M
-1

 for 31 and 2900 M
-1

 for 32. 

 

Figure 1.21: Calix[4]arene-linked bis-

porphyrins. 112 

30 31 

32 

33 
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Varying the meso- or β-pyrrole substituents of the porphyrins also altered the binding constants. 

A bis-porphyrin with 3,5-di-tert-butylphenyl substituents in the meso- positions (33) showed 

higher binding constants (26000 M
-1

 in toluene for C60, 234000 M
-1

 for C70)  than those with 

pentafluorophenyl or 4-tolyl meso-substituents (31) or with alkyl β-pyrrole substituents. 

Molecular modelling showed this was due to close approaches of the tert-butyl –CH3 hydrogen 

atoms to the fullerene – the substituents more effectively encapsulated the fullerene, leading to 

stronger binding. Binding constants were also shown to be solvent dependent; higher binding 

constants were observed in solvent mixtures with lower C60 solubility than toluene, such as 1:1 

toluene:acetonitrile. 

 

1.9.2 Other Bis-porphyrin Hosts for Fullerenes 

Shinkai and co-workers
113

 synthesised a zinc-coordinated bis-porphyrin complex 34 that 

arranges in a conformation that cannot bind fullerene. Two tethered pyridine groups are 

coordinated by their nitrogen atoms, one to each Zn atom, which holds the porphyrin in this non-

binding configuration. When treated with a palladium (II) complex the palladium binds to the 

two pyridine N atoms, which requires the bis-porphyrin to undergo a conformational change. 

The complex rotates about the alkynyl bond linking the two porphyrins, converting between anti- 

and syn- conformation, and this results in the two porphyrins being arranged such that they can 

now bind C60 effectively (Figure 1.22). In this form the complex binds C60 with a binding 

constant of 5100 M
-1

 in toluene. 

Shinkai and co-workers have synthesised other C60 hosts with more than two porphyrins, and 

thus, more than one potential site for C60 binding. One such host
114

 contains four porphyrins 

linked by a central p-terphenyl axis (35, Figure 1.23) capable of rotation. The host can bind two 

equivalents of C60 in two binding sites with association constants of 5800 M
-1

 for K1 and 2000 

M
-1

 for K2 in toluene. A similar host with only two of the four porphyrins arranged to form only 

a single binding site has a binding constant for C60 in toluene of 566 M
-1

. These results suggest 

that in the four-porphyrin system the binding of C60 is cooperative as the first binding of C60 

prevents rotation about the p-terphenyl group. 
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Figure 1.23: Tetra-porphyrin receptor 35 with two C60 binding sites. 

35 

anti-conformation: does not bind C60. 

syn-conformation: can reversibly bind C60 as shown. 

Figure 1.22: A Pd-switched bis-porphyrin host. 

34 
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Another host is a dendrimer containing six porphyrins (36) linked by alkynyl-phenyl groups 

(Figure 1.24).
115

 Computational modelling showed that one of the binding cavities (cavity A) 

between the two porphyrins was too large for effective binding of C60, and a model compound 

with this cavity did not undergo significant spectral changes in the presence of fullerene. 

However, binding cavity B was estimated to have a distance of 1.18 nm between the planes of 

the two parallel oriented porphyrins, which favourably compares to the diameter of C60 (1.00 nm 

102
). Hexaporphyrin 36 shows co-operative binding of three C60 molecules in the B cavities, to 

form a 1:3 complex with a binding constant of 1.4 x 10
8
 M

-1
. 

 
Figure 1.24: Dendritic hexaporphyrin 36. 

Cavity A 

Cavity B 
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This dendrimer and two other dendrimer-containing bis-porphyrins reported by Aida
116,117

 are 

further discussed in Chapter 2 due to the structural similarity of the fullerene-binding cavity to 

the bis-porphyrin reported in Chapter 2. 

Haino and co-workers
118,119

 reported the synthesis of a pyridyl-linked bis-porphyrin similar to 

bis-porphyrins reported in Chapter 3 of this thesis. This and similar aryl-linked bis-porphyrins 

are discussed further in Chapter 3. 

Click chemistry where imidazole rings are formed using an Azide-Alkyne Huisgen Cyclisation 

has recently been utilised to form a three porphyrin host for fullerenes, arranged in a tripod 

formation.
120

 This host shows an association constant of 1.1 x 10
5
 M

-1
 for a pyridyl-derivative of 

C60, and the complex undergoes photoinduced electron transfer. 

 

1.10 Designing Bis-porphyrin Hosts for Fullerenes 

Preparing host-guest porphyrin-fullerene complexes with strong binding interactions requires 

that the host be organised so that the association of host and guest is energetically more 

favourable than the unbound state. The higher this degree of association, the more stable the 

host-guest complex will be. 

From reported structures of cocrystallates of C60 and C70 with porphyrins we can determine the 

optimum arrangement of porphyrins for fullerene binding, and use this to analyse structural 

optimisations of potential hosts to determine the suitability of those hosts as fullerene binders. 

Many of the reported cocrystallate structures of tetra-aryl porphyrins with fullerenes have shown 

an alternating porphyrin and fullerene arrangement in a zigzag pattern. In these cocrystallates the 

angle between porphyrin planes is 45 - 60º, and the porphyrin centres are 11.5 - 12.5 Å apart – 

ideal to accommodate a fullerene. The porphyrin centre to fullerene 6:6 ring junction distance in 

these structures is ca. 2.7 Å. Figure 1.25 shows a cocrystallate of free base tetraphenylporphyrin 

(TPP) with C60 where the fullerene molecules are arranged over the centre of the porphyrins to 

maximise the attractive π-π interactions. Bis-porphyrin hosts can have interplanar porphyrin 

angles different to those observed in cocrystallates – the key requirement for a host is that both 
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porphyrins are oriented such that their π-surfaces can both interact with the π-surface of the 

fullerene guest, thereby maximising attractive interactions. 

 

In this thesis we investigated a range of rigidly-linked bis- and tris-porphyrin hosts for fullerenes 

with the aim of achieving a high degree of pre-organisation of the host for C60 binding. A host 

with less flexibility should have an increased energy barrier for changes in orientation. If 

changes to less favourable orientations are prevented by this increased energy barrier, this would 

result in stronger interactions with a fullerene guest. 

Hosts were also designed for the possibility of modification of the host to allow appending of 

secondary donors, with the aim of increasing excited state lifetimes. The pyridyl-linked hosts 

discussed in Chapter 3 are capable of coordination to a ruthenium porphyrin as an axial ligand, 

via the pyridine ring nitrogen atom. Tritylation of a diamine porphyrin, then removal of the trityl 

group after bis-porphyrin synthesis allows for secondary donors to be appended to the porphyrin 

aryl substituents, rather than to the linker. 

 

1.11 Dipyrrins 

Dipyrrins (Figure 1.26) are unsaturated compounds consisting of two pyrrole rings linked by a 

methene bridging carbon atom. They have also been referred to as dipyrromethenes, since they 

are prepared by oxidation of dipyrromethanes. They form complexes with a wide range of metals 

(including Cu,
121

 Fe,
121

 Mg,
122

 Ca,
123

 Co,
123 

Ni,
123

 Zn,
123

 Mn,
123

 Pd,
124

 Hg,
124

 Cd,
124

 Ga,
125

 In,
125

 

Figure 1.25: Representation of the X-ray crystal structure of a cocrystallate of H2TPP, C60 and three 

toluene molecules. From Boyd et al.44 
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Ru,
126

 Rh,
126

 Pt,
127

 Ir,
128

) and these complexes are highly coloured, exhibiting interesting optical 

properties such as dichroism and fluorescence. A wide range of boron difluoride complexes of 

dipyrrins known as BODIPY dyes have been reported.
129

 These complexes possess the ability to 

undergo charge transfer upon excitation with visible light and are also strongly UV absorbing 

molecules that emit sharp fluorescence peaks with high quantum yields. Extensive modification 

of the BODIPY core to tune fluorescence properties as well as solubility and reactivity has led 

their use in a wide variety of applications: as dyes for labelling of DNA
130

 and proteins
131

, 

tuneable laser dyes, chemical sensors, and as fluorescent emitters for switches.
132

  

 

Dipyrrin complexes have also been investigated as chromophores for photoinduced electron 

transfer systems
133-135

, and therefore we sought to use these compounds as linkers between 

porphyrins in designing hosts for fullerenes. 

 

1.12 Aims of this Research 

In this work we investigated several bis-porphyrin hosts for fullerenes where the linkers between 

the porphyrins have rigid geometry. A rigid geometry increases the level of preorganisation of 

the host for fullerene binding if the porphyrins are arranged at an ideal distance for fullerene 

binding. One way to achieve this is by the use of aryl groups linked by rigid spacers. We 

investigated both alkyne and amide groups as links between an aryl spacer and a porphyrin 

meso-position aryl substituent. We also investigated linking metal dipyrrin complexes with 

porphyrins by amide coupling reactions in order to prepare bis- or tris-porphyrin complexes 

suitable for fullerene binding. The defined geometry of aryl, alkyne and amide groups, and of 

metal dipyrrin complexes allows for the design of linkers that arrange porphyrins at an ideal 

distance for fullerene binding. The interaction of bis-porphyrin hosts linked by these groups with 

fullerene guests is investigated by computational modelling. 

Figure 1.26: Dipyrrin, and the core BODIPY structure. 
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Metal dipyrrin complexes are photoactive chromophores that may be suitable secondary donors 

in a photoactive system. After photoinduced electron transfer has occurred between a porphyrin 

and a fullerene a secondary donor can reduce the porphyrin radical cation. This process allows 

greater spatial separation of the charges and can result in an increased lifetime of the charge 

separated state. Use of metal dipyrrin complexes as the linker incorporates an additional 

chromophore into the bis-porphyrin host. Other chromophores such as ferrocene can be 

covalently appended to the porphyrin. We also used coordination chemistry to assemble 

photoactive components in solution, by axial coordination of a 3,5-pyridyl-linked bis-porphyrin 

to a ruthenium porphyrin. This flexible approach allowed the assembly in solution of different 

pyridyl-linked bis-porphyrins, fullerene guests and Ru porphyrin secondary donors. 

Chapter 2 discusses the synthesis and fullerene binding properties of an alkynyl-linked bis-

porphyrin 37 and its Zn complex (Figure 1.27). The linker contains alkyne and phenyl bridging 

groups that are rigid by comparison to the linkers between bis-porphyrin hosts for fullerenes such 

as the calix[4]arene-linked hosts discussed earlier. Computational modelling showed that the 

cavity size of the bis-porphyrin would be highly suitable for C60 binding, and the rigid design of 

the linker was expected to tightly hold bound C60, thereby giving a higher binding constant for 

C60 than some other bis-porphyrins. Chapter 2 also describes methods for estimation of 

association constants for fullerenes using fluorescence and UV-Vis spectroscopy; and the 

methods used for computational modelling of supramolecular assemblies of porphyrins and 

fullerenes. 

 
Figure 1.27: Bis-alkynylphenyl-linked bis-porphyrin 37. 
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In Chapter 3 the synthesis of several aryl-linked bis-porphyrins (such as 38 in Figure 1.28), and 

their fullerene binding properties are described. These bis-porphyrins were prepared from 

porphyrin building blocks obtained by an efficient method of synthesis employing mixed Suzuki 

couplings that gave control of the meso- substituents of the porphyrin. Bis-porphyrin hosts with 

isophthaloyl and 3,5-pyridyl linkers were prepared, with these aromatic groups linked to meso-

position phenyl substituents of the porphyrin by amide couplings. The linkers between the 

porphyrins are fairly rigid, and modelling shows a similarly suitable cavity size for C60 to the 

hosts discussed in Chapter 2.  

 

In Chapter 4, complexes of the pyridyl-linked bis-porphyrins with ruthenium porphyrins are 

formed (39, Figure 1.28), and their binding constants for fullerenes discussed. The Ru-

coordinated porphyrins are a secondary donor that may reduce the free base porphyrins of the 

bis-porphyrin after charge separation occurs, where the resulting increased spatial separation of 

the radical ion pair could lead to a longer lived charge separated state. 

A cobalt dipyrrin complex is used as a linker in the synthesis of a tris-porphyrin host (such as 40) 

for fullerenes in Chapter 5. The host binds fullerenes in a 1:1 configuration, with two of the 

porphyrins able to arrange so as to accommodate C60, whilst the third is not bound to the 

fullerene guest. Several other dipyrrin complexes of transition metals have been synthesised, and 

Figure 1.28: A pyridyl-linked bis-porphyrin 38 (left) and a Ru porphyrin complex 39 (right). 
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their properties are discussed, including attempts to prepare bis-porphyrins from Pd and Ru 

dipyrrin complexes. 
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2.1 Introduction 

The first bis-porphyrin we investigated contained linear alkyne groups between the aryl groups 

of the linker. The rigid alkyne and aryl groups can be used to preorganise appended porphyrins 

in a parallel configuration at a distance of ~ 12 Å, suitable for porphyrin binding. Several bis-

porphyrins with alkyne links between aryl groups have previously been reported, and we sought 

to use a linker with similar geometry to these alkyne-linked bis-porphyrins. 

A dendritic hexaporphyrin 1 was reported by Shinkai and co-workers,
1
 as discussed in Chapter 1 

(page 32). The linker between the porphyrins and the aryl backbone of the linker has an alkyne 

spacer that results in a significant distance between the aryl backbone of the linker and the two 

porphyrins. Figure 2.1 shows a simplified diagram of this spacer, and how this arranges the 

porphyrins such that they form a potential binding site for guest molecules such as fullerene. A 

simpler bis-porphyrin could be formed without the extended dendrimer that would be expected 

to bind fullerenes – though without the co-operative binding observed for the hexaporphyrin, as 

the bis-porphyrin would have only a single fullerene binding site. 

 

Aida has reported
2
 two dendritic bis-porphyrins utilising aryl-alkyne linkers. The first (2, Figure 

2.2) is a cyclic bis-porphyrin without the alkyne spacers of Shinkai’s dendritic hexaporphyrin 1, 

and has large dendrimers attached to the linkers and two meso-positions unsubstituted. The 

Figure 2.1: A potential binding site for fullerenes in Shinkai’s dendritic hexaporphyrin.1 

1 

R = -C≡C-C6H4-porphyrin 

R’ = -CH2CH(CH2CH3)CH2CH2CH2CH3 
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complex shows an association constant for C60 of 17000 M
-1

 in toluene as measured by 

spectrophotometric titration observing reducting of absorbance at the Soret band (409 nm), or 

14000 M
-1

 as measured by fluorescence titration observing quenching of fluorescence at 635.5 

nm upon excitation at the Soret band. While this is higher than for many acyclic bis-porphyrins, 

it is lower than the binding constant reported for Aida’s macrocyclic bis-porphyrin reported in 

Chapter 1. This may be due to greater flexibility of Aida’s bis-porphyrin with aliphatic linkers 

compared to the rigidity of the aryl-alkyne linker in 2. If the distance between the porphyrins is 

not ideal (11.5-12.5 Å) for fullerene binding, the rigid linker will not be as able to easily 

accommodate C60. Aida did not report structural data for 2, so the porphyrin-porphyrin distance 

is unknown. An alternative explanation is that the absence of the 10- and 20- position aromatic 

groups (or β-pyrrole position alkyl groups as in Aida’s macrocyclic bis-porphyrin reported in 

Chapter 1) reduces the number of close contacts with the fullerene, and thereby reduces the 

binding constant. 

 

A second dendritic acyclic porphyrin with an alkynyl linker similar to 1 has been reported.
3
 This 

molecule has aryl groups instead of the dendrimer-appended alkyne linker on one side of the 

molecule at the 15-position (3, Figure 2.3). Carboxylic acid substituents (3a) allow the complex 

Figure 2.2: Aida’s cyclic bis-porphyrin with appended dendrimers. The final iteration of the 

dendrimers have been omitted for clarity. 

2 
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to slowly form arrays with C60 in solution. They report however, that the same bis-porphyrin 

with ester substituents (3b) only displayed very small spectral changes in the presence of C60, 

indicating that 3b only binds C60 very weakly.  

 

2.1.1 An Acyclic Alkyne-Linked Bis-Porphyrin Host 

In this chapter we report the synthesis of an acyclic alkyne-linked bis-porphyrin with a linker 

derived from bis-porphyrins 2 and 3 above, and investigate the fullerene binding properties of 

this bis-porphyrin. Computational modelling of the host-guest complex is used to demonstrate 

that the two porphyrins are both involved in the binding interaction. 

Bis-porphyrins 2 and 3 use a linker 4, which should arrange the porphyrins approximately 

parallel to each other at a suitable distance for C60 binding of 11.5-12.5 Å (Figure 2.4). This is a 

shorter linker than that of Shinkai’s bis-porphyrin 1. 

Figure 2.3. Aida’s acyclic dendritic bis-porphyrin, 3. The final iteration of the dendrimer has been 

omitted for clarity. 

Ar =  (3a) 

(3b) 
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Synthesis of a bis-porphyrin with this linker should produce a host 5 with a binding site for 

accommodation of a fullerene between the two porphyrins (Figure 2.5).  The rigid linker holds 

the porphyrins at an ideal geometry to bind C60 between the porphyrins. The rigidity of the linker 

increases the preorganisation of the linker for fullerene binding. This should result in stronger 

binding of fullerene guest molecules. 

 

We used porphyrins with meso- position 3,5-di-tert-butylphenyl substituents because these 

groups would provide additional close contacts to a bound fullerene molecule that would 

increase the strength of the porphyrin - fullerene association. Protons of the methyl groups of the 

tert-butyl substituents and the 2-position protons of the phenyl ring are oriented towards the 

fullerene guest, allowing a CH-π interaction. These interactions have been shown to increase the 

Figure 2.5: A rigid alkyne backbone links two porphyrins. 

Plane-plane distance must be 

12-13 Å to effectively bind C60 

5 

Figure 2.4: Diagram of linker with ideal angles, 4. 
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association constants for fullerenes compared to porphyrins with no meso-substituents, or with 

phenyl substituents that only permit the 2-position proton CH-π interaction.
4,5 

 

2.2 Computational Modelling 

Computational modelling can be used to estimate the interaction between a host bis-porphyrin 

and fullerene guest. There are several possible computational models that could be used for this 

estimation. Molecular mechanics (MM) energy minimisations model the compound using force 

fields and van der Waals interactions to determine an energy minimum.
6
 Molecular mechanics is 

able to model both supramolecular interactions between the porphyrin and fullerene and the bond 

lengths and angles of the two molecules.
7,8

 MM calculations have the advantage of relatively 

short computational times that scale well with increasing complexity of the system. Quantum 

mechanical (QM) calculations are more accurate for the determination of bond lengths and 

angles in covalent systems.
9
 However, QM calculations are unable to describe the dispersive 

interactions between porphyrins and fullerenes.  

Mixed-layer calculations allow for different calculation methods to be performed on different 

parts of the molecule by specifying which atoms will be included in the theoretical calculations 

of each method. The ONIOM method (Our own n-layered integrated molecular orbital and 

molecular mechanics) was developed by Morokuma and co-workers
10-13

 as a method of applying 

different computational approaches to different parts of a molecule. This allows more accurate, 

but more computationally demanding calculations to be applied to key areas of the molecule, 

while less demanding calculations can be performed on the rest of the molecule or on the 

molecule as a whole. The result is significantly reduced computational times as compared to 

whole-molecule QM calculations, whilst preserving the accuracy of QM calculations. 

In the bis-porphyrin - fullerene systems modelled in this thesis, density functional theory (DFT) 

calculations are used to model the linker between the porphyrins. DFT
14

 is a QM calculation 

where the many-electron systems of atoms are modelled in terms of electron density, and allows 

for accurate determination of bond lengths and angles in covalent systems such as the bis-

porphyrins in this thesis. DFT does not adequately describe van der Waals interactions, such as 
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those between the curved π surface of the fullerene and the planar π surface of the porphyrin. 

However, molecular mechanics calculations are able to model van der Waals interactions. Thus, 

we used two-layer ONIOM calculations to best approximate these bis-porphyrin - fullerene 

systems. The whole system was modelled in the low layer with molecular mechanics using the 

universal force field (UFF),
15

 and in a high layer the linker between the two porphyrins was 

modelled using DFT with the B3LYP hybrid functional
16

 using the 6-31G(d) basis set.
17,18

 All 

porphyrins were modelled as nickel complexes, as this results in a better approximation of the 

planarity of the porphyrins compared to modelling free base porphyrins. 

A two-layer (B3LYP/UFF) ONIOM optimisation of the structure of bis-porphyrin 5 with C60 

shows that the proposed bis-porphyrin would have a suitable porphyrin-porphyrin distance to 

accommodate C60 (Figure 2.6).  The centre-centre porphyrin distance of 12.5 Å is similar to that 

observed in porphyrin - fullerene cocrystallates.
19

 Calculation of the 24-atom mean planes of the 

porphyrins shows that the interplanar porphyrin angle is 7.3º, and the porphyrins are bent slightly 

in a dome shape toward the C60 molecule. Several close contacts between the 3,5-di-tert-

butylphenyl groups and the fullerene are observed – the closest tert-butyl -CH3 to C60 interaction 

is 2.7 Å, and the closest interaction between the ortho-proton of the 3,5-di-tert-butylphenyl 

group and C60 is also 2.7 Å. These interactions are expected to strengthen the binding interaction 

of the host for C60. The closest interaction between the 2-position proton of the central aryl ring 

of the linker and C60 is 3.1 Å. 
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The fullerene was removed from the model shown in Figure 2.6 and the model reoptimised 

without C60 by the same B3LYP/UFF ONIOM method. Without the presence of C60 between the 

porphyrins interweaving of the di-tert-butylphenyl substituents occurred and the two porphyrins 

moved much closer into an offset π-stacking configuration and the optimisation did not 

complete. The model also showed twisting of the alkyne linker that is unlikely to be 

representative of the arrangement of the bis-porphyrin due to the strain this would impose on the 

linker. Peter Boyd
20

 instead prepared models of the bis-porphyrin with and without C60 and 

performed an optimisation using the KT1 functional
21

 with the TZP basis set
22 

using ADF
23

 

(Figure 2.7). The tert-butyl groups were removed for ease of calculation. These models show 

that the bis-porphyrin closes slightly without C60 present, with the porphyrin-porphyrin distance 

shortening to 12.2 Å from 12.5 Å while the interplanar porphyrin angle is similar in both models.  

 

 

Figure 2.6: ONIOM optimisation of bis-porphyrin 5 with C60.  
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2.3 Synthetic Strategy 

The proposed bis-porphyrin can be prepared by a Pd(0)-catalysed Sonogashira coupling reaction 

of commercially available 1,3-diethynylbenzene and a 3-halophenyl-substituted porphyrin. A 3-

iodophenyl substituent should give the highest yield of reaction, though the reaction may work 

also for 3-bromophenyl or 3-chlorophenyl substitutents. The required 3-halophenyl-substituted 

porphyrin can be obtained from the appropriate 3-halobenzaldehyde by standard porphyrin 

condensation methods. 3-Iodobenzaldehyde is commercially available, but relatively expensive, 

so may be synthesised instead by electrophilic iodination of benzaldehyde with “I
+
” (Figure 2.8). 

 

 

Figure 2.8: Synthesis of 3-iodobenzaldehyde. 

NaIO3, KI 

H2SO4 

Figure 2.7: A structural optimisation of bis-porphyrin 5 with C60 (left) and without C60 (right) using the 

KT1 functional and the TZP basis set. Images provided by Peter Boyd.20  
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2.4 Synthesis of a 3-Iodophenyl-Substituted Porphyrin (6) 

The meso-substituted porphyrins with a single 3-halophenyl substituent 6 (iodo) and 7 (bromo) 

can be prepared by traditional methods of porphyrin synthesis (Figure 2.9). In concurrent work 

Sanders
24

 reported that reflux of a 5:1 mixture of 3,5-di-tert-butylbenzaldehyde to 3-

iodobenzaldehyde in propionic acid with four equivalents of pyrrole yields a statistical mixture 

of the possible 3,5-di-tert-butylphenyl and 3-iodophenyl substituted products. In this work 

porphyrins 6 and 7 were prepared by the same Adler and Longo conditions
25

 of aldehyde reflux 

in propionic acid, or by Lindsey conditions.
26

 For Lindsey conditions the condensation of the 

mix of aldehydes with pyrrole is effected by addition of boron trifluoride as a Lewis acid to form 

the porphyrinogen, followed by DDQ or chloranil to oxidize this to the porphyrin. Both methods 

produce a statistical mixture of porphyrin products. As was observed by Sanders, using a 5:1 

mixture of 3,5-di-tert-butylbenzaldehyde to 3-iodobenzaldehyde rather than a 3:1 ratio 

minimises the amount of bis- and tris-3-iodophenyl products. The 5:1 mixture maximises the 

yield of the mono-3-iodophenyl product for a given amount of 3-iodobenzaldehyde, which is 

desirable as 3-iodobenzaldehyde is relatively expensive. Both methods can be employed with the 

less expensive 3-bromobenzaldehyde instead of 3-iodobenzaldehyde to form a similar statistical 

mixture of products. However, the yield of monobromo-substituted porphyrin is significantly 

lower by either method. 

 

1. BF3.OEt2, 

CH2Cl2 

2. DDQ, 2h, 

reflux 

3. Zn(CH3COO)2 

+ + 

Figure 2.9: Synthesis of 3-halophenyl 
substituted porphyrins 6 and 7. 6, X = I (10 % yield); or 7, X = Br (2.6 % yield). 
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The porphyrins with a single 3-halophenyl substituent have very similar chromatographic 

properties to tetrakis(3,5-di-tert-butylphenyl)porphyrin, and cannot be effectively separated. The 

porphyrins were converted to their zinc complexes by the addition of zinc acetate. Separation of 

the Zn porphyrins by column chromatography was more effective, allowing isolation of the 3-

iodophenyl or 3-bromophenyl monosubstituted porphyrins. 

 

2.5 Synthesis of Alkynyl-Linked Bis-Porphyrin 5 

Palladium-catalysed coupling reactions were used to attempt the coupling of the iodo-substituent 

of the porphyrin 5 to the acetylene groups on 1,3-diethynylbenzene (Figure 2.10). Pd2(dba)3 is 

employed as the catalyst for the reaction, which requires triphenylarsine as a co-catalyst and 

triethylamine as a base. Stirring of these three compounds with 1,3-diethynylbenzene and two 

equivalents of the iodophenyl-substituted porphyrin 6 for 7 days at room temperature under N2 

gives the bis-porphyrin 8 in 42 % yield, and returns 16 % of the starting material after separation 

of the two by column chromatography on silica gel with 1:1:5 CH2Cl2:CHCl3:hexane eluent. A 

very small quantity of an additional compound suspected to be the mono-adduct elutes between 

the starting material band and the bis-porphyrin band. More polar eluent mixtures fail to separate 

the three compounds. A similar reaction was attempted using the mono-3-bromophenyl 

substituted porphyrin 7. However, no formation of the bis-porphyrin product occurred over 

several days of reaction. The free base bis-porphyrin 5 can be obtained from the zinc complex 8 

by reflux in 6 mol L
-1

 HCl. 
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Mass spectrometry is able to confirm the formation of the bis-porphyrins 5 and 8, which can be 

detected by positive mode electrospray ionisation MS as dications. Both the zinc and the free 

base bis-porphyrin show very intense Soret bands at 425 nm in the UV-Visible spectrum with 

extinction coefficients close to 10
6
. The NMR spectra of 5 and 8 each have two clear signals for 

the β-pyrrole protons of the porphyrins between 9.0 and 8.8 ppm, with a 3:1 ratio indicative of 

the slightly different environment for the β-pyrrole protons closest to the linker. In 5 the 

porphyrin NH protons can be clearly observed at -2.70 ppm. The ortho- and para-di-tert-

butylphenyl protons are observed as large broad signals at ~ 8.1 and ~ 7.8 ppm respectively. 

These di-tert-butylphenyl signals are consistently observed in these positions in a wide range of 

porphyrins and bis-porphyrins. Assignment of the individual protons of the linker aryl groups 

was not possible. Several signals corresponding to two or four protons are observed between 

8.42 and 7.30 ppm in the spectra of 5 and 8. Figure 2.11 shows the aromatic region of the 
1
H 

NMR spectrum of 5. 

Pd2(dba)3, AsPh3, 

NEt3, CH2Cl2 

4 d, r.t. 

2.2 eq. 

Figure 2.10: Synthesis of an alkyne-linked bis-porphyrin. 

8, 42 % when X = I.  

Not formed when X  = Br 

6 

X = I, Br 
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Figure 2.11: Partial 1H NMR spectrum of 5 showing the aromatic region. Circles: β-pyrrole CH. Triangles: 
ortho- and para-di-tert-butylphenyl CH.  

 

Concurrently with this work, Sanders
24

 published the synthesis of an analogous tris-porphyrin, 9, 

from 1,3,5-triethynylbenzene (Figure 2.12). Modelling of the tris-porphyrin indicated that the 

porphyrins are freely able to rotate about the tris-ethynylbenzene linker, which is necessary for 

two of the porphyrins to arrange in such a way as to bind C60 between them. They noted that 

addition of C60 produced shifts in the 
1
H NMR spectrum of the alkyne-linked trisporphyrin. They 

later published investigation of the C60 binding properties,
27

 which is discussed further below in 

comparison with the bis-porphyrin prepared in this work. 
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2.6 Fullerene Binding Studies 

Close association of a porphyrin and a fullerene in solution results in a decrease in intensity of 

the Soret band of the porphyrin that can be observed by UV-Visible spectrophotometry, and also 

results in quenching of the emission bands that can be observed by fluorescence spectroscopy 

upon excitation with visible light. Binding constants for the interaction between the bis-

porphyrin and fullerene guests can be obtained by UV-Visible spectrophotometric or 

fluorescence spectroscopic titrations. Titration of a solution of the fullerene guest into a solution 

of the bis-porphyrin host allows measurement of the progressive decrease in absorbance of the 

Soret band of the porphyrin by UV-Visible spectrophotometry as more equivalents of the guest 

are added. The change in intensity of the Soret band and the concentration of host and guest can 

be used to determine the binding constant of the host for the guest. The change in intensity of the 

emission band in fluorescence spectroscopy can be similarly used to determine the binding 

constant. 

Figure 2.12: Synthesis of a tris-porphyrin 9 with 1,3,5-triethynylbenzene as a linker in Tong et al.24 

Pd2(dba)3, AsPh3, 

NEt3, CH2Cl2 + 

4 d, r.t. 

9 
6 
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The value for this association constant can be obtained using a formula derived from Valeur
28

 

who developed a least-squares method for determining binding constants from the measured 

intensity of fluorescence. This was further developed by Ward and co-workers
29

 where the 

measured intensity of the fluorescence, I, can be determined by the following formula: 

 

where I0 is the initial fluorescence, Ilim is the theoretical limit of fluorescence quenching, c0 is the 

concentration of the guest, cF is the concentration of the host and Ks is the association constant. 

Fluorescence is assumed to be completely quenched when all molecules of the host are bound to 

C60, i.e. Ilim is assumed to be 0. 

A non-linear least-squares fit method can be then used to estimate the binding constant for the 

host. A similar equation can be derived for absorption spectroscopy. 

In UV-Vis spectroscopy, the limit of the change in absorbance is a variable, and cannot be 

assumed to be 0. This variable must be noted in least-squares fits, as the maximum change in 

absorbance cannot exceed the maximum of the Soret band in the unbound porphyrin. Derivation 

of this formula gives the formula used in this work for UV-Vis spectroscopy:  

 

where X is the fullerene concentration, A is the host concentration, Y is the measured change in 

absorbance, K is the binding constant, and L is the theoretical maximum change in absorbance 

when all host molecules are bound to fullerene. 

Using a double beam spectrophotometer and adding equal amounts of fullerene solution to both a 

control solution of solvent and a porphyrin solution allows us to remove any effect that addition 

of fullerene to the solution has on the absorbance at the wavelength of the host Soret band.  
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2.6.1 Fluorescence Spectroscopic Titrations 

Fluorescence spectroscopic titrations were performed on the free base and the zinc hosts. The 

quenching of the fluorescence is monitored at the maximum intensity of emission (653 nm for 

the free base, and 598 nm for the Zn complex), with excitation at the maximum intensity of the 

Soret band (422 nm for the free base and 425 nm for the Zn complex). At the Soret band C60 

does show a small absorbance, which interferes with the measurements by absorption of energy 

instead of the bis-porphyrin. Furthermore, binding of C60 causes a red-shift in the Soret band 

absorbance, causing a drop in absorbance at the Soret wavelength.
4
 To avoid this, excitation can 

be performed at the wavelengths of the 1
st
 and 2

nd
 Q bands for the free base bis-porphyrin, where 

the wavelength of the band does not shift significantly upon fullerene binding. However, the 

intensity of emission is greatly reduced upon excitation at the wavelength of either of the Q 

bands. Excitation at the wavelength of the Soret band was found to be preferable as the increased 

intensity of emission was important for obtaining useful titration data. Figure 2.13 shows the 

reduction in the intensity of the emission band at 653 nm upon titration of 5 with C60. The 

binding constant of C60 in toluene for the free base bis-porphyrin 5 was found to be 3120 ± 80  

M
-1

 and a value of 3950 ± 150 M
-1

 was determined for the Zn complex 8. 

 

Figure 2.13: Fluorescence spectroscopic titration of 5 with C60 in toluene with excitation at 422 nm. 
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Binding constants with C70 were not obtained as C70 has significant absorbance at the 

wavelengths of both the Soret band and the Q bands of the bis-porphyrin. This results in an 

overestimation of the association constant as not all fluorescence quenching is due to 

complexation (the inner filter effect). This necessitates a correction to the data and the error 

associated with this correction was found to lead to poor reproducibility of results in Hosseini’s 

work on aryl-linked bis-porphyrins.
4,30 

 

2.6.2 UV-Visible Spectrophotometric Titrations 

UV-Visible spectrophotometric titrations were investigated as an alternative to fluorescence 

titrations that would allow accurate estimation of binding constants for C70. Using a double beam 

spectrophotometer with a blank solution and a bis-porphyrin solution, then titration of the 

fullerene solution into both solutions allows for subtraction of the absorbance due to 

uncomplexed fullerene. There are several significant issues with UV-Visible titrations. The first 

is that relatively low binding constants for C60, such as those measured by fluorescence for bis-

porphyrin 5, require addition of a large number of equivalents of C60 to obtain data points of the 

part of the titration curve where most of host is bound by fullerene. This results in significant 

dilution of the solutions, so we calculated host and guest concentrations after dilution and used 

these values in the non-linear least-squares analysis. This correction results in an increase in the 

observed value of the binding constant of up to 10 %, and improves the reproducibility of results 

compared to calculations where the dilution is not accounted for. Secondly, C70 is significantly 

less soluble in toluene (~ 1 mg/mL) than C60 (~ 2.8 mg/mL), therefore we used 0.5 mg/mL 

solutions of C70 in this work. The higher binding constants of the hosts for C70 require addition of 

fewer equivalents of C70 to observe the binding curve, so less concentrated solutions do not 

require larger additions of solvent. Alternatively, chlorobenzene solutions of C60 can be used if 

higher concentrations of C60 are required. 

Titration of C60 or C70 into a solution of 5 or 8 results in a decrease in the absorbance of the Soret 

band and a red shifting of the band. Figure 2.14 shows a titration of 3 mL of a 1.6 x 10
-6 

mol L
-1

 

toluene solution of zinc complex 8 with a 1.4 x 10
-3

 mol L
-1

 solution of C60 in toluene, 10 x 20 

μL additions, then 6 x 50 μL additions. A clear isosbestic point is observed, but overall reduction 
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in intensity and red shifting of the Soret band is relatively low, given that ~ 150 equivalents of 

C60 are present by the final measurement. This is indicative of the low binding constant 

calculated to be 2400 M
-1

. Figure 2.15 shows a 1.4 x 10
-6

 mol L
-1

 toluene solution of 8 with a 2.4 

x 10
-4

 mol L
-1

 solution of C70. Nearly 28 equivalents of C70 are present for the final addition, with 

slightly higher quenching of the Soret band than is observed at 150 equivalents of C60. 

Accordingly a higher binding constant of 22000 M
-1

 is calculated for 8 with C70 in toluene. 

Binding constants are generally approximately an order of magnitude larger for C70 compared 

with C60, since C70 is less curved than C60 and so has a larger surface for π-π interactions with 

porphyrins, and C70 is also less soluble, so complexation is more favourable.  

Binding constants of 5 and 8 for both C60 and C70 in a range of solvents are presented in Table 

2.1. The binding constant of 5 for C60 in toluene is around 3600 M
-1

, higher than that of the zinc 

complex 8. This reduction in binding for Zn porphyrins has been reported previously,
5,19

 

although it is not observed for all bis-porphyrin hosts. These UV-Visible titrations were found to 

give more reproducible results than fluorescence titrations, even though the sensitivity of the 

fluorescence spectroscopy apparatus is higher. The fluorescence spectroscopy experiments 

showed significant fluctuation of measurements that did not occur with UV-Visible 

spectrophotometry. As such, UV-Visible spectrophotometric titrations were preferred for binding 

constant determination. 

Table 2.1: Binding constants of alkynyl-linked bis-porphyrins 5 and 8. 

 

Binding constant (M
-1

) of host with: Free base host (5) Zn complex of host (8) 

C60 in toluene 3600 ± 100 2400 ± 100 

C60 in 1:1 toluene/acetonitrile 35000 ± 2000 62000 ± 2000 

C60 in cyclohexane 110,000 ± 7000 100,000 ± 7000 

C70 in toluene 35000 ± 2000 22000 ± 1000 

C70 in 1:1 toluene/acetonitrile 310,000 ± 12000 470,000 ± 20000 
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Figure 2.14: UV-Vis spectrophotometric titration of 8 in toluene with C60 and non-linear least squares 

plot of host concentration, C60 concentration and change in absorbance (top). Figure 2.15: with C70 

(middle). Figure 2.16: with C60 in 1:1 acetonitrile:toluene (bottom). 
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Higher binding constants are observed in solvents where C60 and C70 are less soluble, such as 

cyclohexane and acetonitrile. Titrations in cyclohexane and 1:1 toluene:acetonitrile show binding 

constant increases of about an order of magnitude higher than titrations in toluene. This is in 

agreement with investigations by Hosseini et al. who investigated the binding constants for 

fullerenes of calix[4]arene
5
 and aryl linked bis-porphyrins

4,5,30
 in several solvents. We used 

toluene and 1:1 toluene:acetonitrile as solvents for titrations throughout this thesis to determine 

the effect of solvent changes on host:guest binding. Solvent mixtures where binding constants 

are larger are more desirable for measurement of photophysical properties by transient 

absorption spectroscopy, due to reduced interference from photophysical processes arising from 

unbound fullerene. Figure 2.16 shows a titration of 8 with C60 in 1:1 toluene:acetonitrile showing 

much greater reduction in Soret band absorbance at a given concentration of C60 compared to the 

same titration in toluene (Figure 2.14). The redshift of the Soret band is also much larger. 

Further work from the Sanders group
27

 explored their initial report that the Zn-complexed tris-

porphyrin 9 binds C60. 
1
H NMR titrations of 9 with C60 showed a binding constant of around 

2500 +/- 300 M
-1

 in d8-toluene, and a Job plot confirmed a 1:1 C60:host binding mode. This was 

expected given that the tris-porphyrin has the same binding site for C60 as the bis-porphyrin: only 

two of the three porphyrins are involved in binding as the linker is not flexible enough to allow 

the third porphyrin to participate in fullerene binding. Also reported was the X-ray crystal 

structure of a co-crystallate of a 2:1 mixture of C60 with 9.
27

 In this structure the unit cell 

includes two molecules of 9 and four C60 molecules. One C60 molecule is bound between two 

close-to-parallel porphyrins of 9. Both of these porphyrins are associated with an additional C60 

molecule on the outside of the binding cavity which is also bound to the third porphyrin of 

another molecule of 9. The two porphyrins forming the binding site for C60 are at 9.2º or 10.7º in 

the two different molecules of 9, and the porphyrin-porphyrin distances are 12.7 and 12.6 Å. 

This is consistent with our molecular modelling of 5, which indicated a plane-plane distance 12.5 

Å and an angle between planes of 7.3º when C60 is bound. The same group also reported that 9 

can encapsulate single-walled nanotubes in the binding cavity between two of the porphyrins.
31

 

Figure 2.17 below, prepared by Peter Boyd, shows a superimposition of the structure of 9 from 

the X-ray crystal structure of 9:2C60 with the KT1/TZP model of 5 shown in Figure 2.7 above. 
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The KT1/TZP model of 5 shows a very similar geometry to the structure of 9, indicating that the 

model accurately determines the structure of 5 in the solid state. The two-layer ONIOM 

optimisation of 5 with C60 shown in Figure 2.6 above can be similarly superimposed on structure 

of 9, and also shows good agreement of the ONIOM model with the crystal structure. 

 

 

2.7 Charge Transfer Band Spectra 

Addition of a large excess of C60 in toluene to a relatively concentrated (between 2 x 10
-5

 mol L
-1

 

and 2 x 10
-4

 mol L
-1

) toluene solution of zinc bis-porphyrin 8 resulted in the appearance of a 

charge transfer band due to formation of a radical cation of the porphyrin. This was observed as a 

broad low intensity band rising between 610 and 840 nm (Figure 2.18). This band overlaps with 

one of the Q bands between 600 and 660 nm. Subtraction of the spectrum of the unbound 

Figure 2.17: A superimposition of the structure of 9 from the crystal structure of 9:2C60 reported by 

Sanders et al.27 (shown in grey) with the KT1/TZP model of 5 (shown in red) from Figure 2.7 above. 

Image provided by Peter Boyd.20 
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porphyrin from the spectrum of C60 allows the peak of the band to be estimated at 710 nm with 

an extinction co-efficient of approximately 600 M
-1

. 

 

Figure 2.18: Electronic spectrum of 7 and 50 equivalents of C60 subtracted from the electronic spectrum 

of 7 showing a broad low intensity charge transfer band. 

 

2.8 Conclusions 

The alkynyl-linked bis-porphyrin 5 has moderate binding constants for C60 compared to 

calix[4]arene bis-porphyrins prepared in our group. Modelling suggests that this may be due to 

the bis-porphyrin needing to open slightly in order to accommodate a fullerene guest between the 

planes of the two porphyrins. This opening may place the linker between the porphyrins under 

strain, and so the energy cost required in this opening may be sufficient to make the binding 

association slightly less energetically favourable compared to other hosts with more ideal 

porphyrin-fullerene distances. The lower flexibility of the linker may prevent the bis-porphyrin 

from adjusting the orientation of the porphyrins to accommodate C60 without requiring straining 

of the linker. Chapter 3 covers investigation for aryl-linked bis-porphyrins following on from 

work by Hosseini et al.
4,30

 These hosts have a similar sized linker to 4 that is expected to result in 
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a similar binding interaction with fullerene guests, but the linker may be slightly more flexible, 

and so the binding constants may be larger than those for the alkynyl-linked bis-porphyrins. 

A possibility for future synthesis is to synthesise a cyclic analogue of bis-porphyrin 5, such as 

compound 10 (X = CH or N) in Figure 2.19 below. Such a porphyrin would have the cyclic 

central structure seen in Aida’s dendrimeric bis-porphyrin 2.
2
 However, Aida’s cyclic bis-

porphyrin does not have aryl substituents at the 10- and 20-meso positions. A cyclic bis-

porphyrin that has 3,5-di-tert-butylphenyl substituents at these positions would be expected to 

have a much stronger binding interaction with fullerenes than the value of 17000 M
-1

 measured 

by Aida for bis-porphyrin 2. Bis-porphyrin 10 could have secondary donors appended at position 

X by pyridyl coordination of a ruthenium porphyrin if X = N (in a similar manner to complexes 

in Chapter 4), or by covalent attachment of secondary donors at this position if X = CH. These 

more complex systems could demonstrate an increased lifetime of the excited state due to the 

greater spatial separation of the radical ion pair. 

 

Figure 2.19: A potential cyclic bis-porphyrin host for fullerenes. 

10, X = CH or N 
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2.9 Experimental 

2.9.1 General Information 

Hexamine (Aldrich), aluminium chloride (Sigma Aldrich), N-bromosuccinimide (Sigma 

Aldrich), tert-butyl chloride (Sigma-Aldrich), 3-bromobenzaldehyde (Aldrich), triphenylarsine 

(Aldrich), 1,3-diethynylbenzene (Aldrich), DDQ (Aldrich) and palladium chloride (Aldrich) 

were used as received from commercial suppliers. Dibenzylideneacetone was obtained from the 

undergraduate laboratory, where it was prepared by NaOH condensation of benzaldehyde and 

acetone. The crude compound was recrystallised from ethanol/water before use. 

All organic solvents used in reactions were dried before use, using methods described in 

Purification of Laboratory Compounds.
32

 All reactions were carried out in oven-dried glassware 

under a dry N2 atmosphere. Progress of reactions was monitored by thin layer chromatography 

(TLC) where applicable. 

NMR spectra were recorded on a Bruker AM-400 spectrometer in CDCl3 using TMS as a 

reference, or other deuterated solvents as noted. 
1
H NMR spectra are reported as chemical shifts 

(δ) in ppm, and coupling constants are given in Hz. MestRec
33

 and Bruker’s TopSpin
34

 NMR 

software were used for analysis of spectra.  

A VG-7070 mass spectrometer was employed for high resolution fast atom bombardment mass 

spectrometry (FAB
+
-MS) and a micrOTOF-Q mass spectrometer employed for positive mode 

electrospray ionisation mass spectrometry (ESI-TOF MS). For both methods porphyrin and bis-

porphyrin analytes were dissolved in dichloromethane and this solution diluted with methanol 

before analysis. 
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2.9.2 Synthetic Procedures 

Tris(dibenzylideneacetone)dipalladium, chloroform solvate. 

Prepared according to Ukai T, et al.
35

  

Palladium chloride (306 mg) was added to a stirred solution of dibenzylideneacetone (1.308 g) 

and sodium acetate (1.150 g) in hot methanol (45 mL) and the suspension stirred for 4 hours at 

40 ºC, forming a purple-red precipitate. The mixture was cooled to complete the crystallisation, 

then the precipitate collected by filtration, washed with water and dried under vacuum. The crude 

precipitate was dissolved in hot chloroform (40 mL) and filtered to give a dark purple solution. 

Diethylether (60 mL) was added to the filtrate and the solution cooled on ice for 4 hours, then the 

precipitate collected by filtration, giving a purple solid that was dried under vacuum (726 mg, 81 

%). 

 

3-Iodobenzaldehyde  

 

Procedure adapted from Kraskiewicz et al.
36,37 

Sodium iodate (0.811 g) was dissolved in 90% v/v sulphuric acid (45 mL) in a stoppered flask. 

Potassium iodide (1.811 g) was added in small portions over several minutes, with stirring. The 

flask was again stoppered and the mixture stirred for 30 minutes at 30 ºC with occasional 

shaking to dislodge any subliming iodine. A brown solution formed. Benzaldehyde (1.02 mL) 

was added and the solution stirred for 1 hour. The mixture was then poured onto an ice-water 

slurry (300 mL) while stirring, then filtered once the ice had melted. The crude solid product was 

washed with water (600 mL) to remove iodide salts and other impurities, then air dried 

overnight. 1.095 g of cream-white powder was obtained (47 %). The product may be 

recrystallised by slow evaporation of a methanolic solution. 
1
H NMR (CDCl3): 9.93 (1H, s, 
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CHO), 8.22 (1H, s, ArH), 8.07 (1H, d, J = 7.8 Hz, ArH), 7.95 (1H, d, J = 7.7 Hz, ArH), 7.23 (1H, 

t, J = 7.7 Hz, ArH). MS Calc for C7H5IO: 231.9385. Found: 231.9302. 

 

3,5-Di-tert-butylbenzaldehyde 

 

3,5-Di-tert-butyltoluene was prepared according to the procedure in Plater et al.
38

 then converted 

to 3,5-di-tert-butylbenzaldehyde by the modified two step process outlined in Schuster et al.
39

 

This modified process avoids the use of CCl4 in Plater et al.
38 

Aluminium chloride (21 g) was added in 2 g portions over 12 hours to a rapidly stirred solution 

of toluene (230 mL) and tert-butylchloride (470 mL). Water (300 mL) was added and the 

mixture stirred for a further 12 hours, then the product extracted with diethyl ether (3 x 200 mL). 

The combined organic layer was reduced to a yellow oily liquid under reduced pressure, then 

3,5-di-tert-butyltoluene separated from 4-tert-butyltoluene by Vigreux distillation. 20 mL 

portions of distillate were collected and stored in the freezer overnight. The crude crystalline 

product (212 g, 42 %) was collected by filtration and used without further purification. 
1
H NMR 

(CDCl3, 400 MHz): 7.24 (s, 1H, 4-CH), 7.03 (s, 2H, 2- and 6-CH), 2.34 (s, 3H, -CH3), 1.31 (s, 18 

H, t-butyl -CH3). 

3,5-Di-tert-butyltoluene (40 g) and N-bromosuccinimide (48 g) were dissolved in benzene (100 

mL) and the solution heated under reflux for 2 hours using a 1000 W visible light source. In the 

initial phase of the reaction as the mixture approached reflux the light source was turned off for 

30 second intervals when the reaction became too vigorous. After cooling to room temperature 

the solution was filtered and the benzene removed under reduced pressure. The residue was 

suspended in a solution of hexamine (85 g) in 1:1 ethanol/water (120 mL) and heated under 

reflux for 4 hours. Concentrated HCl (40 mL) was added and the mixture refluxed for a further 

30 minutes then cooled to room temperature. The ethanol was removed under reduced pressure, 

then the aqueous layer extracted with diethylether. The organic extracts were dried with MgSO4 
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and the solvent removed under reduced pressure. The crude product was recrystallised from 

ethanol, affording a white crystalline solid, 26.2 g (61 %). 
1
H NMR (CDCl3, 400 MHz): 10.00 (s, 

1H, CHO), 7.72 (m, 3H, 2-, 4- and 6-CH), 1.35 (s, 18 H, t-butyl -CH3). ESI-TOF MS: Calc. for 

[M + H]
+
, C15H23O: 219.1743. Found: 219.1747. Calc. for [M + Na]

+
, C15H22ONa: 241.1563. 

Found: 241.1566. 

 

5-(meta-iodophenyl)-10,15,20-tris(3’,5’-di-tert-butylphenyl)zinc porphyrin 6 

 

3,5-Di-tert-butylbenzaldehyde (5.044 g) and 3-iodobenzaldehyde (1.071 g) were dissolved in 

propionic acid (75 mL) under N2 and pyrrole (1.30 mL) added dropwise over 1 minute. The 

mixture was heated to reflux for 4.5 hours, allowed to cool to room temperature and stirred 

overnight. The propionic acid was removed by rotary evaporation, then the resulting black tar 

was dissolved in dichloromethane (230 mL) and triethylamine (10 mL), washed with water (4 x 

230 mL), dried with MgSO4 and the solvent removed to give a black solid. The mixture was 

treated with zinc acetate dihydrate (11.585 g) in chloroform (100 mL) and methanol (10 mL) and 

heated gently for 10 minutes. The mixture was then washed with water (200 mL), dried with 

MgSO4 and the solvent removed to give a purple-black solid. Column chromatography of the 

zinc porphyrins on silica gel with 3:1 hexane/dichloromethane as eluent allowed separation of 

the porphyrin products. The major product, tetrakis(3,5-di-tert-butylphenyl)zinc porphyrin elutes 

first followed by the desired mono-3-iodophenyl product, which yields a purple solid (536 mg, 

10.2 %). 
1
H NMR (CDCl3): 9.01 (s, 6H, β-pyrrole), 8.92 (d, J = 4.7 Hz, 2H, β-pyrrole), 8.61 (s, 

1H, ArH), 8.22 (d, J = 7.5 Hz, 1H, ArH), 8.09 (m, 7H, ortho-di-tert-butylphenyl and ArH), 7.79 
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(s, 3H, para-di-tert-butylphenyl), 7.47 (t, J = 7.7 Hz, 1H, ArH), 1.52 (s, 54H, tert-butyl –CH3). 

ESI-TOF MS: Calc for [M + H]
+
, C68H76IN4Zn: 1139.4401. Found: 1139.4296. 

 

5-(meta-bromophenyl)-10,15,20-tris(3’,5’-di-tert-butylphenyl)zinc porphyrin 7 

 

3,5-Di-tert-butylbenzaldehyde (3.90 g) and 3-bromobenzaldehyde (1.10 g) were dissolved in 

chloroform (600 mL) under N2 and pyrrole (1.65 mL) added by syringe over 1 minute. The 

solution was stirred with N2 bubbling through the solution for 30 minutes, then BF3.OEt2 added 

(60 microlitres). The solution went orange immediately, and slowly became black. After two 

hours, DDQ was added (1.175 g) and the mixture stirred overnight. The solvent was removed by 

rotary evaporation and the resulting solid was dissolved in dichloromethane and passed through a 

silica gel plug with 1:3 CH2Cl2/hexane as the eluent. The crimson band was collected and the 

solvent removed to give a crimson solid (1.706 g). Free base 5-(meta-bromophenyl)-10,15,20-

tris(3’,5’-di-tert-butylphenyl) porphyrin was unable to be separated from the major product 

tetrakis(3,5-di-tert-butylphenyl)porphyrin by further chromatography. The free base porphyrins 

were converted to the Zn complexes by dissolution in chloroform (90 mL) and methanol (10 mL) 

and zinc acetate dehydrate (2 g) added. The mixture was heated at 40 ºC for 10 minutes, washed 

with water, dried over sodium sulphate and the solvent removed under vacuum. Slow column 

chromatography (silica gel with 3:1 hexane/dichloromethane eluent) more readily separated the 

zinc porphyrins than the free base porphyrins. The product was able to be separated from the 

tetrakis(3,5-di-tert-butylphenyl)zinc porphyrin, giving 162 mg of a crimson solid (2.6 %). 
1
H 

NMR (CDCl3): 9.03 (s, 6H, β-pyrrole), 8.94 (d, J = 4.6 Hz, 2H, β-pyrrole), 8.42 (s, 1H, ArH), 
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8.19 (d, J = 7.6 Hz, 1H, ArH), 8.12 (m, 6H, ortho-di-tert-butylphenyl), 7.89 (d, J = 8.0 Hz, 1H, 

ArH), 7.81 (m, 3H, para-di-tert-butylphenyl), 7.59 (t, J = 7.8 Hz, 7.7 Hz, 1H, ArH), 1.54 (s, 

54H, tert-butyl –CH3). ESI-TOF MS: Calc for [M + H]
+
, C68H76BrN4Zn: 1091.4539. Found: 

1091.4438. 

 

1,3-bis[5’-(meta-ethynylphenyl)-10’,15’,20’-tris(3”,5”-di-tert-butylphenyl)zinc 

porphyrin]benzene 8 

 

5-(3’-Iodophenyl)-10,15,20-(3”,5”-di-tert-butylphenyl)zinc porphyrin (204 mg), triphenylarsine 

(110 mg) and dipalladiumtris(dibenzylideneacetone), chloroform solvate (9.3 mg) were 

dissolved in distilled dichloromethane (12 mL) and triethylamine (6 mL) with stirring, in the 

dark in a N2 atmosphere. 1,3-Diethynylbenzene (8 μL) was added by syringe and the mixture 

stirred for 7 days at room temperature. The solvent was removed under vacuum and the 

remaining purple residue redissolved in chloroform and purified by column chromatography on 

silica gel, eluting with 1:1:5 CH2Cl2:CHCl3:hexane. The second large band to elute was collected 

and the solvent removed by rotary evaporation to give a purple solid (54 mg, 42%). Collection of 

the first band and removal of the solvent by rotary evaporation affords the starting material as a 

purple solid (33 mg). 
1
H NMR (CDCl3): 9.00 (m, 12H, β -pyrrole), 8.94 (m, 4H, β-pyrrole), 8.41 

(broad s, 2H ArH), 8.24 (m, 2H, ArH), 8.08 (m, 12H, ortho-di-tert-butylphenyl), 7.91 (d, J = 7.8 

Hz, 2H, ArH), 7.78 (m, 6H, para-di-tert-butylphenyl), 7.71 (t, J = 7.8 Hz, 2H, ArH), 7.49 (m, 
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4H, ArH), 7.30 (q, J = 7.6 Hz, 5.6 Hz, 2H, ArH), 1.52 (s, 108H, tert-butyl –CH3). UV-Vis 

(toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 425 (986000), Q bands 557 (44200), 619 

(13000). ESI-TOF MS: Calc. for [M + 2H]
2+

, C146H156N8Zn2: 1074.5518. Found: 1074.5485. 

 

1,3-bis[5’-(meta-ethynylphenyl)-10’,15’,20’-tris(3”,5”-di-tert-butylphenyl)porphyrin]benzene 5 

 

 Synthesis of the free base porphyrin was achieved by reflux of a suspension of the bis-porphyrin 

8 in 6 molL
-1

 HCl for 18 hours followed by neutralising the solution with aqueous sodium 

bicarbonate and extraction of product into dichloromethane. Drying of the organic extract with 

Na2SO4 and removal of the solvent afforded the free base porphyrin in quantitative yield. 
1
H 

NMR (CDCl3): 8.89 (m, 12H, β-pyrrole), 8.83 (m, 4H, β-pyrrole), 8.41 (m, 2H, ArH), 8.20 (m, 

2H, ArH), 8.09 (m, 12H, ortho-di-tert-butylphenyl), 7.91 (m, 2H, ArH), 7.78 (m, 6H, para-di-

tert-butylphenyl), 7.71 (m, 2H, ArH), 7.50 (m, 4H, ArH), 7.30 (m, 2H, ArH), 1.52 (s, 108H, tert-

butyl –CH3), -2.70 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): 

Soret band 425 (916000), Q bands 516 (33900), 551 (16800), 593 (9800), 649 (7900). ESI-TOF 

MS: Calc. for [M + 2H]
2+

, C146H160N8: 1012.6383. Found: 1012.6364. 
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2.9.3 General method for UV-Vis titrations 

UV-Visible spectra and titrations were recorded on a Perkin-Elmer Lambda 35 UV-Vis-NIR 

spectrophotometer. Distilled or analytical grade solvents were used for all titrations. 

3 mL of a solution of the bis-porphyrin host with concentration of approximately 1.5 x 10
-6

  

mol L
-1

 in toluene was added to a quartz cuvette in a Perkin-Elmer Lambda 35 UV-Vis 

spectrophotometer equipped with a stirring and temperature control device. 3 mL of toluene was 

added to a second cuvette, which was used as a control. With the solution at 25 ºC the spectrum 

of the host was measured. A solution of C60 or C70 in toluene at a concentration of approximately 

1 mg/mL for C60 or 0.5 mg/mL for C70 was added in small aliquots to each cuvette and the 

spectrum measured after each addition. Generally the initial aliquots used are 10 µL for C60, then 

increased to 20 μL then 50 μL for later additions as the reduction in the Soret band with each 

addition becomes progressively smaller. For strongly binding host-guest systems (those with 

binding constants greater than ~ 5 x 10
5
 mol

-1
) initial aliquot volumes may need to be smaller, or 

less concentrated solutions of C60 or C70 can be used. For titrations of C70 into 1:1 

toluene/acetonitrile solutions, the binding constants are very large, so small aliquots of an 

approximately 0.1 mg/mL solution of C70 in toluene is used. 

The absorbance of the Soret band at the maximum for the bis-porphyrin host with no guest 

(usually ~ 420 nm) is measured for each aliquot. The change in absorbance and concentration of 

the two compounds are fitted using a non-linear least squares fit method with the equation 

described above in section 2.6.2 in SigmaPlot 11.0 
40

 to find the association constant KS. Values 

for concentration of the host and guest are adjusted to account for the reduction in concentration 

of the two compounds as guest solution is added to the host. Each titration is done in duplicate or 

triplicate, and the result averaged. For some titrations (particularly those where the reduction in 

Soret band absorbance is small) the fit produces erroneous results unless the maximum possible 

change in absorbance, L, is set to the absorbance of the Soret peak. This value is generally 

between 0.7-1.5 depending on the exact concentration and molar absorptivity of the porphyrin. If 

the value is far outside of this, fixing the value of L to the absorbance of the Soret peak produces 

the expected result. 
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2.9.4 General method for Fluorescence Titrations 

Fluorescence titrations were performed using a Perkin-Elmer LS 55 Luminescence Spectrometer. 

The solutions are prepared as for UV-Vis titrations above. The solution is excited at the 

maximum wavelength of the Soret band (between 400-440 nm) and emission measured at the 

peak of the main emission band between 550 and 700 nm. The change in fluorescence and the 

concentration of the two compounds are fitted using a non-linear least squares fit method, as for 

UV-Vis titrations. The limit of quenching, Ilim, is set to the intensity of the emission at the 

wavelength measured; it is assumed that all of the intensity of the emission is due to the host, and 

all quenching of fluorescence is due to fullerene binding to the host. 

 

2.9.5 General method for Charge Transfer Band Spectra 

Charge transfer band spectra were recorded on a Perkin-Elmer Lambda 35 UV-Vis-NIR 

Spectrophotometer. 

3 mL of a solution of the bis-porphyrin host with concentration of approximately 1.5 x 10
-4

 | 

mol L
-1

 in toluene was added to a quartz cuvette equipped with a stirring and temperature control 

device. 3 mL of toluene was added to a second control cuvette. With the solution at 25 ºC the 

spectrum of the host was measured. A solution of C60 at a concentration of approximately 1.4 x 

10
-3

 mol L
-1

 was added in 100 µL aliquots to each cuvette and the spectrum measured after each 

addition. The charge transfer band was observed as a broad band rising between 600 and 800 nm. 

This band overlaps with one of the Q bands between 600 and 650 nm. 

 

2.9.6 Computational Modelling Software and Calculations 

Gaussian 09, Revision A.02 
41

 was used for molecular modelling calculations. Two-layer 

ONIOM optimisations
10-13

 were performed using DFT
14

 as a high layer with the B3LYP hybrid 

functional
16

 and the 6-31G(d) basis set
17,18

 on the linker between porphyrins, and molecular 

mechanics (MM) using the universal force field
15

  on the whole calculation as a low layer. In the 
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molecular mechanics model atomic charges were estimated using the charge equalisation method 

(QEq), with electronic embedding.
42

 The opt=nomicro function was used to provide improved 

accuracy, although this significantly increased computational times. 

Plane-plane angles were calculated and images were prepared in Mercury 1.4.1
43

 from .mol2 

files created in GaussView 5.0.8.
44 
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3.1 Introduction 

The aryl-alkyne-linked host prepared in Chapter 2 has a moderate binding interaction with C60. 

We sought to prepare bis-porphyrin hosts with similar geometry, but with slightly increased 

linker flexibility. We investigated other aryl-based linkers to determine linker geometries where 

the host would have a similar orientation of porphyrins with and without C60, which would 

suggest that the host does not need to adopt an energetically unfavourable orientation in order to 

accommodate a fullerene guest. 

 

Several bis-porphyrins have been reported in the literature that are derived from isophthalic acid 

or 2,6-pyridinedicarboxylic acid derivatives linked to para- or meta- aminoaryl substituted 

porphyrins. Meta-aminophenyl substituted porphyrins (such as 1, Figure 3.1) coupled to 

isophthalic acid give bis-porphyrins (e.g. 2, X = CH) with the porphyrins arranged close to 

parallel, whilst para-aminophenyl substituted porphyrins (3) give bis-porphyrins (4, X = CH) 

Figure 3.1: Meta- and para-aminophenyl substituted 

porphyrins and bis-porphyrins. 

1 

2 

3 

4 

X = CH, N 
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with a more open binding cavity (Figure 3.1). Similarly 3,5-pyridyl-linked bis-porphyrins (2, 4, 

X = N) can be formed from coupling of the aminophenyl-substituted porphyrins with pyridine-

3,5-dicarboxylic acid. 

Rubino and co-workers
1,2

  reported the first isophthaloyl-linked meta-aminophenyl-linked bis-

porphyrin 5 as Mn(III) and Fe(III) complexes with a halide ligand on the metal (Figure 3.2). N-

containing ligands can co-ordinate axially to the central metal. 

 

Ito and co-workers
3
 reported the assembly of a rotaxane containing a bis-porphyrin 6 with an 

isophthaloyl linkage between two para-aminophenyl substituted porphyrins (Figure 3.3). The 

bis-porphyrin is similar to the bis-porphyrins reported in this chapter, but with porphyrins 

attached at the 4-aryl position, rather than the 3-aryl position, leading to a larger binding site that 

would not be expected to bind C60 as strongly- the distance from the centre of the fullerene to the 

centre of the porphyrin is 10 Å while the ideal distance is ~ 6 Å. An acid chloride coupling was 

used to couple the two porphyrins to the aryl group, and a rotaxane formed in the presence of a 

macrocyclic lactam. This lactam was then fused with C60 in a Diels-Alder reaction, forming a 

supramolecular bis-porphyrin - fullerene host guest system. The lifetime of the excited state of 

this molecule is 180 ns in benzonitrile, shorter than lifetimes of up to 650 ns in similar systems 

subsequently reported in the same group
4,5

 with longer links between the two porphyrins. 

Figure 3.2: Rubino’s isophthaloyl-linked meta-amino bis-porphyrin. 

M = Mn(III), Fe(III) 

X = F, Cl, Br, I 

5 
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Haino and co-workers
6
 have reported the synthesis of aryl-linked bis-porphyrins 7 similar to 

those prepared in this chapter, from meta-aminophenyl substituted porphyrins and aromatic acid 

chlorides. Both isophthaloyl and pyridine-2,6-dicarbonyl groups are used as a linker, and several 

substituents are explored at the 5- position of the aromatic ring (Figure 3.4). These bis-

porphyrins reversibly aggregate in solution forming dimers that can be detected by mass 

spectrometry. This process is competitive with binding of electron-deficient aromatic guests by 

Y = H, Cl, Br, or –OC6H13 

Z = N or CH 

Figure 3.4: Haino’s isophthaloyl and pyridyl-linked bis-porphyrins. 

7 

6 

Figure 3.3: A rotaxane containing a bis-porphyrin and a fullerene. 
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π-π stacking in the cavity between the porphyrins (Figure 3.5). Several protons in these 

molecules were found to have 
1
H NMR chemical shifts that are concentration dependant. For the 

2,6-pyridyl bis-porphyrin (7, Z = N, Y = H) the porphyrin NH proton is shifted by about -0.8 

ppm from -3.1 ppm to -3.9 ppm as concentration of 7 increases from 1.3 mM to 15.2 mM. The 

amide proton is shifted upfield by 0.9 ppm from 9.1 ppm to 8.2 ppm, and the pyridyl ring protons 

are shifted from 7.0 and 6.5 ppm to 5.14 and 4.25 ppm at the higher concentration.
6
 These shifts 

are due to dimerisation causing the protons of the linker to be in the strongly shielding region of 

π-electron density of a porphyrin of another molecule of 7 (Figure 3.5). The isophthaloyl-linked 

bis-porphyrins (7, Z = CH) show much smaller 
1
H NMR shifts with increasing concentration, 

due to decreased hydrogen bonding between the aryl linkers of two bis-porphyrin molecules in 

the absence of a nitrogen atom in the 2-position of the linkers. 

 

More recently they have reported the synthesis of a tetrakis-porphyrin 8 with two guest binding 

sites that forms large polymeric arrays in solution by self-aggregation (Figure 3.6).
7 

This 

aggregation is important for the isophthaloyl- and 3,5-pyridyl-linked bis-porphyrins presented in 

this chapter, as aggregation in solution competes with fullerene binding, thereby lowering the 

observed binding constant value. For any photophysical applications, higher binding constants 

are desirable so that essentially all of the porphyrin is bound to C60. This is because unbound C60 

will also absorb energy and undergo photophysical processes that make detection of processes 

occurring due to host-guest interactions more difficult. Therefore systems where self-aggregation 

does not occur are more desirable. However, Haino found much less aggregation with the 

Figure 3.5: Bis-porphyrin aggregation and guest binding is competitive. Adated from Haino et al.6 

- Guest 

+ Guest 
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isophthaloyl-linked bis-porphyrin compared to the 2,6-pyridyl-linked bis-porphyrin due to 

reduced hydrogen bonding between linkers of two bis-porphyrins. 

 

Hunter reported 
8
 the self-assembly of two para-aminophenyl isophthaloyl-linked bis-porphyrins 

with a porphyrin with four pyridyl-containing substituents, forming a five-porphyrin system (9) 

in solution (Figure 3.7). The binding is cooperative, with an association constant of 2.0 ± 0.5 x 

10
6
 M

-1
 as compared with the binding constant for a single Zn-porphyrin to pyridine interaction 

of about 1 x 10
3
 M

-1
. Measurement of fluorescence to determine energy transfer rates in solution 

gave a quantum yield of 0.73 and an energy transfer time of 490 ps. 

Figure 3.6: Tetrakis-porphyrin that can form 

polymeric arrays by self-aggregation. 

8 
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Li reported
9
 the synthesis of several aryl-linked hosts with alkoxyl substituents on the aryl 

groups of the linker which confer a degree of conformational stability to the host through 

hydrogen bonding with amide NH protons (Figure 3.8). This effective “locking in” of the host 

with the porphyrins in the best configuration for binding fullerenes leads to an increase in the 

binding constants for C60 and C70 compared with systems with more conformational freedom. 

The zinc complex of host 10 formed from an amino-substituted porphyrin has binding constants 

in toluene for C60 of 27000 M
-1

 and 9.8 x 10
5
 M

-1
 for C70. The corresponding zinc complex of 

host 11 formed from an acid-substituted porphyrin with the amide C and N atoms reversed has 

binding constants in toluene for C60 of 1.0 x 10
5
 M

-1
  and 1.1 x 10

6
 M

-1
 for C70. A host (12) with 

three porphyrins was shown to bind two fullerenes by a Job’s plot titration study, and the binding 

constant for a single binding site was estimated to be 15000 and 67000 M
-1

 in toluene for C60 and 

C70 respectively. 

Figure 3.7: Self-assembly of two bis-porphyrins 

with a pyridyl-substituted porphyrin. 

9 
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Li and Yu
10

 prepared a catenane (13) from an aryl-linked zinc bis-porphyrin with a larger linker 

containing additional aryl groups, with several alkoxyl substituents to improve organisation of 

the bis-porphyrin into a configuration where it could bind pyridyl-containing compounds at the 

zinc centre. A bis-pyridine compound was used as an axle, where a crown ether was bound to a 

tertiary ammonium cation on the linker between the two pyridine rings. The bis-porphyrin caps 

the system by binding a pyridine N atom to zinc at each end of the chain (Figure 3.9). 

Figure 3.8: Aryl-linked bis-porphyrins 

with increased organisation due to 

hydrogen-bonding . 

10 

11 

12 
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3.1.1 Aryl-linked Bis-porphyrins as Fullerene Hosts 

Initial investigations into aryl-linked bis-porphyrins have been made by Hosseini et al.
11,12

 

Molecular mechanics calculations were used to demonstrate that isophthaloyl-linked bis-meta-

aminophenylporphyrins have the correct geometry for binding fullerenes. Optimisations with C60 

in the binding cavity of the porphyrin showed a porphyrin - porphyrin distance of 12.2 Å and the 

porphyrins are close to parallel. When the C60 is removed and the model re-optimised, the 

geometry remains similar, with a porphyrin - porphyrin distance of 12.2 Å. By contrast, a para-

aminophenyl substituted isophthaloyl-linked bis-porphyrin showed a porphyrin - porphyrin 

distance of 12.0 Å with C60 present, but a re-optimisation without C60 resulted in the porphyrins 

no longer facing each other, and a porphyrin - porphyrin distance of 15.2 Å. Hosseini also used 

molecular mechanics calculations
11

 to determine the energies of a model compound, N
1
,N

3
-

diphenylisophthalamide, finding that the syn-syn conformation of the two amide bonds was 

lowest in energy (150 kcal mol
-1

), while the anti-syn and anti-anti conformations had higher 

energies of 159 kcal mol
-1

 (Figure 3.10). The bis-porphyrin models predicted a syn-syn 

conformation, and this is the most desirable conformation for fullerene binding. The syn-anti 

conformation orients the porphyrins away from each other while in the anti-anti conformation 

the porphyrin centres are ca. 22 Å apart, too far apart for strong fullerene binding. 

Figure 3.9: A catenane from an organised aryl-linked bis-porphyrin. 

13 



92 Chapter 3: Isophthaloyl and 3,5-Pyridyl-Linked Bis-Porphyrin Hosts for Fullerenes 

 

   

 

The models investigated by Hosseini were of structures with no substituents on the meso- 

positions of the porphyrins. In Section 3.3 below we present structural optimisations of 

isophthaloyl- and pyridyl-linked bis-porphyrins with meso- position aryl substituents. 

Hosseini synthesised isophthaloyl- and 2,6-pyridyl-linked bis-porphyrins from both meta- and 

para-aminophenyl substituted porphyrins using isophthaloyl chloride and pyridine-2,6-

dicarbonyl chloride respectively (Figure 3.11).
11,12

 Aminophenyl porphyrins with three meso-

position tolyl groups were prepared and shown to bind C60 with binding constants of between 

1730 and 2440 M
-1

 for the free base bis-porphyrins, and 2480-4060 M
-1

 for the Zn derivatives 

(Table 3.1). 

 

 

p- or m-aminophenyl porphyrin 

Figure 3.11: Synthesis of isophthaloyl- and 2,6-pyridyl-linked bis-porphyrins. 

X = CH, N 

14-17 

Figure 3.10: Conformations of N1,N3-diphenylisophthalamide. 

syn-syn syn-anti anti-anti 
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Linker 

position: 

para-amido, X = CH 

(14) 

meta-amido, X = CH (15) para-amido, X = N (16) meta-amido, X = N (17) 

H2 2270 ± 80 2440 ± 60 2250 ± 50 1734 ± 19 

Zn 3243 4062 3099 2479 

Table 3.1: Binding constant (M-1) of Hosseini’s aryl-linked bis-porphyrins for C60 by fluorescence titration 

in toluene.11 

 

Hosseini also synthesised two isophthaloyl-linked bis-porphyrins (18, Figure 3.12) from 

octaalkyl aminophenyl-substituted porphyrins, but did not report their binding constants with 

fullerenes.
12 

 

 

3.2 Aims 

In this chapter the syntheses of several 3,5-pyridyl-linked bis-porphyrins and isophthaloyl-linked 

bis-porphyrins are reported (Figure 3.13). This follows from Ali Hosseini’s initial work
11,12

 on 

aryl-linked bis-porphyrins, but using porphyrins with meso-position 3,5-di-tert-butylphenyl 

substituents that should increase the binding constants for C60 due to additional CH-π 

interactions between the tert-butyl protons and C60. The 3,5-pyridyl linker is investigated as a 

potential coordination site for ruthenium porphyrins. 

Bis-porphyrins with several different substituents in the 15-meso-position are prepared from 

several synthetically accessed 3-aminophenyl substituted porphyrins and their binding constants 

R = t-Bu or -CHPh2 

Figure 3.12: Bis-porphyrins with octaalkyl substituents. 18 
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for fullerenes are compared. Computational modelling of these bis-porphyrins is used to 

determine if the porphyrins are suitably arranged to bind fullerenes. 

Binding constant measurements of the 3,5-pyridyl-linked and isophthaloyl-linked bis-porphyrins 

for fullerenes are reported in this chapter. Ru porphyrin complexes of the 3,5-pyridyl-linked bis-

porphyrins are discussed in Chapter 4.  

  

 

 

3.3 Computational Modelling 

The structures of these compounds were modelled using computational modelling as in Chapter 

2. A two-layer ONIOM calculation used molecular mechanics (UFF) in the low layer to model 

the whole system, and DFT with the B3LYP hybrid functional and the 6-31G(d) basis set to 

model the aryl linker with amides (see Chapter 2 for references). The porphyrins are modelled 

with a nickel atom at the centre, and an anti-anti orientation is used for the amides. Both the 

pyridyl-linked and isophthaloyl-linked bis-porphyrins are arranged to form a binding cavity for 

fullerenes similar to those seen for the alkynyl-linked bis-porphyrin of the second chapter. For 

Figure 3.13: Isophthaloyl- and 3,5-pyridyl-linked bis-porphyrins. 

Isophthaloyl-linker 

R = meso H (19), tolyl (20), 3,5-di-tert-

butylphenyl (21), 3-tritylaminophenyl (22) or  

3-aminophenyl (23) 

3,5-pyridyl-linker 

R = meso H (24), tolyl (25), 3,5-di-tert-

butylphenyl (26), 3-tritylaminophenyl (27) or  

3-aminophenyl (28) 
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both the isophthaloyl- and pyridyl-linked bis-porphyrins the porphyrins are arranged at a distance 

of ~ 12.5 Å apart. The porphyrin planes are close to parallel, with the interplanar porphyrin angle 

ranging from 2.8º and 12.9º for all except the tolyl isophthaloyl-linked bis-porphyrin 20, where 

the angle is 21.0º. In this model the linker distorts slightly, moving the porphyrins from the 

parallel arrangement observed for the other systems. Table 3.2 lists the porphyrin-porphyrin 

distances and plane angles for the bis-porphyrins with C60, and with C60 removed and the model 

re-optimised. Models where the angle between the mean planes were larger (particularly those 

where the angle was > 15º) showed twisting of the linker due to interweaving of the 3,5-di-tert-

butyl groups, 4-tolyl groups and 3-tritylaminophenyl groups. 

Host Linker 15-R substituent P-P centre 

distance 

with C60 

Interplanar 

porphyrin angle, 

with C60 

P-P centre 

distance 

without C60 

Interplanar 

porphyrin angle, 

without C60 

19 isophthaloyl H 12.6 3.4 12.4 6.0 

20 isophthaloyl 4-tolyl 12.4 21.0 14.5 89.6 

21 isophthaloyl 3,5-di-tert-

butylphenyl 

12.5 5.5 9.8 26.1 

22 isophthaloyl 3-tritylaminophenyl 12.5 12.9 10.4 22.9 

23 isophthaloyl 3-aminophenyl 12.5 5.2 12.4 7.5 

24 3,5-pyridyl H 12.6 8.1 12.4 6.3 

25 3,5-pyridyl 4-tolyl 12.5 8.1 12.5 7.7 

26 3,5-pyridyl 3,5-di-tert-

butylphenyl 

12.5 5.4 9.8 26.2 

27 3,5-pyridyl 3-tritylaminophenyl 12.5 11.9 12.3 45.7 

28 3,5-pyridyl 3-aminophenyl 12.5 2.8 12.8 9.3 

Table 3.2: Porphyrin-porphyrin centre distances and angles between porphyrin mean planes from 

molecular modelling of bis-porphyrins. Distances are given in Å and angles in degrees. 

 

In Figure 3.14, a model of the isophthaloyl-linked bis-porphyrin 19 with protons at the 15- meso- 

positions is shown interacting with C60. Below is the same host with C60 removed and the model 

re-optimised. The host remains in a similar geometry after re-optimisation, with the porphyrins 

slightly closer together and slightly further from a parallel orientation. As with the alkynyl-linker 

bis-porphyrin in Chapter 2, several of the -CH3 groups from the 10- and 20-position 3,5-di-tert-

butylphenyl porphyrin substituents and several of the ortho-protons of the phenyl ring are 

arranged so that the hydrogen atoms are pointed toward the fullerene, at distances of 2.7 – 3.0 Å. 
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These CH-π interactions increase the strength of the binding interaction of the host for the 

fullerene beyond the strength of the porphyrin-fullerene π-π interactions. 

 

Figure 3.14: ONIOM optimisation of an isophthaloyl-linked bis-porphyrin (19) with 15-position meso-

protons with (above) and without (below) C60. 
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Shown in Figure 3.15 is an isophthaloyl-linked bis-porphyrin 21 with 3,5-di-tert-butylphenyl 

groups at the 15- positions. This bis-porphyrin with additional 3,5-di-tert-butylphenyl groups has 

more CH-π close interactions with the fullerene between 2.7 and 3.0 Å distance, and is therefore 

expected to have a stronger interaction for fullerenes than 19. This is confirmed by binding 

constant measurements presented later in the chapter where 15-(3,5-di-tert-butylphenyl) bis-

porphyrins have higher binding constants for fullerenes than the corresponding 15-H bis-

porphyrins. 

 

The structural configuration of the pyridyl-linked bis-porphyrins is very similar to those of the 

isophthaloyl-linked bis-porphyrins. Figure 3.16 shows a 15-(4-tolyl) substituted pyridyl-linked 

bis-porphyrin 25. This model shows the 2-position hydrogen atom of the tolyl group oriented 

towards the fullerene with an H-C distance of 2.8 – 3.0 Å, the same as for the 3,5-di-tert-butyl 

bis-porphyrin in Figure 3.15 above. The 4-tolyl group lacks a 3-position substituent that could 

provide additional close contacts with fullerene, and so binding of the 4-tolyl bis-porphyrins 

would be expected to be intermediate between the meso-H and 3,5-di-tert-butylphenyl bis-

porphyrins. 

Figure 3.15: An isophthaloyl-linked bis-porphyrin 21 with 15-position 3,5-di-tert-butylphenyl groups. 
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3.4 Synthesis 

3.4.1 Synthetic Strategy 

Our strategy for the synthesis of these porphyrins was to prepare a range of 3-aminophenyl 

porphyrins. The Lindsey method of porphyrin synthesis
13

 from aldehyde and pyrrole 

condensation with BF3 could used to prepare an acetamidophenyl porphyrin, then amide 

cleavage affords an aminophenyl porphyrin (Figure 3.17, top). This method is simple but gives 

fairly low yields and poor control of products due to formation of a statistical mixture of 

products. Alternatively, di-meso-H porphyrin 30 may be prepared from dipyrromethane 29 as 

reported by Lindsey.
14

 This porphyrin can then be brominated at the meso- positions giving 31,
15

 

and aminophenyl groups are able to be introduced by a mixed Suzuki coupling using aryl-

boronic acids or esters (Figure 3.17, middle). The 3-aminophenyl porphyrins can then be coupled 

with isophthalic acid or pyridine-3,5-dicarboxylic acid by amide coupling using either acid 

chlorides or by formation of activated esters (Figure 3.19, bottom). 

Figure 3.16: Model of a 3,5-pyridyl-linked bis-porphyrin with 15-p-tolyl groups (25). 



99 Chapter 3: Isophthaloyl and 3,5-Pyridyl-Linked Bis-Porphyrin Hosts for Fullerenes 

 

 

 

3.4.2 Synthesis of 3-Aminophenyl Substituted Porphyrins 

Lindsey methods of porphyrin synthesis
13

 by condensation of a mixture of aldehydes with 

pyrrole were initially used to prepare a mono-3-aminophenyl porphyrin (Figure 3.18). 

Figure 3.17: Synthetic strategy for aryl-linked bis-porphyrin formation. 

+ ArCHO + 

 Lindsey Method 

1. Condensation with BF3 

2. Oxidation 

3. Cleavage of amide 

+ 

1. Condensation with BF3 

2. Oxidation 

Bromination 

1. Suzuki 
Coupling 

2. Amide 
cleavage 

29 

30 31 

Amide coupling reaction 

+ 
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3-acetamidobenzaldehyde, 3,5-di-tert-butylbenzaldehyde and pyrrole were dissolved in 

chloroform, then boron trifluoride added to catalyse the condensation. After formation of a blood 

red suspension of the porphyrinogen in 1 hour, oxidation with chloranil formed a mixture of 

porphyrins, which were separated by an initial short column to remove polypyrrole material, then 

a second column to separate mono-3-acetamidophenyl product 32 from tetrakis(3,5-di-tert-

butylphenyl)porphyrin. Very little of 32 is formed when a 1:3 ratio of 3-acetamidobenzaldehyde 

to 3,5-di-tert-butylbenzaldehyde is used as the latter aldehyde appears to react more readily. 

Formation of 32 can be improved by changing the ratio to 1:2, which gives 2.5 % yield. This can 

be converted to the corresponding amino porphyrin 33 in almost quantitative yield by reflux in 6 

molL
-1

 HCl. 

 

These traditional methods of porphyrin synthesis do not permit selective synthesis of porphyrins 

with mixed substituents, as a statistical mixture of all possible products is formed. Many of these 

products have similar chromatographic properties, making separation of the products difficult. In 

the traditional synthesis above, the cost of 3-aminobenzyl alcohol is a limiting factor to the 

quantity of 3-acetamidobenzaldehyde available. Furthermore, yields of the mono 3-

acetamidophenyl substituted porphyrin are very low. 

1. BF3.OEt2, chloroform, 12 h 

2. Chloranil, Δ, 4 h + 

6 M-1 HCl, 12 h 

Figure 3.18: Amine-substituted porphyrin synthesis. 

32 

33 
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Lindsey and co-workers
14

 developed a method for the synthesis of porphyrins from 

dipyrromethanes that allows for greater control over the products formed, and correspondingly 

higher yields are obtained. Dipyrromethane, 29 (Figure 3.19), can be formed from the reaction of 

paraformaldehyde and a large excess of pyrrole with a Lewis acid catalyst. Lindsey’s research 

showed that anhydrous indium trichloride is the most desirable Lewis acid for formation of 

dipyrromethanes, producing high yields with reduced formation of other condensation products. 

The dipyrromethane can then be condensed with an aldehyde to give a porphyrin with meso 

position substituents in a trans-A2B2 arrangement.
16

 Dipyrromethane 29 was condensed with 3,5-

di-tert-butylbenzaldehyde using trifluoroacetic acid, then oxidised by reflux with chloranil for 2 

hours to form the trans-bis-(3,5-di-tert-butyphenyl) substituted porphyrin 30 (Figure 3.19). 

 

To prepare porphyrins with 3-aminophenyl substitutents at the free meso- positions by this 

method, a dipyrromethane with a 3-aminophenyl, 3-acetamidophenyl or 3-nitrophenyl 5-position 

substituent would have to be used in the porphyrin synthesis. Unfortunately the synthesis of 

porphyrins using dipyrromethanes with 5-aryl groups can result in scrambling of the aryl groups 

and a mix of products can be obtained, rather than solely the A2B2-substituted product. However, 

introduction of an aryl group can be accomplished by bromination of the meso-positions by 

NBS, then Suzuki coupling of an aryl boronic acid at the brominated positions to append aryl 

groups. 

1.        , 10 mol % InCl3 

2. NaOH 
paraformaldehyde 

1. CF3COOH, 16 h 

2. Chloranil, Δ, 2 h 

Figure 3.19: Lindsey method of 

porphyrin synthesis using 

dipyrromethanes. 

29, dipyrromethane 

30 
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3.4.3 Bromination of 5,15-bis(3’,5’-di-tert-butylphenyl)porphyrin 

The meso-dibromination of 30 with N-bromosuccinimide proved to be challenging to 

accomplish. Both the monobromination
17

 and dibromination of 5,15-diphenylporphyrin with 

NBS have previously been reported.
18

 Bromination was carried out at 0 ºC for 10 minutes to 

prevent bromination at other positions, and in the presence of pyridine to remove acid formed. 

Dibromination with a 10-fold excess of NBS gives a high yield of the dibromo product, while a 

10 % excess results in formation of a mixture of unbrominated, monobromo and dibromo 

products. All of these compounds are soluble enough to be purified by column chromatography. 

Attempts to apply this method to bromination of the bis-3,5-di-tert-butylphenyl porphyrin 30 

resulted in precipitation of a mixture of the monobrominated 34 and dibrominated 31 over 20 

minutes (Figure 3.20). The reaction was stirred for 4 hours before the addition of acetone to 

quench NBS. The product mixture was found to be nearly insoluble in DMF, DMSO, ethers, 

alcohols and halogenated solvents. This is unusual for 3,5-di-tert-butylphenyl substituted 

porphyrins, which are generally significantly more soluble in non-polar and halogenated solvents 

than their phenyl-substituted counterparts, and the dibromodiphenylporphyrin is sufficiently 

soluble to be purified by column chromatography.
18

 Sufficient product for a very poor resolution 

1
H NMR spectrum was able to be suspended in CDCl3. This revealed the presence of both 

monobromo and dibromo product, most easily identified by the position of their porphyrin NH 

signals, at -2.92 and -2.67 ppm respectively. The meso-H proton of the monobromo product is 

also a clear indicator of incomplete bromination, appearing at 10.15 ppm. Due to a poor signal to 

noise ratio and incomplete dissolution of the sample the percentage of monobromo product can 

only be estimated. Several reactions by this method gave between 0 and 40 % monobromo 

product. The ratio of dichloromethane to pyridine appeared to influence the degree of 

bromination, which is potentially due to slightly higher solubility of the monobromo product in 

pyridine, allowing the partially brominated compound to remain in solution longer to effect 

further bromination. However, significant monobromo product was still detected even when a 

4:1 or 3:2 mixture of dichloromethane to pyridine was used. The insolubility of these products 

also precluded redissolution of the product to attempt completion of bromination. 
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An alternative method was sought that would allow full bromination at the meso positions. 

Echegoyen and co-workers
16

 formed the zinc complex of the meso-H porphyrin 35, then 

attempted bromination of this with NBS, reporting a mixture of meso- and β-brominated 

products. Our investigation found that due to the higher solubility of the both the zinc di-meso-H 

porphyrin and the brominated products compared to the free base porphyrins, monobrominated 

product will remain in solution and further bromination can take place if excess NBS is present. 

This group instead mono-iodinated the di-meso-H zinc porphyrin with 1 equivalent of I2 in the 

presence of AgPF6, though this reaction required careful monitoring to prevent decomposition of 

the porphyrin, and larger scale attempts at the reaction produced mixtures of monoiodo and 

diiodo products. On a small scale however, only a trace of the di-iodoporphyrin was formed, and 

the mono-iodo product was used in Suzuki coupling reactions. 

Figure 3.20: Brominations of di-meso-H porphyrin. 

Zn(OAc)2 

10 eq. NBS 

4 h, 0 ºC, 4:1 

dichloromethane/pyridine 

 

2.05 eq. NBS 

12 m, 0 ºC, 20:1 

dichloromethane/pyridine 

Conc. HCl 

30 34 31 

35 36 
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Echegoyen  and co-workers later reported 
15

 that formation of the zinc complex of the di-meso-H 

porphyrin allowed 90 % yield of the dibromo zinc porphyrin 36 by reaction with two equivalents 

of NBS at 0 ºC for 10 minutes in 100:3 dichloromethane:pyridine, and reaction with one 

equivalent afforded the monobromo zinc porphyrin. However, the monobromo porphyrin 

product was found to contain small amounts of starting material 30 and dibromoporphyrin, and 

these could not be adequately separated by column chromatography due to similar polarity. 

We synthesised the zinc complex of the di-meso-H porphyrin 35 by warming a dichloromethane 

solution of the free base porphyrin with zinc acetate, and this complex was reacted with 2 

equivalents of N-bromosuccinimide in 20:1 dichloromethane:pyridine mixture at 0 ºC for 10 

minutes. Pyridine co-ordination to the zinc improved the solubility of the zinc porphyrin, and the 

product remained in solution for the duration of the experiment. Removal of the zinc from the 

product 36 with concentrated hydrochloric acid afforded the free base dibromo porphyrin 31. 

The dibromo porphyrin obtained by this method showed greatly reduced presence of other 

products. 
1
H NMR showed the product to be largely dibromo porphyrin, with the porphyrin NH 

signal at -2.67 the key identifying peak. For many samples obtained by this method the meso H 

proton signal of the mono-bromo porphyrin 34 at 10.18 ppm and the porphyrin NH signal of 34 

at -2.92 ppm were not visible, in other samples small amounts were present (up to approximately 

5%). The poor solubility of the dibromo porphyrin resulted in poor signal to noise ratios for the 

proton spectrum, which may have obscured these signals in some experiments. A 
1
H NMR 

spectrum of the slightly more soluble zinc dibromo porphyrin 36 was obtained by addition of a 

drop of pyridine to aid solubility. This spectrum showed that usually no meso-H of the 

monobromo was present, but in some samples was present up to 5 %. We found that a slight 

excess of NBS (2.05-2.08 equivalents) resulted in a free base product 31 with no detectable peak 

at -2.92 ppm that would indicate the presence of monobromo porphyrin 34, while also not 

resulting in a significant amount of β-pyrrole position bromination. Larger excesses produced 

noticeable amounts of β-pyrrole position bromination, the key NMR signal identifying this being 

the porphyrin NH of the corresponding free base porphyrin after zinc removal, observed at -2.63 

ppm. 
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3.4.4 Palladium Catalysed Suzuki Coupling Reactions with 5,15-dibromo-10,20-bis(3’,5’-di-

tert-butylphenyl)porphyrin and Aryl Boronic Acids. 

A mixed Suzuki coupling of 4-tolylboronic acid and 3-acetamidophenylboronic acid, pinacol 

ester to the dibromo porphyrin was attempted with both the zinc and free base dibromo 

porphyrins. The reaction did not proceed cleanly or in high yield when the zinc porphyrin was 

used. Echegoyen reports
15

 the zinc porphyrins can be used in similar Suzuki couplings with high 

yield. Use of the free base porphyrin by contrast readily formed the expected coupling products 

in high yield. The free base dibromo porphyrin 31 was heated at 100 ºC overnight with a mixture 

of 4-tolylboronic acid and 3-acetamidophenylboronic acid, pinacol ester in a mixed Suzuki 

coupling using 2:1 toluene:DMF as solvents, an excess (5-6 equivalents) of caesium carbonate as 

a base, and 10 mol % tetrakis(triphenylphosphine)palladium (0) as a catalyst (Figure 3.21). DMF 

was found to be necessary to aid dissolution of the dibromoporphyrin and CsCO3 in the reaction 

mixture. Echegoyen’s reaction with the more soluble zinc porphyrin is performed in toluene with 

no DMF. We found reaction with the free base porphyrin to proceed in less than 50 % yield 

when l0:1 toluene:DMF was used, and less than 5 % yield when no DMF was used. 

Chromatographic separation of the products yielded ditolyl-substituted porphyrin 37, mono-3-

acetamidophenyl-mono-4-tolyl substituted product 38 and di-3-acetamidophenyl substituted 

product 39 in varying amounts depending on the molar equivalents of the boron reagents used. 

The product distribution was not a simple statistical mixture, as para-tolyl substitution was 

favoured over 3-acetamidophenyl substitution – a coupling reaction with 1 molar equivalent of 

each produced a large quantity of the di-para-tolyl product 37, very little monoacetamido 

product 38, and no diacetamido product 39. Over several experiments it was found that the ideal 

ratio for maximising yield of the mixed product was to use 0.75 mole equivalents of p-

tolylboronic acid and 1.4 equivalents of 3-acetamidophenylboronic acid, pinacol ester. This gave 

up to 41 % yield of the mixed product 38, up to 30 % yield of ditolyl product 37 and up to 20 % 

yield of the diacetamido product 39. Total porphyrin product yield was 80 – 88 %. The 

acetamide products 38 and 39 can be converted to their corresponding amines 40 and 41 by 

reflux in 6 mol L
-1 

aqueous HCl. 
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A significant difficulty arising from this experiment was the presence of meso-H substituted 

porphyrin in the product mixture. In particular, a product with a single 3-acetamidophenyl 

substituent and one meso-H proton, 42 (Figure 3.22) was formed, which was found to be 

inseparable by column chromatography from the mono-3-acetamidophenyl, mono-4-tolyl 

+ 

2:1 toluene/DMF 
Excess Cs2CO3, 10 mol % 

Pd(PPh3)4 

100 ºC, 12 h 

 

+ 

+ + 

38, up to 41 % 

Figure 3.21: A Mixed Suzuki Coupling. 

 

40 

37 39 

6 mol L-1 HCl 6 mol L-1 HCl 

31 

41 
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product 40 due to the similar polarity of the meso-H to the 4-tolyl group. The amine product 41 

formed from acetamide cleavage was also inseparable from the amino derivative of 42 

(compound 43, Figure 3.22). 42 was formed in significant amounts when dibromo starting 

material 31 with detectable amounts of monobromo porphyrin 34 was present as an impurity, 

and the proportion of meso-H product 42 approximately matched the proportion of monobromo 

porphyrin in the starting material. However, use of dibromo porphyrin starting material with a 
1
H 

NMR spectrum that indicated no detectable monobromo porphyrin still resulted in the presence 

of a small amount (0-2 %) of the meso-H porphyrin 42 in the monoacetamido/monotolyl product. 

Rigorous exclusion of air by freeze-thaw-degas cycles, use of distilled toluene and DMF in 

Suzuki coupling, and use of freshly prepared Pd(PPh3)4 did not prevent the formation of trace 

amounts of meso-H containing product. Some small scale reactions were able to prepare 38 with 

barely detectable or no detectable 42 (< 0.5 %), and from that sufficient 40 was obtained to 

attempt bis-porphyrin syntheses. 

J.D. van Paauwe in this research group
19

 has also observed the formation of meso-H containing 

product in small amounts from a similar mixed Suzuki coupling reaction using 4-

acetamidophenyl boronic acid rather than 3-acetamidophenyl boronic acid. It is possible that 

cleavage of the bromo group occurs in similar Suzuki coupling reactions but in those reactions 

the cleavage by-product is separable by column chromatography from the main product(s) of the 

reaction. For instance, in the Echegoyen paper referenced above, 4-pyridyl groups are introduced 

in the Suzuki coupling reaction. This provides a significant polarity difference to the meso-H 

proton, so any trace meso-H containing by-products will not co-elute with the desired coupling 

product during column chromatography. The 3-acetamidophenyl group of 38 has clearly 

different polarity to the meso-proton, but a 4-tolyl group has similar polarity to the meso-proton 

and so 38 and 42 are inseparable by column chromatography. Similarly 40 and 43 are 

inseparable by column chromatography. 
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Given the difficulty in preparation of pure 38, we investigated the synthesis of other amino 

porphyrins that could be made more easily by Suzuki couplings. In particular, we wished to 

prepare 42 to fully determine its 
1
H NMR spectrum. An approximately 1:1 mixture of 

dibromoporphyrin 31 and monobromoporphyrin 34 was prepared by bromination of 30 with 1.5 

equivalents of NBS. This mixture was then coupled with 3-acetamidophenylboronic acid, 

pinacol ester in a Suzuki coupling under the conditions used previously to give a mixture of 

mono- and bis-3-acetamidophenyl products (42 and 39, Figure 3.24). These were readily cleaved 

31 

34 

2:1 toluene/DMF 
Excess Cs2CO3,  

10 mol % Pd(PPh3)4 

100 ºC, 12 h 

 

+ + 

6 mol L-1 HCl 

6 mol L-1 HCl 

41 

39 

42 

43 

Figure 3.22: Suzuki coupling with mixed bromo porphyrins. 
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with 6 mol L
-1

 HCl to give the mono-3-aminophenyl/meso-H product 43 and the di-3-

aminophenyl product 41. 

Attempts at an amide coupling using 41 could result in oligomeric products from reaction at both 

amine groups. To allow the synthesis of a bis-porphyrin with an aminophenyl substituent without 

oligomer formation occurring due to coupling at both amine groups, we mono-protected 41 with 

trityl bromide to give 44 (Figure 3.23). A slow addition over 1 hour of trityl bromide to 41 in 

dichloromethane using 0.75 equivalents of trityl bromide gives the best yield of 57 % of 44, 

minimising the formation of ditrityl product 45. The porphyrins 41, 44 and 45 are readily 

separated by column chromatography and are clearly identifiable by the porphyrin NH signal in 

their 
1
H NMR spectra. The porphyrin NH proton appears at -2.91 ppm in the starting material 41, 

-2.82 ppm in the mono-trityl product 44 and -2.73 ppm for ditrityl product 45. 3-aminophenyl  

-NH2 signals are seen at -3.91 ppm for 41 and 44 integrating for four and two protons 

respectively. 

 

 

Figure 3.23: Tritylation of bis-3-

aminophenyl porphyrin 41. 

41 

44 

44 

Ph3CBr 

CH2Cl2, NEt3 

0 ºC, 12 h 
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3.4.5 Coupling Reactions of 3-Aminophenyl-substituted Porphyrins with Pyridine-3,5-

dicarbonyl Chloride 

There are two main methods used to effect the coupling of amines and acids. The first is the 

formation of acid chlorides from the acids, then reaction with the amine eliminating HCl to form 

the amide. The second is the formation of an activated ester from the acid, where the ester is a 

good leaving group that will be eliminated and form the amide. There are advantages and 

disadvantages to both strategies. While acid chlorides are highly effective for amide couplings, 

they are highly moisture sensitive, and thus require careful preparation and use. They also are 

highly reactive and can react with acid sensitive groups elsewhere on the molecule. By contrast 

activated ester reagents do not usually interfere with other functional groups. A wide range of 

coupling agents for activated ester formation has been developed for use in peptide synthesis.
20-22

 

However, not all activated ester methods work for all acids. In particular, coupling of an 

aromatic acid to an aromatic amine is difficult compared to aliphatic acids and amines (such as 

those of peptide couplings), and standard activated ester coupling agents such as DCC do not 

work for these couplings. Other coupling agents developed for peptide synthesis such as HATU 

(46)
23-26

 and CDMT (47)
27-30

 have been shown to be useful in the coupling of aromatic acids to 

aromatic amines; however they do not work with all substrates (Figure 3.24). The coupling of 

3,5-pyridinedicarboxylic acid is expected to be particularly challenging as the presence of the 

nitrogen atom in the ring at a meta-position deactivates the acid group, making it less reactive. 

Furthermore, the aromatic amine also has a meta-position porphyrin substituent. In this work we 

initially attempted acid chloride couplings as it was not expected that activated ester couplings 

would work on such a deactivated system. 

 

CDMT (47) HATU (46) 

 
Figure 3.24: Amide coupling reagents. 
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Pyridine-3,5-dicarbonyl chloride can be prepared from reflux of pyridine-3,5-dicarboxylic acid 

with thionyl chloride. Formation of the acid chloride is complete when all of the suspended acid 

is dissolved, forming a pale yellow solution. Bhattacharyya
31

 reported that the synthesis of 

pyridine-2,6-dicarbonyl chloride required 6 h of reflux, however the research group of L.J. 

Wright
32

 reported a longer reaction time of 1 day. Jiang and co-workers
33

 report that synthesis of 

pyridine-3,5-dicarbonyl chloride by the same method requires 6 h reflux. In our work the 

formation of pyridine-3,5-dicarbonyl chloride required reflux times of 1-2 days before complete 

dissolution was observed. 

The tris-3,5-di-tert-butylphenyl mono-3-aminophenyl porphyrin 33 was stirred at room 

temperature in dichloromethane with an excess of triethylamine, a solution of pyridine-3,5-

dicarbonyl chloride in dichloromethane added over 20 minutes and the mixture stirred overnight, 

affording the pyridyl-linked bis-porphyrin 26 in 10 % yield (Figure 3.25). A 10 % yield was also 

obtained for the 4-tolyl substituted bis-porphyrin 25 by the same method from the mono-3-

aminophenyl/mono-4-tolyl porphyrin 40. In these reactions a significant amount of the mono-

adduct is formed, and both the mono-adduct and the bis-porphyrin can be isolated from the 

reaction. The bis-porphyrin elutes slightly slower than the starting material porphyrin on column 

chromatography, with the ideal eluent of between 1:2 and 2:1 dichloromethane:hexane 

depending on meso- position substituents. The mono-coupling product can be obtained with a 

more polar eluent of dichloromethane plus 10-20% ethyl acetate. A higher yield (23 %) was 

obtained in one reaction for the synthesis of 26 when a catalytic amount of DMAP was present, 

however the reaction yield was not generally increased by the presence of DMAP. For these 

reactions a small excess (2.2 equivalents) of the amine porphyrin was used. 
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Yields from the pyridine-3,5-dicarbonyl chloride coupling were low, and the reaction 

inconsistent. This is potentially due to incomplete formation of pyridine-3,5-dicarbonyl chloride 

prior to use in some reactions, or the presence of moisture in the reaction mixtures cleaving the 

acid chloride before reaction occurs. However, reactions were performed in oven-dried 

glassware with distilled dry solvents and carried out under a nitrogen atmosphere with a moisture 

guard fitted on the nitrogen supply. This should effectively remove water, and any acid formed 

in the reaction should be removed by both triethylamine and DMAP. 

 

 

Figure 3.25: Pyridine-3,5-dicarbonyl chloride couplings with 33 forming 26 and 40 forming 25. 

 

CH2Cl2, TEA, 

DMAP 

r.t. 12h 

33 
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3.4.6 Activated Ester Couplings Linking Aminophenyl-Porphyrins to Pyridine-3,5-

dicarboxylic Acid 

Given the inconsistent yields obtained with pyridine-3,5-dicarboxylic acid, amide coupling by 

formation of an activated ester of pyridine-3,5-dicarboxylic acid using HATU was trialled 

instead (Figure 3.26). A solution of HATU in DMF was added to a solution of pyridine-3,5-

dicarboxylic acid in DMF with Hünig’s base (diisopropylethylamine) and the mixture stirred for 

30 minutes at room temperature, after which formation of the activated ester was observed to be 

complete by TLC. Acid-containing compounds were not mobile, while the diester moved with an 

r.f. of ~ 0.75 in dichloromethane. An excess of porphyrin 33 in dichloromethane was added after 

activated ester formation was complete and the solution was stirred overnight This produced the 

bis-porphyrin product 26 in 16 % yield after removal of the non-porphyrin products with water 

and extraction into THF, followed by column chromatography to separate unreacted starting 

material. 

 

Figure 3.26: HATU coupling of 33 with pyridine-3,5-

dicarboxylic acid. 

33 
26 

1.                  , 0 ºC, 30 min 

 

 

2.                                     DMF, Hünig’s base 

              r.t. 18h 

 



114 Chapter 3: Isophthaloyl and 3,5-Pyridyl-Linked Bis-Porphyrin Hosts for Fullerenes 

 

 

We also attempted amide coupling by formation of an activated ester of pyridine-3,5-

dicarboxylic acid using the triazine coupling reagent CDMT (Figure 3.27). Kamiński’s standard 

procedure
28

 where N-methylmorpholine (NMM) and CDMT are added to the acid in THF 

solution at 0 ºC produced a variable degree of activated ester formation – complete activated 

ester formation took 4 - 20 hours, with incomplete formation of the activated ester in some 

reactions. This is much slower than for aliphatic acids and activated aromatic acids, where 

activated ester times are usually < 1 h. Addition of meso-H substituted amino porphyrin 43 or 3-

tritylaminophenyl porphyrin 44 in THF or dichloromethane solution to reactions where pyridine-

3,5-dicarboxylic acid activated ester formation was complete produced the bis-porphyrins 24 and 

27 respectively in yields of up to 56 % with reaction times of 1-2 days at 0 ºC or room 

Figure 3.27: Bis-porphyrin synthesis by triazine coupling using CDMT. 

1. NMM, THF, 0 ºC 

2. 43 , THF 

 

1. NMM, THF, 0 ºC 

2. 44, THF 

CF3COOH 

24 

27 28 



115 Chapter 3: Isophthaloyl and 3,5-Pyridyl-Linked Bis-Porphyrin Hosts for Fullerenes 

 

temperature, but with considerable variance in yield between reactions. The procedure of 

Kunishima
34,35

 was attempted, where a CDMT:NMM complex is prepared and this complex 

added to a solution of the acid and the amine in THF at room temperature. This was not found to 

result in significant formation of the bis-porphyrin product. The trityl groups of bis-porphyrin 27 

were cleaved using trifluoroacetic acid to give a bis-porphyrin with amino-groups, 28. 

 

3.4.7 3,5-Pyridyl-linked Bis-porphyrin Characterisation 

A model compound, 48 was prepared from pyridine-3,5-dicarbonyl chloride and m-toluidine to 

assist in NMR assignments. Figure 3.28 shows the 
1
H NMR signals of 48 in d6-DMSO. 

 

The 
1
H NMR signals of 48 are generally observed in a similar position in the 

1
H NMR spectra of 

3,5-pyridyl-linked bis-porphyrins. A significant exception is that no signal is present at 10.51 

corresponding to the amide NH protons. A signal integrating for two protons at 9.22 ppm for 24, 

9.24 ppm for 25, 9.25 ppm for 26, 9.14 ppm for 27 and 9.26 ppm for 28 corresponds to the 

pyridine ring 2- and 6-position protons. The 4-pyridyl proton is observed as a singlet integrating 

for one proton at between 8.35 and 8.79 ppm. Weak long range coupling may be observed to the 

2,6-pyridyl protons. The 4-position proton is not observed for 25, and is suspected to be obscured 

pyridyl 2 and 6-CH: s, 9.25 

Pyridyl 4-CH: s, 8.80 

aminophenyl 2-CH: s, 7.63 

aminophenyl 6-CH: d, 6.97 

aminophenyl 4-CH: d, 7.59 

aminophenyl 5-CH: t, 7.27 

amide NH: s, 10.51 

Figure 3.28: Key 1H NMR signals of N,N’-di-m-tolyl-pyridine-3,5-dicarboxamide (48) in d6-DMSO. 
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by the broad β-pyrrole signal between 8.96-8.80 ppm. Figure 3.29 shows the aromatic region of 

the 
1
H NMR spectrum of 27 showing the position of key proton resonances. 

Formation of amides can be confirmed by the absence of the amine signal in the 
1
H NMR spectra 

of 24-27 that is at 3.8-3.9 ppm in the starting material 3-aminophenyl porphyrins.  

 

Figure 3.29: Partial 1H NMR Spectrum of 27. Triangle: pyridyl 2 and 6-CH. Circles: β-pyrrole CH. Square: 
pyridyl 4-CH. Diamonds: 3,5-di-tert-butylphenyl ortho- and para-CH. 

The 
1
H NMR spectra of these bis-porphyrins also show small shifts of some signals at higher 

concentration. The most easily observable of these changes is the porphyrin NH signal of 24, 

which is observed at -3.06 ppm at low concentrations. At high concentrations close to saturation 

(ca. 4 mM) this band broadens and a small broad band at -3.30 ppm is observable. For the other 

four 3,5-pyridyl-linked bis-porphyrins 25-28 only a slight shift of up to -0.05 ppm is observed at 

high concentrations. The pyridyl ring protons of these bis-porphyrins do not show large shifts 

such as those observed by Haino for 2,6-pyridyl-linked bis-porphyrins, instead only showing 

minor shifts of generally less than 0.2 ppm. For instance, bis-porphyrin 26 shows the 2,6-pyridyl 
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CH signal at 9.25 ppm at ca. 2 mM, while at ca. 0.2 mM this signal is observed at 9.32 ppm. An 

amidophenyl ring signal integrating for 2 protons at 8.24 ppm at 0.2 mM is observed at 8.36 at 2 

mM. By contrast shifts of other signals are very small – the single proton at the 4-pyridyl 

position of 26 is observed at 8.82 ppm at 0.2 mM and 8.79 ppm at 2 mM. These shifts indicate 

there is much less dimer formation at these concentrations for 3,5-pyridyl-linked bis-porphyrins 

compared to the 2,6-pyridyl-linked bis-porphyrins reported by Haino.
6
 This may be attributed to 

the lack of a 2-position nitrogen atom, similar to the smaller observed shifts for isophthaloyl-

linked bis-porphyrins.
6 

Mass spectrometry confirmed the synthesis of the bis-porphyrins, which were detected as [M + 

2H]
2+

 cations. For most of the bis-porphyrins the 1+ cation was also observed. Bis-porphyrins 

are often seen as 2+ cations in positive ion mass spectrometry, as each porphyrin can be 

protonated or take up Na
+
 in ESI-TOF MS when sodium formate is present. For several of the 

isophthaloyl- and pyridyl-linked bis-porphyrins in this chapter, the dimer was observed as a 2+ 

cation, as a smaller signal overlapping with the 1+ monomer signal. Trityl-substituted bis-

porphyrin 27 shows some loss of the trityl groups in mass spectrometry, with peaks 

corresponding to one and two cleaved trityl groups observed (the latter peak is 28). The 
1
H NMR 

spectrum of 27 shows that this only occurs under MS conditions, with no observed cleavage of 

the trityl product to form 28 or a mono-tritylated bis-porphyrin. A single porphyrin NH signal is 

observed at -2.85 ppm compared to the porphyrin NH signal of 28 without trityl groups at -2.74 

ppm. No amine -NH2 signal is observed for 27, while for 28 a broad signal with two peaks at 

3.77 and 3.60 ppm is observed, with each peak integrating for approximately two protons. The 

reason for the two -NH2 groups of 28 being inequivalent is unknown. 
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3.4.8 Coupling Reactions of 3-aminophenyl-substituted Porphyrins with Isophthaloyl 

Dichloride 

Preparation of the isophthaloyl-linked bis-porphyrins proved to be simpler, with commercially 

available isophthaloyl chloride coupled to aminophenyl-substituted porphyrins 33, 40, 43 and 44, 

giving the bis-porphyrins 19-22 in reasonable yields (Figure 3.30). In the synthesis of the trityl 

bis-porphyrin 22, some cleavage of the trityl groups by acid formation occurred and the product 

was a mixture of 22 and cleaved products (including 23), as could be observed by the presence of 

amine signals of 23 between 4.0 and 3.5 ppm in the 
1
H NMR spectrum, and the presence of a 

broad porphyrin NH band with two large peaks at -2.77 and -2.85 ppm. The -2.77 ppm peak 

corresponds to tritylated porphyrin and the -2.85 ppm peak corresponds to cleaved amino 

porphyrin. The tritylated bis-porphyrin 22 was not able to be isolated due to its similar 

chromatographic properties to 23. Full cleavage of the trityl groups with trifluoroacetic acid gave 

the amino-substituted bis-porphyrin 23.  

 

The isophthaloyl-linked bis-porphyrins could be detected as 2+ cations in mass spectrometry, 

with a signal corresponding to the 1+ cation and a smaller overlapping signal due to the 2+ dimer 

also detectable in some experiments. The 
1
H NMR spectrum of the isophthaloyl bis-porphyrins is 

very similar to those of the 3,5-pyridyl-linked bis-porphyrins, except that the protons of the 

Figure 3.30:  Synthesis of isophthaloyl-linked 

bis-porphyrins. 

R = H (44),  4-tolyl (41), 3,5-di-tert-butylphenyl 

(34), 3-tritylaminophenyl (45) R = H (19),  4-tolyl (20), 3,5-di-tert-butylphenyl 

(21), 3-tritylaminophenyl (22, not isolated, 

converted to R = 3-aminophenyl 23 with TFA ) 

DCM, TEA, DMAP 

r.t. 12-24 h 
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central isophthaloyl ring are similar in chemical shift to the other aromatic signals and are thus 

not readily assigned. The exception is the isophthaloyl 2-position proton, which appears as a 

singlet integrating for a single proton between 8.55 and 8.40 ppm. The other single proton signal 

due to the 4-position proton is expected to be upfield at ~7.7 ppm, but is not clearly observed due 

to other signals in this region of the spectrum. Some small shifts (< 0.2 ppm) of some signals in 

the 
1
H NMR spectra can be observed at high concentrations, but these shifts are much smaller 

than those reported by Haino.
6
 It is possible that the 3,5-pyridyl-linked bis-porphyrins 24-28 and 

the isophthaloyl-linked bis-porphyrins show less dimerization due to the bulky 3,5-di-tert-

butylphenyl groups present at the meso-positions of the porphyrins. This steric bulk may prevent 

the linkers between porphyrins from interacting. 

The isophthaloyl- and 3,5-pyridyl linked bis-porphyrins all show a single Soret band with a peak 

between 415 and 430 nm. This peak does not change in energy at higher bis-porphyrin 

concentrations, in contrast to investigations by Haino
7
 into UV-Vis spectroscopy of 8 that 

showed a significant redshift of the Soret band when self-aggregation occurs. These results 

suggest that at concentrations of up to 2 x 10
-6

 mol L
-1

, the maximum concentration used for 

binding constant titrations, self-aggregation is minimal. This concentration is also much lower 

than that required to observe significant shifts in the 
1
H NMR spectrum due to dimer formation. 

 

3.4.9 Attempted Synthesis of a Ferrocene Derivative of a Pyridyl-linked Bis-porphyin 

Appending of secondary donors to porphyrin-fullerene dyads results in the formation of triads 

(or larger assemblies) with longer lived excited states. The amine-substituted bis-porphyrin 28 

allows us to append a secondary donor in an amide coupling reaction. We investigated a triazine 

coupling of ferrocenylbenzoic acid to 28. Coupling this molecule to 28 would result in a bis-

porphyrin 49 with two ferrocene secondary donors separated from the porphyrins by aryl groups 

(Figure 3.31). These aryl groups would act as a spacer increasing the distance between the 

porphyrin and ferrocene, which could slow charge recombination if a charge separated state 

forms upon irradiation with light. The activated ester of ferrocenylbenzoic acid forms quickly in 

THF solution upon addition of CDMT in the presence of N-methylmorpholine at 0 ºC and the 

reaction is complete within 1 hour. However, addition of this activated ester to a solution of 28 in 
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THF gave no significant formation of any TLC-mobile products, even after several days. Use of 

a significant excess of activated ester gives the same result, as does performing the reaction in 

the presence of a two-fold excess of CDMT. The reaction also does not proceed if a CDMT-

NMM complex is added to a solution of 28 and ferrocenylbenzoic acid. 

 

 

3.4.10 Attempted Synthesis of a Macrocyclic Bis-porphyrin with Adipoyl Chloride 

Another reaction attempted with the amine-substituted bis-porphyrin 28 was the synthesis of a 

macrocyclic bis-porphyrin 50 by a ring closure with adipoyl chloride (Figure 3.32). This reaction 

can potentially give oligomeric products by the two carbonyl chloride groups of adipoyl chloride 

reacting with different bis-porphyrin molecules. We performed the reaction in the presence of 1 

equivalent of C60 to attempt to ‘template’ the bis-porphyrin into a favourable orientation so that 

after one amine group had reacted with adipoyl chloride, the other group would be oriented close 

to the unreacted end of the adipoyl chloride. This should improve the yield of the macrocyclic 

product compared to oligomeric products. Toluene solvent was required for this reaction in order 

to provide sufficient solubility for C60, which has poor solubility in dichloromethane. 

Conditions: 1.    , CDMT, NMM, THF, 0 ºC. 2. 28, THF. 

 

Figure 3.31: Attempted synthesis of a ferrocene-appended bis-porphyrin 49. 

 

28 
49 
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Unfortunately, the reaction appeared to produce almost entirely oligomeric products, and 

significant precipitation was observed in the reaction vessel. Only traces of products mobile with 

thin layer chromatography were present, with even very polar solvent mixtures unable to elute 

any product bands. 

 

 

3.5 Fullerene Binding Constants 

Binding constants for C60 and C70 of the 3,5-pyridyl and isophthaloyl-linked bis-porphyrins were 

determined by UV-Visible titration using the methodology outlined in Chapter 2. A reduction of 

the Soret band upon addition of C60 is clearly observed for all of the bis-porphyrins reported in 

this chapter. Binding constants of the 3,5-pyridyl- and isophthaloyl-linked bis-porphyrins for 

fullerenes are moderate – the binding constants for C60 are between 1500 M
-1

 and 4000 M
-1

 in 

toluene. Figure 3.33 shows a titration of 26 with C60 in toluene. The titration produces a clear 

isosbestic point and a small redshift of the Soret band with larger volumes of C60. As for the 

alkynyl-linked bis-porphyrin, binding constants for C70 in toluene are significantly larger, and 

determination of binding constants in 1:1 toluene/acetonitrile further increases the binding 

constants. These binding constants are summarised in Table 3.3 for the isophthaloyl-linked hosts, 

and in Table 3.4 for the 3,5-pyridyl-linked hosts. The binding constants of the meso-H bis-

porphyrins are generally slightly smaller than binding constants of the 4-tolyl and 3-aminophenyl 

Figure 3.32: Attempted synthesis of macrocyclic bis-porphryin 50. 

 

28 

C60, adipoyl 

chloride, TEA, 

DMAP, toluene 

50 
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substituted bis-porphyrins, and significantly smaller than those for the 3,5-di-tert-butylphenyl 

and 3-tritylaminophenyl substituted bis-porphyrins. This is theoretically due to a greater number 

of close contacts with the bound fullerene in the aryl-substituted bis-porphyrins – the meso-H 

host has no aryl group in the 15-position. The other hosts have aryl groups in the 15-position, 

and those with 3-position substituents see further improvement over the 4-tolyl host as the 3-

position substituents are oriented closer to the fullerene, permitting additional close contacts. In 

particular the additional tert-butyl substituents of hosts 21 and 26 have -CH3 groups oriented 

toward the fullerene, allowing for close interactions. 
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Figure 3.33: UV-Vis spectrophotometric titration of 3,5-pyridyl-linked bis-porphyrin 26 with C60 in toluene. 

 

Binding constants (M
-1

) of 
isophthaloyl bis-porphyrin 

host: 

C60 in 
toluene 

C70 in toluene C60 in 1:1 
toluene/CH3CN 

C70 in 1:1 
toluene/CH3CN 

15-position: R = H (19) 1500 ± 40 9200 ± 700 17000 ± 1000 157000 ± 1700 

R = 4-tolyl (20) 1780 ± 40 21000 ± 1000 55000 ± 3000 490000 ± 20000 

R = 3-aminophenyl (23) 1900 ± 
200 

18000 ± 1300 49000 ± 2000 530000 ± 30000 

R = 3,5-di-tert-butylphenyl (21) 2500 ± 
100 

29600 ± 800 73000 ± 3000 680000 ± 30000 

Table 3.3: Binding constants of isophthaloyl-linked bis-porphyrins. 
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Binding constants (M
-1

) of 3,5-
pyridyl bis-porphyrin host: 

C60 in 
toluene 

C70 in toluene C60 in 1:1 
toluene/CH3CN 

C70 in 1:1 
toluene/CH3CN 

15-position: R = H (24) 1550 ± 20 8000 ± 1400 19000 ± 900 164000 ± 5000 

R = 4-tolyl (25) 1740 ± 40 20800 ± 1200 45000 ± 3000 370000 ± 10000 

R = 3-tritylaminophenyl (27) 3000 ± 
200 

24700 ± 1500 80000 ± 2000 655000 ± 18000 

R = 3-aminophenyl (28) 2000 ± 
100 

17700 ± 900 42300 ± 1700 460000 ± 20000 

R = 3,5-di-tert-butylphenyl (26) 3100 ± 
100 

20100 ± 1400 78000 ± 3000 800000 ± 40000 

Table 3.4: Binding constants of 3,5-pyridyl-linked bis-porphyrins. 

 

3.6 Discussion 

We have successfully prepared a range of isophthaloyl- and 3,5-pyridyl-linked bis-porphyrin 

hosts for fullerenes. These hosts have moderate binding constants for C60 similar to those seen 

for the alkynyl-linked bis-porphyrins in Chapter 1. An attempt at appending a secondary donor to 

a bis-porphyrin (28) with 15-position phenyl-amine substituent has not been successful. In 

Chapter 4 we report the assembly of three-porphyrin complexes from the co-ordination of 3,5-

pyridyl-linked bis-porphyrins to ruthenium porphyrins via the pyridine nitrogen. The ruthenium 

porphyrins are a potential secondary donor, and this approach allows the assembly in solution of 

triad and tetrad systems. This differs from the covalent chemistry approaches to forming 

photoactive systems employed by Imahori and others. These three-porphyrin complexes are 

investigated for their fullerene binding properties. 

Improvements in the synthesis of the 3-aminophenyl-substituted porphyrins may be able to be 

made, particularly in the synthesis of the 4-tolyl porphyrin 41, involving a mixed Suzuki 

coupling. An alternative route to synthesis of this compound would be to prepare 

dipyrromethanes with 4-tolyl and 3-acetamidophenyl substituents, and react these with 3,5-di-

tert-butylbenzaldehyde to give a mixture of 38, 39 and 40. Unfortunately, scrambling of aryl 
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substituents is known to occur in reactions involving 5-aryl-substituted dipyrromethanes
36

, which 

may cause formation of a range of isomers. 

Future work will focus on reactions to append secondary donors such as ferrocene to the bis-

porphyrins, to form complexes such as 49. Reaction of ferrocenylbenzoic acid with oxalyl 

chloride to form the acid chloride and reaction of this acid chloride with bis-porphyrin 28 is an 

alternative method to attempt the synthesis of 49. 

 

A macrocyclic bis-porphyrin could be obtained by linking the amine substituents of 28 by amide 

coupling of a diacid. Molecular modelling showed that if the diacid used was adipic acid a 

macrocyclic bis-porphyrin 50 (Figure 3.34) would be formed where the porphyrins of the 

macrocycle would be at the correct distance to bind fullerenes (Figure 3.35). The porphyrin-

porphyrin distance of 12.4 Å is ideal for fullerene binding, with the porphyrin planes close to 

parallel at an angle of 5.2º. There are several close contacts between C60 carbon atoms and 

hydrogen atoms of the meso-aryl and the tert-butyl groups, between 2.7 Å and 3.0 Å, which 

would increase the strength of the binding interaction. A macrocyclic host with a large number of 

interaction points for a bound fullerene and a high degree of preorganisation would be expected 

to have a very high binding constant for fullerene guests. Rather than acid chloride couplings as 

were attempted in 3.4.9 above, future work will involve attempting activated ester methods. 

Alternatively an adipoyl-linked bis-porphyrin could be prepared first and ring closing could be 

attempted on the other side of the bis-porphyrin with pyridine-3,5-dicarboxylic acid. In an 

Figure 3.34: A proposed adipoyl-linked macrocyclic bis-porphyrin 50. 



125 Chapter 3: Isophthaloyl and 3,5-Pyridyl-Linked Bis-Porphyrin Hosts for Fullerenes 

 

adipoyl-linked bis-porphyrin with all tert-butylphenyl meso-substituents was prepared by 

activated ester methods, but yields were low for this coupling. 

   

3.7 Experimental 

3.7.1 General Information 

General synthetic and analytical procedures are outlined in Chapter 2. 

Pyridinium chlorochromate (Aldrich), N-bromosuccinimide (Aldrich), paraformaldehyde 

(Aldrich), indium trichloride (Aldrich), 4-tolylboronic acid (Boron Molecular) and 3-

acetamidophenylboronic acid, pinacol ester (Boron Molecular), pyridine-3,5-dicarboxylic acid 

(Aldrich), DMAP (Aldrich), isophthaloyl dichloride (Aldrich), HATU (ChemPep) and CDMT 

(Aldrich) were obtained commercially. 

 

Figure 3.35: Model of an adipoyl- and pyridyl-linked macrocyclic bis-porphyin 50. 
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3.7.2 Synthetic Procedures 

3-acetamidobenzaldehyde 

 

Procedure adapted from Bonar-Law et al.
37 

3-Aminobenzylalcohol (1.997 g) was dissolved with stirring in THF (12 mL) at ice-bath 

temperature. Acetic anhydride (1.94 mL) was added dropwise over 3 minutes and the mixture 

stirred for 15 minutes. 2.5 molL
-1

 sodium hydroxide solution (8 mL), saturated sodium 

bicarbonate solution (8 mL) and methanol (20 mL) were added in succession and the suspension 

stirred at room temperature for 15 minutes. Ethyl acetate (100 mL) and 10% w/w sodium 

chloride solution (100 mL) were added, shaken, settled and the organic layer collected. The 

solvent was removed by rotary evaporation to give a cream/brown solid. To this solid THF (16 

mL) and dichloromethane (16 mL) were added and the mixture stirred vigorously to dissolve the 

solid. Pyridinium chlorochromate (5.183 g) was added and the mixture stirred rapidly at room 

temperature for 2.5 hours. Ethyl acetate (100 mL) was added to dilute the mixture, which was 

filtered into a separating funnel. The tarry black substance remaining in the reaction vessel was 

repeatedly extracted with ethyl acetate (total 1 L) and the extracts filtered into the separating 

funnel. The brown combined organic extracts were washed with saturated sodium bicarbonate 

solution (200 mL) then 10% w/w sodium chloride solution (300 mL), which left an almost clear 

organic layer. This was collected and the solvent removed by rotary evaporation. The crude 

cream solid was recrystallised from toluene to give white/cream plates (1.147 g, 43 %), collected 

by filtration and air dried. 
1
H NMR (CDCl3, 400 MHz): 9.98 (1H, s, -CHO), 8.01 (1H, s, -NH-), 

7.89 (2H, 2 overlapping s, ArH), 7.62 (1H, d, J = 7.5 Hz, ArH), 7.49 (1H, t, J = 7.8 Hz, ArH), 

2.23 (3H, s, -CH3). ESI-TOF MS Calc. for [M + H]
+
, C9H10NO2: 164.0706. Observed: 164.0693. 
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5-(3’-acetamidophenyl)-10,15,20-(3”,5”-di-tert-butylphenyl)porphyrin 32 

 

A 1:2 ratio of the aldehydes rather than a 1:3 ratio is used in this preparation to improve the yield 

of the mono-acetamidophenyl product. 

3-Acetamidobenzaldehyde (1.405 g, 8.6 mmol), and 3,5-di-tert-butylbenzaldehyde (3.756 g, 17.2 

mmol) were dissolved in dry chloroform (650 mL). Pyrrole (2 mL, 31.2 mmol) was added by 

syringe and N2 bubbled through the solution. After 30 minutes boron trifluoride diethyl etherate 

(1 mL) was added by syringe and the mixture stirred for 1 hour, forming a blood red suspension. 

Chloranil (4.50 g) was added and the mixture heated to reflux for 2 hours. After cooling, 

triethylamine (10 mL) was added and the solvent removed by rotary evaporation. The mixture 

was separated from most of the polypyrrole impurities by an initial column of silica gel with 

dichloromethane eluent. A second silica gel column with 1:1 hexane/dichloromethane obtains the 

tetrakis 3,5-di-tert-butyl product (820 mg) and dichloromethane with up to 0.5 % ethyl acetate 

yields the mono-acetamide product without eluting remaining polypyrrole material. 147 mg (2.5 

%) of the mono-acetamide product is obtained as a crimson solid. 
1
H NMR (CDCl3, 400 MHz): 

9.99 (s, 1H, amide NH*), 8.88 (m, 8H, β-pyrrole), 8.15 (m, 1H, ArH), 8.07 (m, 6H, ortho-Ph), 

8.01 (d, J = 7.2 Hz, 1H, ArH), 7.79 (m, 3H, para-Ph), 7.70 (t, J = 7.8 Hz, 1H, ArH), 7.39 (s, 1H, 

ArH), 2.25 (s, 3H, acetamide -CH3), 1.55 (s, 54H, tert-butyl –CH3), -2.71 (s, 2H, porphyrin NH). 

*The amide proton is not always observed. FAB MS Calc. for [M + H]
+
, C70H82N5O: 1008.6519. 

Observed: 1008.6502. 
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5-(3’-aminophenyl)-10,15,20-(3”,5”-di-tert-butylphenyl)porphyrin 33 

 

The mono-amino compound 33 can be obtained in almost quantitative yield from the mono-

acetamide 32 by reflux of a suspension of the mono-acetamide in a 6 mol L
-1

 aqueous HCl for 16 

hours, followed by neutralisation with 2.5 mol L
-1

 NaOH and dichloromethane extraction. 

Column chromatography (silica gel, dichloromethane eluent) can be used to improve the purity 

of the product if required. 
1
H NMR (CDCl3, 400 MHz): 8.94 (d, J = 4.8 Hz, 2H, β-pyrrole), 8.91 

(s, 4H, β-pyrrole), 8.88 (d, J = 4.8 Hz, 2H, β-pyrrole); 8.09 (m, 6H, ortho-di-tert-butylphenyl); 

7.79 (m, 3H, para-di-tert-butylphenyl), 7.63 (dt, J = 7.5 Hz, 1.1 Hz, 1.0 Hz, 1H, ArH), 7.54 (t, J 

= 1.8 Hz, 1H, ArH), 7.47 (t, J = 7.8 Hz, 1H, ArH), 7.01 (ddd, J = 7.8 Hz, 2.0 Hz, 0.8 Hz, 1H, 

ArH), 3.84 (bs, 2H, -NH2), 1.53 (s, 54H, tert-butyl –CH3), -2.69 (s, 2H, porphyrin NH). FAB MS 

Calc. for [M + H]
+
, C68H80N5: 966.6414. Observed: 966.6414. 

 

Pyridine-3-5-dicarbonyl chloride 

 

Thionyl chloride was distilled from 10 % triphenyl phosphite into a vessel containing pyridine-

3,5-dicarboxylic acid, then the resulting suspension heated under reflux for 1-2 days until a clear 

pale yellow solution formed. The thionyl chloride was then removed under vacuum and the 
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resulting solid twice suspended in dry dichloromethane then the solvent removed under vacuum 

to remove any remaining thionyl chloride. The product was dissolved in dry dichloromethane 

and used immediately. 

 

Dipyrromethane 29 

 

29 was prepared according to the procedure in Lindsey et al.
14

, and the 
1
H NMR data of 29 

matched Lindsey et al.
36 

Paraformaldehyde (1.000 g) was suspended in freshly distilled pyrrole (100 mL) and the mixture 

stirred at 50 ºC for 20 minutes under an N2 atmosphere. Indium trichloride was added from a 

heated vessel to the solution and the mixture heated at 80 ºC for 4 hours, during which the 

solution initially becomes yellow, then green, then a dark blue colour. Sodium hydroxide was 

added and the mixture allowed to cool to room temperature while stirring for 1 hour. The 

suspension was filtered through celite, removing a black colloid and giving a brown solution. 

The pyrrole was removed from the solution under vacuum to give a tacky brown-black solid, 

which was extracted with 1:5 ethyl acetate: hexane, filtered through celite to give a pale yellow 

solution and the solvents removed under vacuum until a solid formed. A second extraction and 

filtration was performed and the product dried under vacuum for several hours giving white or 

pale tan solid, which was not further purified by recrystallisation.
 1

H NMR (CDCl3, 400 MHz): 

7.83-7.79 (broad s, 2H), 6.65-6.62 (m, 2H), 6.13 (q, J = 3.0, 2.8. 2.8 Hz, 2H), 6.03-6.00 (m, 2H), 

3.95 (s, 2H). 
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5,15-bis(3’,5’-di-tert-butylphenyl)porphyrin 30 and its zinc complex 35 

 

Dipyrromethane 29 (1.0 g) and 3,5-di-tert-butylbenzaldehyde (1.53 g) were dissolved in 

dichloromethane (1.6 L) and N2 bubbled through the solution for 30 minutes. Trifluoroacetic 

acid (0.15 mL) was added and the solution stirred for 16 hours at room temperature with N2 

bubbling through the solution, slowly forming a deep red colour. Chloranil (4.5 g) was added and 

the mixture heated under reflux for two hours, cooled, and the solvent removed by rotary 

evaporation. A short flash column of silica gel with 2:1 hexane:dichloromethane as eluent was 

used to separate the porphyrin from dark polypyrrole material, then a second flash column with 

the same conditions further purified the product, which was obtained as a purple solid. Yields for 

several such experiments were 600-900 mg (26-38 %). 
1
H NMR (CDCl3, 400 MHz): 10.31 (s, 

2H, meso-H), 9.40 (d, J = 4.4 Hz, 4H, β-pyrrole), 9.18 (d, J = 4.4 Hz, 4H, β-pyrrole), 8.17 (m, 

4H, ortho-di-tert-butylphenyl), 7.85 (m, 2H, para-di-tert-butylphenyl), 1.57 (s, 36H, tert-butyl –

CH3), -3.00 (s, 2H, porphyrin NH). ESI-TOF MS: Calc. for [M + H]
+
, C48H55N4: 687.4421. 

Observed: 687.4387. 

The zinc complex 35 of the di-meso-H porphyrin 30 was obtained by warming a 

dichloromethane/methanol solution of the porphyrin with an excess of zinc acetate, then column 

chromatography using the same conditions as above was used to obtain the bright crimson 

product. 
1
H NMR (CDCl3, 400 MHz): 10.31 (s, 2H, meso-H), 9.44 (d, J = 4.4 Hz, 4H, β-pyrrole), 

9.20 (d, J = 4.4 Hz, 4H, β-pyrrole), 8.15 (m, 4H, ortho-di-tert-butylphenyl), 7.85 (m, 2H, para-

di-tert-butylphenyl), 1.58 (s, 36H, tert-butyl –CH3). ESI-TOF MS: Calc. for [M + H]
+
, 

C48H53N4Zn: 749.3556. Observed: 749.3525. Calc. for [M + Na]
+
, C48H52N4NaZn: 771.3376. 

31 36 
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Observed: 771.3338. Calc. for demetallated porphyrin [M – Zn + 3H]
+
, C48H55N4: 687.4421. 

Observed: 687.4388. 

 

5,15-dibromo-10,20-bis(3’,5’-di-tert-butylphenyl)porphyrin 31 and 5-bromo-10,20-bis(3’,5’-di-

tert-butylphenyl)porphyrin 34 

   

Di-meso-H porphyrin 30 (500 mg) was dissolved in dichloromethane (60 mL) and pyridine (15 

mL) and the solution cooled to 0 ºC. N-bromosuccinimide (1.27 g) was added and the mixture 

stirred at 0 ºC for 4 hours, forming a brown suspension. Acetone (20 mL) was added and the 

solution stirred for a further 10 minutes, then the precipitate collected by filtration, washed with 

methanol (3 x 30 mL) and dried under vacuum giving a brown solid, 31 (430 mg, 70 %). 

This reaction does not always proceed to completion and significant amounts of monobromo 

porphyrin 34 can be present. Dibromo (31): 
1
H NMR (CDCl3, 400 MHz): 9.62 (d, 4H, β-

pyrrole), 8.88 (m, 4H, β-pyrrole), 8.03 (m, 4H, ortho-di-tert-butylphenyl), 7.84 (m, 2H, para-di-

tert-butylphenyl), 1.53 (s, 36H, tert-butyl -CH3), -2.67 (s, 2H, porphyrin NH). ESI-TOF MS: 

Calc. for [M + H]
+
, C48H53N4Br2: 843.2631. Found: 843.2620. Monobromo (34): 

1
H NMR 

(CDCl3, 400 MHz): 10.18 (s, 1H, meso H), 9.75 (d, 2H, β-pyrrole), 9.29 (d, 2H, β-pyrrole), 9.01 

(m, 4H, β-pyrrole), 8.08 (m, 4H, ortho-di-tert-butylphenyl), 7.83 (m, 2H, para-di-tert-

butylphenyl), 1.56 (s, 36H, tert-butyl -CH3), -2.92 (s, 2H, porphyrin NH). 34 was not able to be 

isolated from mixtures of 31 and 34. 

31 34 
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5,15-dibromo-10,20-bis(3’,5’-di-tert-butylphenyl)porphyrin, zinc complex 36 

 

Zinc di-meso-H porphyrin 35 (1 g) was dissolved in dichloromethane (150 mL) and pyridine (6 

mL) and the solution cooled to 0 ºC. N-bromosuccinimide (0.485 g) was added and the mixture 

stirred for 15 minutes, giving a purple-green solution. Acetone (20 mL) was added to quench the 

reaction, forming a green-blue solution that was stirred for a further 10 minutes. Methanol (20 

mL) was added and the solvents removed by rotary evaporation, then placed under vacuum to 

remove the pyridine. Methanol (30 mL) was added and the solid of the resulting suspension 

collected by filtration, then washed with 2 x 20 mL of methanol and oven dried to give a red 

powder, 37 (879 mg, 73 %). The 
1
H NMR spectrum of the product in CDCl3 with a drop of 

pyridine to aid solubility showed no meso-H proton signal visible, indicating complete 

bromination. The Zn was removed with concentrated HCl and a 
1
H NMR of the free base 

porphyrin showed only dibromo porphyrin was present. 
1
H NMR of the Zn complex 36: (CDCl3 

+ 0.5 % C5H5N, 400 MHz): 9.65 (d, J = 4.6 Hz, 4H, β-pyrrole), 8.86 (d, J = 4.4 Hz, 4H, β-

pyrrole), 8.03 (m, 4H, ortho-di-tert-butylphenyl), 7.88 (m, 2H, para-di-tert-butylphenyl), 1.55 (s, 

36H, tert-butyl -CH3). This compound was also reported by Cheng et al.
15

, who used a similar 

synthetic method. The reported 
1
H NMR data matches that given above. 

 

Mixed Suzuki coupling with 3-acetamidophenylboronic acid, pinacol ester and 4-tolylboronic 

acid (37-41) 

3-acetamidophenylboronic acid, pinacol ester (223 mg), 4-tolylboronic acid (74 mg), caesium 

carbonate (1.73 g) and dibromoporphyrin 31 (534 mg) were suspended in toluene (40 mL) and 
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dimethylformamide (10 mL) under N2 and the suspension degassed by three freeze-pump-thaw 

cycles. The mixture was frozen again and tetrakis(triphenylphosphine)palladium(0)  (160 mg) 

added, then the flask evacuated and thawed. The mixture was then heated at 80 ºC overnight, 

cooled and filtered through celite. The celite pad was washed with toluene (4 x 10 mL) until no 

further crimson porphyrin products eluted. Removal of the solvent under vacuum gave a dark 

purple solid. Column chromatography (silica gel, 0.1 % triethylamine added to solvents) was 

used to separate the three products: 80:20 dichloromethane/hexane elutes the ditolyl product 37 

first (110mg, 20 %), followed by dichloromethane to elute the mixed product 38 (233 mg, 41 %), 

then 80:20 dichloromethane/ethyl acetate to elute the di-3-acetamidophenyl product 39 (163 mg, 

27 %), all as dark purple solids. Total porphyrin yield is 88 %. The two acetamide-substituted 

products were each converted to their respective amines 40 and 41 in near-quantitative yield by 

reflux in 6 molL
-1

 HCl with 10% v/v ethanol for 4 hours, followed by neutralisation with 

saturated aqueous sodium bicarbonate, extraction into dichloromethane, drying with sodium 

sulphate and removal of the solvent. 

Products:     

 

37 38 
39 

40 41 
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5,15-bis(para-tolyl)-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 37: 
1
H NMR (CDCl3, 400 

MHz): 8.91-8.84 (m, 8H, β-pyrrole), 8.14 (d, 8.0 Hz, 4H, tolyl CH), 8.12-8.09 (m, 4H, ortho-di-

tert-butylphenyl), 7.81 (d, J = 1.8 Hz, 2H, para-di-tert-butylphenyl), 7.56 (d, J = 8.0 Hz, 4H, 

tolyl CH), 2.71 (s, 6H, tolyl –CH3), 1.55 (s, 36H, tert-butyl –CH3), -2.71 (s, 2H, porphyrin NH). 

FAB MS: Calc for [M + H]
+
, C62H67N4: 867.5360. Observed: 867.5353. 

5-(meta-acetamidophenyl)-15-(para-tolyl)-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 38: 
1
H 

NMR (CDCl3, 400 MHz): 8.89-8.84 (m, 8H, β-pyrrole), 8.17 (d, J = 7.7 Hz, 1H, ArH), 8.13 (d, J 

= 8.0 Hz, 2H, tolyl CH), 8.09-8.07 (m, 4H, ortho-di-tert-butylphenyl), 7.99 (d, J = 7.8 Hz, 1H, 

ArH), 7.80 (t, J = 2.0 Hz, 2H, para-di-tert-butylphenyl), 7.71 (t, J = 8.0 Hz, 1H, ArH), 7.55 (d, J 

= 8.0 Hz, 2H, tolyl CH), 2.70 (s, 3H, tolyl –CH3), 2.25 (s, 3H, acetamide –CH3), 1.55, 1.53 (two 

s, 36H, tert-butyl –CH3), -2.75 (s, 2H, porphyrin NH). FAB MS: Calc for [M + H]
+
, C63H68N5O: 

910.5418. Observed: 910.5411.  

5,15-bis(meta-acetamidophenyl)-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 39: FAB MS: 

Calc for [M + H]
+
, C64H69N6O2: 953.5477. Observed: 953.5516. 39 was not sufficiently soluble 

in organic solvents to obtain a clear 
1
H

 
NMR spectrum. 

5-(meta-aminophenyl)-15-tolyl-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 40: 9.06 (d, J = 4.2 

Hz, 2H, β-pyrrole), 8.87 (m, 6H, β-pyrrole), 8.12-8.08 (m, 6H, ortho-di-tert-butylphenyl CH and 

tolyl CH), 7.81 (m, 2H, para-di-tert-butylphenyl CH), 7.63 (d, 1H, aminophenyl CH), 7.55-7.51 

(m, 3H, tolyl CH and aminophenyl CH), 7.47 (t, J = 8.0 Hz, 2H, aminophenyl CH), 7.04 (dd, J = 

8.0 Hz, 1.8 Hz, 2H, aminophenyl CH), 3.85 (s, 2H, -NH2), 2.68 (s, 3H, tolyl -CH3), 1.55 (s, 36H, 

tert-butyl -CH3), -2.72 (s, 2H, porphyrin NH). FAB MS: Calc for [M + 2H]
+
, C61H67N5: 

869.5396. Observed: 869.5416. 

5,15-bis(meta-aminophenyl)-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 41: 8.91 (ABq, J = 

24.0 Hz, 8.0 Hz, 8H, β-pyrrole), 8.10 (s, 4H, ortho-di-tert-butylphenyl), 7.80 (t, J = 1.4 Hz, 2H, 

para-di-tert-butylphenyl), 7.62 (d, J = 8.0 Hz, 2H, aminophenyl CH), 7.56 (m, 2H, aminophenyl 

CH), 7.50 (t, J = 8.0 Hz, 2H, aminophenyl CH), 7.08 (ddd, J = 8.0 Hz, 1.4 Hz, 1.2 Hz, 2H, 

aminophenyl CH), 3.91 (bs, 4H, NH2), 1.54 (s, 36H, tert-butyl -CH3), -2.73 (s, 2H, porphyrin 

NH). FAB MS: Calc for [M + H]
+
, C60H65N6: 869.5265. Observed: 869.5255. 
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Suzuki coupling of 3-acetamidophenylboronic acid, pinacol ester with a mixture of monobromo 

and dibromo porphyrins, 34 and 31. 

An approximately 1:1 mixture of di-meso-bromo porphyrin 31 and mono-meso-bromo porphyrin 

34 (1.23 g), m-acetamidophenyl boronic acid, pinacol ester (816 mg, 2.2 eq) and caesium 

carbonate (2.54 g) were suspended in toluene (100 mL) and N,N-dimethylformamide (50 mL) 

and oxygen removed from the solvent by three freeze-thaw cycles. 

Tetrakis(triphenylphosphine)palladium (0) was added and an additional freeze-thaw cycle 

performed before returning the vessel to an N2 atmosphere. The suspension was heated at 100 ºC 

for 16 hours then cooled and filtered through celite. The solvent of the filtrate was removed 

under vacuum, then the mono-3-acetamidophenyl/meso-H porphyrin 42 and di-3-

acetamidophenyl porphyrin 39 were separated by column chromatography on silica gel with 

dichloromethane eluent, with dichloromethane 4:1 ethyl acetate used to elute the diacetamide 

product. The acetamide products were converted to the amines by acid reflux as above, forming 

mono-3-aminophenyl/meso-H porphyrin 43 (440 mg) and di-3-aminophenyl porphyrin 41 (420 

mg)  

 

5,15-bis(3’5’-di-tert-butylphenyl)-10-acetamidophenylporphyrin 42: 
1
H NMR (CDCl3, 400 

MHz): 10.21 (s, 1H, meso H), 9.35 (d, 4.0 Hz, 2H, β-pyrrole), 9.10 (d, 4.1 Hz, 2H, β-pyrrole), 

8.98 (d, 4.0 Hz, 2H, β-pyrrole), 8.90 (d, 4.0 Hz, 2H, β-pyrrole), 8.14 (s, 4H, ortho-di-tert-

butylphenyl), 8.12 (s, 1H, acetamide NH), 8.06 (d, 7.1 Hz, 1H, ArH), 7.98 (d, 7.2 Hz, 1H, ArH), 

7.85 (s, 2H, para-di-tert-butylphenyl), 7.64 (t, 8.0 Hz, 1H, ArH), 7.37 (s, 1H, ArH), 2.12 (s, 3H, 

acetamide -CH3), 1.54 (s, 36H, tert-butyl CH3), -2.90 (s, 2H, porphyrin NH). ESI-TOF MS: Calc 

for [M + H]
+
, C56H62N5O: 820.4949. Observed: 820.4940. 

42 43 
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5,15-bis(3’5’-di-tert-butylphenyl)-10-aminophenylporphyrin 43: 
1
H NMR (CDCl3, 400 MHz): 

10.21 (s, 1H, meso H), 9.33 (d, J = 4.2 Hz, 2H, β- pyrrole), 9.07 (d, J = 4.2 Hz, 2H, β-pyrrole), 

8.98 (d, J = 4.2 Hz, 2H, β-pyrrole), 8.94 (d, J = 4.2 Hz, 2H, β-pyrrole), 8.12 (s, 4H, ortho-di-tert-

butylphenyl), 7.83 (s, 2H, para-di-tert-butylphenyl), 7.64 (d, J = 7.2 Hz, 1H, ArH), 7.57 (d, J = 

1.8 Hz, 1H, ArH), 7.50 (t, J = 8.1 Hz, 1H, ArH), 7.09 (d, J = 7.6 Hz, 1H, ArH), 3.92 (bs, 2H, -

NH2), 1.56 (s, 36H, tert-butyl -CH3), -2.92 (s, 2H, porphyrin NH). ESI-TOF MS: Calc for [M + 

H]
+
, C54H60N5: 778.4843. Observed: 778.4816. 

 

Tritylation of di-3-aminophenyl porphyrin, 41 

 

Bis-3-aminophenyl substituted porphyrin 41 (750 mg) was dissolved in dichloromethane (150 

mL) and triethylamine (1 mL) under N2 and the solution cooled to 0 ºC. A solution of trityl 

bromide (209 mg, 0.75 eq.) in dichloromethane (30 mL) was added dropwise while stirring over 

2 hours. The solution was then stirred overnight and allowed to warm to room temperature. 

Acetone (10 mL) was then added and the solvent was removed under reduced pressure. Column 

chromatography (silica gel) was used to separate the products. 1:2 dichloromethane/hexane 

elutes the ditritylated product (100 mg, 9 %), 2:1 dichloromethane/hexane elutes the 

monotritylated product (535 mg, 56 %) and neat dichloromethane elutes the starting material 

(154 mg, 21 %). 

5-(3’-tritylaminophenyl)-15-(3’-aminophenyl)-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 44: 

1
H NMR (CDCl3, 400 MHz): 8.90, 8.85, 8.80, 8.58 (each d, J = 7.8-8.0 Hz, 2H, β-pyrrole), 8.09 

(s, 4H, ortho-phenyl), 7.82 (s, 2H, para-phenyl), 7.61 (d, 8.0 Hz, 1H, ArH) 7.54 (s, 1H, ArH), 

44 45 



137 Chapter 3: Isophthaloyl and 3,5-Pyridyl-Linked Bis-Porphyrin Hosts for Fullerenes 

 

7.47 (s, 3H, ArH), 7.45 (s, 3H, ArH), 7.37 (m, 1H, ArH), 7.34-7.21 (multiple signals, ~12H), 

7.07 (ddd, J = 7.8 Hz, 1.2 Hz, 1.2 Hz, 1H, ArH), 6.84 (ddd, J = 7.8 Hz, 1.2 Hz, 1.2Hz, 1H, ArH), 

3.91 (s, 2H, NH2), 1.55 (s, 18H, tert-butyl –CH3), 1.53 (s, 18H, tert-butyl –CH3), -2.82 (s, 2H, 

porphyrin NH). The trityl NH proton was not observed. ESI-TOF MS: Calc. for [M + H]
+
, 

C79H79N6: 1111.6361, Observed: 1111.6372. 

5,15-bis(3’-aminophenyl)-10,20-bis(3’5’-di-tert-butylphenyl)porphyrin 45: 
1
H NMR (CDCl3, 

400 MHz): 8.77 (d, J = 7.8 Hz, 4H, β-pyrrole), 8.56 (dd, J = 7.8 Hz, 1.8 Hz, 4H, β-pyrrole), 8.08 

(dt, J = 7.2 Hz, 7.2 Hz, 1.8 Hz, 4H, ortho-di-tert-butylphenyl), 7.82 (t, J = 1.8 Hz, 2H, para-di-

tert-butylphenyl), 7.45 (d, 8.0 Hz, 12H, trityl ArH), 7.36 (m, 2H, ArH), 7.28-7.24 (multiple 

signals including CDCl3, ArH), 7.19 (m, 8H, ArH), 6.81 (dt, J = 8.8 Hz, 1.2 Hz, 1.2 Hz, 2H, 

ArH), 1.60 (s, 8H, tert-butyl -CH3), 1.57 (s, 16H, tert-butyl -CH3), 1.54 (s, 8H, tert-butyl  -CH3), 

-2.91 (s, 2H, porphyrin NH). The trityl NH protons were not observed. ESI-TOF MS: Calc for 

[M + H]
+
, C98H93N6: 1353.7456. Observed: 1353.7428. 

 

3,5-pyridyl-linked bis-porphyrin with 15-(3’,5’-di-tert-butylphenyl) substituent 26 

 

By acid chloride coupling: Mono-3-aminophenyl porphyrin 33 (120 mg) and DMAP were 

dissolved in dry dichloromethane (20 mL) and triethylamine (50 µL) and cooled to 0 ºC and a 

solution of pyridine 3,5-dicarbonyl chloride (20 mg) in dichloromethane (10 mL) added 

dropwise over 10 minutes. The mixture was stirred overnight at room temperature then the 
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solvent removed under reduced pressure. The resulting purple solid was columned on silica gel 

with dichloromethane first eluting the mono-3-aminophenyl porphyrin starting material (45 mg), 

then 4:1 dichloromethane/ethyl acetate eluting a small product band, which gave a purple solid 

(29 mg, 23 %). 

By HATU activated-ester coupling: 3,5-pyridinedicarboxylic acid (8.6 mg) was dissolved in 

N,N-dimethylformamide (5 mL) and diisopropylethylamine (18 µL) added with stirring. A 

solution of HATU (38.6 mg) dissolved in DMF (5 mL) was added to the main solution and the 

mixture stirred for 30 minutes at 0 ºC, and a pale orange colour formed. Mono-3-aminophenyl 

porphyrin 33 (99.4 mg) was dissolved in DMF (10 mL) and the solution stirred for 18 hours at 

room temperature. The reaction mixture was poured onto water (100 mL) and the product 

extracted with THF (3 x 50 mL). Brine (3 x 50 mL) was added to improve the extraction. The 

solvent was removed from the combined organic extracts under vacuum. Column 

chromatography on silica gel with dichloromethane/hexane 9:1 was used to elute a band of the 

starting material porphyrin, then dichloromethane with 2 % ethyl acetate eluted the bisporphyrin 

product (16.8 mg, 16 %). A small quantity of the mono-adduct can be removed with polar eluent 

(4:1 dichloromethane:ethyl acetate). 
1
H NMR (ca. 2 mM, CDCl3, 400 MHz): 9.25 (d, J = 1.8 Hz, 

2H, pyridyl 2- and 6-CH), 8.87 (m, 16H, β-pyrrole), 8.79 (s, 1H, pyridyl 4-CH), 8.42 (s, 2H, 

ArH), 8.36 (s, 2H, ArH), 8.14 (d, J = 9.0 Hz, 2H, ArH), 8.06-8.05 (m, ~12H, ortho-di-tert-

butylphenyl), 7.78-7.75 (m, ~6H, para-di-tert-butylphenyl and ArH), 7.70 (t, 7.8 Hz, 2H, ArH), 

1.52 (s, 36H, tert-butyl -CH3), 1.50 (two overlapping s, 36H, tert-butyl -CH3), 1.46 (s, 36H, tert-

butyl -CH3), -2.71 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret 

band 422 (892000), Q bands 522 (22200), 561 (19900), 620 (16900), 671 (413000). ESI-TOF 

MS: Calc for [M + 2H]
2+

, C143H161N11O2: 1032.1412. Observed: 1032.1457. 

Mono adduct: Calc for [M]
+
, C75H82N6O3: 1114.6448. Observed: 1114.6467. 
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3,5-pyridyl-linked bis-porphyrin with 15-para-tolyl substituent 25 

 

Monotolyl/3-aminophenyl porphyrin 40 (196 mg) and DMAP (30 mg) were dissolved in  dry 

dichloromethane (20 mL) and triethylamine (0.4 mL) and the mixture cooled to 0 ºC while 

stirring. A solution of pyridine-3,5-dicarbonyl chloride (23 mg) in dry dichloromethane (10 mL) 

was added dropwise over 1 hour, then the mixture stirred overnight, warming to room 

temperature. The solvent was removed and the purple solid purified by column chromatography 

on silica gel with 1:1 dichloromethane:hexane eluent, eluting a large band of starting material 

porphyrin. 2:1 dichloromethane:hexane eluent then elutes a small band of the bis-porphyrin 

product. Removal of the solvent and drying under vacuum gives the bis-porphyrin as a purple 

solid (22 mg, 10 %). 
1
H NMR (CDCl3, 400 MHz): 9.24 (s, 2H, pyridyl 2- and 6-CH), 8.96-8.80 

(m, ~18H, β-pyrrole, pyridyl 4-CH), 8.44 (s, 2H, ArH), 8.15-8.07 (m, 14H, ortho-di-tert-

butylphenyl + ArH), 7.98 (d, J = 7.8 Hz, 2H, ArH), 7.94 (s, 2H, ArH), 7.80 (s, 4H, para-di-tert-

butylphenyl), 7.70 (t, J = 8.0 Hz, J = 8.0 Hz, 2H, ArH), 7.54 (d, J = 7.8 Hz, 4H, ArH), 7.38 (s, 

2H, ArH), 2.67 (s, 6H, tolyl –CH3) 1.53 (s, 72H, tert-butyl –CH3), -2.73 (s, 4H, porphyrin NH). 

UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 422 (746000) Q bands 518 (39000), 

553 (16700), 597 (17500), 652 (12500). ESI-TOF MS: Calc for [M + 2H]
2+

, C129H133N11O2: 

934.0316. Observed: 934.0289. Calc for [M + H + Na]
2+

, C129H132N11O2Na: 945.0226. 

Observed: 945.0228. Calc for [M + H]
+
, C129H132N11O2: 1867.0560. Observed: 1866.0541. 
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3,5-pyridyl-linked bis-porphyrin with 15-meso-H substituent 24 

 

Pyridine-3,5-dicarboxylic acid (11.4 mg) was suspended in THF (5 mL) and N-

methylmorpholine (0.1 mL) added. The mixture was cooled to 0 ºC and stirred for 10 minutes 

before 2-chloro-4,6-dimethoxy-1,3,5-triazine (30 mg) was added. The mixture was allowed to 

warm to room temperature, and was stirred overnight, forming a pale yellow solution. A solution 

of meso H/3-aminophenyl porphyrin 43 (106 mg) with DMAP (10 mg) in THF (10 mL) was 

added to the yellow solution and the mixture stirred overnight. The solvent was removed by 

rotary evaporation and the purple solid purified by column chromatography on silica gel with 4:1 

dichloromethane/hexane eluent to elute unreacted starting material porphyrin, then 

dichloromethane with up to 1 % ethyl acetate to elute the bis-porphyrin product. Removal of the 

solvent afforded a purple solid (65 mg, 56 %). 
1
H NMR (CDCl3, 400 MHz): 10.15 (s, 2H, meso- 

H), 9.28 (d, J = 4.6 Hz, 4H, β-pyrrole), 9.22 (s, 2H, pyridyl 2- and 6-H), 9.02 (d, J = 4.6 Hz, 4H, 

β-pyrrole), 8.87 (d, J = 4.6 Hz, 4H, β-pyrrole),  8.84 (d, J = 4.6 Hz, 4H, β-pyrrole), 8.35 (s, 1H, 

pyridyl 4-CH), 8.18 (m, 2H, ArH), 8.04 (s, 4H, ortho-di-tert-butylphenyl), 7.99 (s, 4H, ortho- di-

tert-butylphenyl), 7.94 (d, J = 7.5 Hz, 4H, ArH), 7.77 (s, 4H, para-di-tert-butylphenyl), 7.62 (t, J 

= 7.5 Hz, J = 7.5 Hz, 2H, ArH), 1.51 (s, 36H, tert-butyl –CH3), 1.46 (s, 36H, tert-butyl –CH3), -

3.06 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 421 

(714000) Q bands 516 (40000), 550 (15300), 595 (17200), 652 (12400).  MS: Calc for [M + 

Na]
+
, C115H119N11O2Na: 1708.9440. Observed: 1708.9429. 
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3,5-pyridyl-linked bis-porphyrin with 15-(3-tritylaminophenyl) substituent 27 

 

Pyridine-3,5-dicarboxylic acid (53 mg) was suspended in THF (5 mL) and dichloromethane (15 

mL) and N-methylmorpholine (0.2 mL) added. The mixture was cooled to 0 ºC and stirred for 10 

minutes before 2-chloro-4,6-dimethoxy-1,3,5-triazine (114 mg) was added. The mixture was 

allowed to warm to room temperature, and was stirred overnight, forming a pale yellow solution. 

A solution of monotritylated amino porphyrin 44 (635 mg) with DMAP (40 mg) in 

dichloromethane (30 mL) was added to the yellow solution and the mixture stirred overnight. 

The solvent was removed by rotary evaporation and the purple solid purified by column 

chromatography on silica gel with 4:1 dichloromethane/hexane eluent to elute unreacted starting 

material porphyrin, then dichloromethane to elute the bis-porphyrin product. Removal of the 

solvent afforded a purple solid (543 mg, 89 %). 
1
H NMR (CDCl3, 400 MHz): 9.14 (s, 2H, 

pyridyl 2- and 6-CH), 8.85 (d, J = 4.0 Hz, 4H, β-pyrrole), 8.82 (d, J = 4.0 Hz, 4H, β-pyrrole), 

8.78 (d, J = 4.1 Hz, 4H, β-pyrrole), 8.72 (s, 1H, pyridyl CH),  8.57 (d, J = 4.0 Hz, 4H, β-pyrrole), 

8.36 (s, 2H, ArH), 8.34 (s, 2H, ArH), 8.06 (s, 8H, ortho-di-tert-butylphenyl), 8.02 (d, J = 7.0 Hz, 

2H, ArH), 7.79 (s, 4H, para-di-tert-butylphenyl), 7.65 (dt, J = 7.9, 7.9, 3.2 Hz, 2H, ArH), 7.46 

(m, 12H, trityl ArH), 7.36 (m, 2H, ArH), 7.32-7.17 (many signals, ArH), 6.83 (d, J = 8.0 Hz, 2H, 

ArH), 1.55 (s, 18H, t-Bu), 1.51 (s, 36H, tert-butyl –CH3), 1.47 (s, 18H, tert-butyl –CH3), -2.84 

(s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 428 

(805000), Q bands 524 (30300), 564 (20000), 615 (18600), 673 (43400).  ESI-TOF MS: Mass 

spectrometry showed partial cleavage of the trityl groups. Calc for [M + 2H]
2+

, C165H159N13O2: 

1177.1364. Observed: 1177.1365. Calc. for [M + H]
+
, C165H158N13O2: 2353.2656. Found: 
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2353.2602. Calc for 1 trityl group cleaved, [M + 2H]
2+

, C146H145N13O2: 1056.0817; Observed: 

1056.0815.  

3,5-pyridyl-linked bis-porphyrin with 15-(3-aminophenyl) substituent 28 

 

Tritylated pyridyl-linked bis-porphyrin 27 (404 mg) was dissolved in dichloromethane (40 mL) 

and trifluoroacetic acid (0.5 mL) added, and a green colour immediately formed. The solution 

was then stirred for 10 minutes. The solution was neutralised by dropwise addition of 1molL
-1

  

aqueous NaOH, diluted with 50 mL water then the organic layer separated, dried with sodium 

sulfate and the solvent removed to give a purple solid, 303 mg (94 %). 
1
H NMR (CDCl3, 400 

MHz): 9.26 (s, 2H, pyridyl 2 and 6-CH), 8.92 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.87-8.83 (m, 12H, 

β-pyrrole), 8.79 (broad s, 1H, pyridyl 4-CH), 8.38 (s, 2H, ArH), 8.32 (broad s, 2H, ArH), 8.18 

(broad m, 2H, ArH), 8.06-804 (m, 8H, ortho-di-tert-butylphenyl), 7.77 (s, 4H, para-di-tert-

butylphenyl), 7.74 (t, J = 7.8 Hz, overlaps with 7.77, 2H, ArH), 7.62 (t, J = 6.5 Hz, 2H, ArH), 

7.49 (t, J = 7.9 Hz, 2H, ArH), 7.29 (d, J = 7.2 Hz, 2H, ArH) 7.20 (t, J = 7.9 Hz, 2H, ArH), 7.07 

(broad m, 2H, ArH), 3.91 (broad s, 4H, NH2), 1.50 (s, 36H, tert-butyl –CH3), 1.46 (s, 36H, tert-

butyl –CH3), -2.77 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): 

Soret band 427 (790000), Q bands 523 (27100), 561 (20600), 620 (19800), 671 (47000). ESI-

TOF MS Calc for [M + 2H]
2+

, C127H131N13O2: 935.0256; Observed: 935.0269. Calc for [M + 

H]
+
, C127H130N13O2: 1869.0465; Observed: 1869.0398. 
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Isophthaloyl-linked bis-porphyrin with 15-(3’,5’-di-tert-butylphenyl) substituent 21 

 

Mono-3-aminophenylporphyrin 31 (55 mg) and DMAP (10 mg) were dissolved in dry 

dichloromethane (10 mL) and triethylamine (0.1 mL) under N2 and the solution cooled to 0 ºC. A 

solution of isophthaloyl chloride (9.0 mg) in dichloromethane (10 mL) was added to the mixture 

dropwise over 1 h, then the mixture allowed to warm to room temperature overnight. The solvent 

was removed under vacuum. Column chromatography on silica gel with 1:1 

dichloromethane:hexane eluent obtained 10 mg of the starting material as a small band ahead of 

the bis-porphyrin band. Changing the eluent to 2:1 dichloromethane:hexane eluted 26 mg of the 

bisporphyrin product (41 %). A trace amount of the mono-coupled product eluted with 

dichloromethane + 10 % ethyl acetate eluent. 
1
H NMR (CDCl3, 400 MHz): 8.90-8.89 (m, 16H, 

β-pyrrole), 8.58 (s, 1H, isophthaloyl 2-CH), 8.41 (s, 2H, ArH), 8.28 (s, 2H, ArH), 8.23 (dd, J = 

8.0 Hz, 0.8 Hz, 2H, ArH), 8.12 (m, 1H, ArH), 8.10-8.06 (m, ~12H, ortho-di-tert-butylphenyl and 

ArH), 7.80-7.76 (m, ~6H, para-di-tert-butylphenyl and ArH), 7.74 (s, 1H, ArH), 7.62 (t, 7.9 Hz, 

2H, ArH), 1.57 (s, 36H, tert-butyl -CH3), 1.53-1.52 (two overlapping s, 36H, tert-butyl -CH3), 

1.48 (s, 36H, tert-butyl -CH3), -2.70 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L 

mol
-1

 cm
-1

): Soret band 422 (754000), Q bands 524 (57500), 561 (22800), 601 (33500), 660 

(57500). ESI-TOF MS: Calc for [M + 2H]
2+

, C144H162N10O2: 1031.6436. Observed: 1031.6428.  
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Isophthaloyl-linked bis-porphyrin with 15-para-tolyl substituent 20 

 

Mono-3-aminophenylmonotolylporphyrin 40 (112.6 mg) and DMAP (20 mg) were dissolved in 

dry dichloromethane (20 mL) and triethylamine (0.2 mL) under N2 and the solution cooled to 0 

ºC. A solution of isophthaloyl chloride (14.8 mg, 0.56 eq.) in dichloromethane (10 mL) was 

added to the mixture dropwise over 1 h, then the mixture allowed to warm to room temperature 

overnight. The solvent was removed under vacuum. Column chromatography on silica gel with 

1:1 dichloromethane:hexane eluent obtained 18 mg of the starting material as a small band ahead 

of the bis-porphyrin band. Changing the eluent to 2:1 dichloromethane:hexane eluted 50 mg of 

the bisporphyrin product (41 %). A trace amount of the mono-coupled product eluted with 

dichloromethane + 10 % ethyl acetate eluent. 
1
H NMR (CDCl3, 400 MHz): 8.89 (s, 16H, β-

pyrrole), 8.51 (s, 1H, isophthaloyl 2-CH), 8.40 (s, 2H, ArH), 8.27 (s, 2H, ArH), 8.16 (d, 8.3 Hz, 

2H, ArH), 8.08-8.11 (m, 12H, ortho-di-tert-butylphenyl + ArH), 8.03 (d, 7.3 Hz, 2H, ArH), 7.92 

(d, 7.8 Hz, 2H, ArH) 7.78 (s, 4H, para-di-tert-butylphenyl), 7.71 (t, 7.9 Hz, 2H, ArH), 7.54 (m, 

4H, ArH), 7.35 (t, 7.8 Hz, 2H, ArH), 2.70 (s, 6H, tolyl -CH3), 1.55 (s, 36H, tert-butyl -CH3), 1.52 

(s, 36H, tert-butyl -CH3), -2.73 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L  

mol
-1

 cm
-1

): Soret band 421 (726000) Q bands 517 (37000), 553 (17100), 598 (18500), 650 

(12000). ESI-TOF MS: Calc for [M + 2H]
2+

, C130H134N10O2: 933.5340. Observed: 933.5349. 

Calc for [M + H]
+
, C130H133N10O2: 1866.0607. Observed: 1866.0632. 
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Isophthaloyl-linked bis-porphyrin with 15-meso-H substituent 19 

 

Meso H/aminophenyl porphyrin 43 (89 mg) and DMAP (10 mg) was dissolved in dry 

dichloromethane (10 mL) and triethylamine (0.2 mL) and cooled to 0 ºC. A solution of 

isophthaloyl chloride (11.6 mg) in dry dichloromethane (5 mL) was added dropwise over 30 

minutes and the mixture stirred overnight and allowed to warm to room temperature. The solvent 

was removed under vacuum, then the material purified by column chromatography on silica gel 

with 2:3 dichloromethane:hexane as eluent. The starting material porphyrin (Rf = 0.75) elutes 

just ahead of the bis-porphyrin product band (Rf = 0.65). A trace of mono-coupled product elutes 

with dichloromethane + 10 % ethyl acetate. The solvent of the bis-porphyrin band was removed 

and the purple solid dried under vacuum. Yield: 12 mg (13 %). 
1
H NMR (CDCl3, 400 MHz): 

10.23 (s, 2H, meso H), 9.35 (d, J = 4.8 Hz, 4H, β-pyrrole), 9.08 (d, J = 4.8 Hz, 4H, β- pyrrole), 

8.98 (q, J = 4.8 Hz, 4.8 Hz, 4.8 Hz, 16H, β-pyrrole), 8.62 (s, 2H, ArH or acetamide CH), 8.40 (s, 

1H, isophthaloyl 2-CH), 8.32-8.29 (d, J = 8.2 Hz, 2H, ArH), 8.12 (m, 8H, ortho-di-tert-

butylphenyl), 8.03 (d, J = 7.8 Hz, 2H, ArH), 7.92 (s, 2H, ArH), 7.83 (m, 4H, para-di-tert-

butylphenyl), 7.75 (t, J = 7.8 Hz, 7.8 Hz, 2H, ArH), 7.44 (m, 4H, ArH), 1.58, 1.55 (overlapping 

s, 72H, tert-butyl -CH3), -2.92 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 421 (720000), Q bands 518 (47000), 554 (18000), 593 (16400), 650 (13800). 

MS: Calc for [M + 2H]
2+

, C116H122N10O2: 843.4871. Observed: 843.4843. MS: Calc for [M + 

H]
+
, C116H121N10O2: 1685.9668. Observed: 1685.9652. 
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Isophthaloyl-linked bis-porphyrin with 15-(3-aminophenyl) substituent 23 

 

Monotritylated 3-aminophenyl porphyrin 44 (208 mg) and DMAP (10 mg) were dissolved in 

dichloromethane (10 mL) and triethylamine (0.2 mL) and a solution of isophthaloyl dichloride 

(19 mg) in dichloromethane (5 mL) was added dropwise over 1 hour. The solution was stirred 

overnight at room temperature and solvent removed by rotary evaporation to give a purple solid. 

Column chromatography on silica gel with 4:1 dichloromethane/hexane eluent eluted unreacted 

starting material, then neat dichloromethane eluted a broad product band. Removal of the solvent 

afforded a purple solid, 114 mg. NMR spectroscopy showed this to be a mixture of the expected 

tritylated bis-porphyrin product 22, trityl-cleaved starting material and cleaved bis-porphyrin 

products. The product was suspended in dichloromethane (10 mL) and shaken with 

trifluoroacetic acid (0.5 mL) for 10 minutes, then 1 molL
-1

 NaOH added to neutralise the 

solution. The organic layer was collected, washed with water, dried with MgSO4, then purified 

by column chromatography with dichloromethane eluent. The major band was collected and the 

solvent removed by rotary evaporation to give the 3-aminophenyl substituted bis-porphyrin 23 as 

a purple microcrystalline solid (50 mg, 29 %). 
1
H NMR (CDCl3, 400 MHz): 8.96 (s, 4H, β-

pyrrole), 8.92 (s, 12H, β-pyrrole), 8.42 (s, 1H, isophthaloyl 2-CH), 8.34 (s, 2H, ArH), 8.22 (m, 

2H, ArH), 8.06 (m, 10H, ortho-di-tert-butylphenyl and ArH), 7.89 (d, J = 7.1 Hz, 2H, ArH), 7.76 

(m, 6H, para-di-tert-butylphenyl and ArH), 7.64 (m, 4H, ArH), 7.50 (s, 2H, ArH), 7.42 (t, J = 

7.1 Hz, 2H, ArH), 6.98 (s, 1H, J = 7.7 Hz, ArH), 6.91 (s, 1H, J = 7.4 Hz, ArH), 3.84 (broad s, 

2H, NH2), 3.67 (broad s, 2H, NH2), 1.51 (s, 36H, tert-butyl –CH3), 1.47 (s, 36H, tert-butyl –

CH3), -2.77 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 
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427 (812000), Q bands 524 (35000), 561 (18600), 602 (14100), 669 (39000). ESI-TOF MS: Calc 

for 2
+
 monomer [M + 2H]

2+
, C128H132N12O2: 934.5293. Observed: 934.5289. Calc for 2

+
 dimer 

[M + 2H]
2+

, C256H262N24O4: 1868.0512. Observed: 1868.0591. 

 

3.7.3 UV-Vis Binding Constant Measurements 

Binding constant measurements were performed by the general method as described in Chapter 

2. The low binding constants of the 15-position meso-H bis-porphyrins for C60 in toluene 

resulted in a very shallow titration curve that inaccurately estimated both the binding constants 

and the theoretical limit of the change in absorbance. The value estimated for the limit of the 

change in absorbance for these titrations was often greater than the maximum intensity of the 

Soret band at the start of the titration, which the theoretical limit should be less than or equal to. 

When the value of the theoretical limit was fixed to the maximum intensity of the Soret band, 

binding constant values were obtained that better matched the degree of Soret band quenching 

observed in the titration. 
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4.1 Introduction 

The isophthaloyl- and pyridyl-linked hosts for C60 have moderate association constants for 

fullerenes that are significantly increased in solvents where the fullerene guest is less soluble, 

such as 1:1 toluene:acetonitrile. The higher binding constants in these solvents may be 

sufficient to allow measurements of the photophysical properties of these dyads by transient 

absorption spectroscopy without observing other photophysical processes due to unbound 

fullerene. Attempts to covalently append a secondary donor such as ferrocene to the bis-

porphyrin were unsuccessful, so we sought to append secondary donors by utilising 

coordination chemistry. The 3,5-pyridyl-linked bis-porphyrins reported in Chapter 3 can form 

coordination complexes with suitable metals via the pyridine N atom. Axial coordination of a 

pyridyl-linked bis-porphyrin to a ruthenium or zinc porphyrin can result in the assembly in 

solution of a triad consisting of a metalloporphyrin, a free base bis-porphyrin and a fullerene. 

We used ruthenium porphyrins in this chapter due to the much higher association constant of 

pyridine compounds to ruthenium compared to zinc (ca. 5000 M
-1

 for Zn
1
 and 10

6
 - 10

8
  for 

Ru
2
). The higher association constant allows the isolation of these compounds and their 

detection by mass spectroscopy. Several photoactive systems have been investigated where a 

ruthenium or zinc porphyrin has an axially co-ordinated pyridyl ligand with an appended 

fullerene (e.g. 1 – 8, Figures 4.1 and 4.2).
1,3-10 

 

4.1.1 Pyridyl-coordinated Fullerene - Zinc Porphyrin Dyads 

Prato, Guldi and co-workers reported
3
 the coordination of a pyridyl-substituted fullerene 

derivative to zinc tetraphenylporphyrin to form dyad 1 (Figure 4.1). The co-ordination of a 

pyridyl ligand to the zinc porphyrin in a non-coordinating solvent (toluene or 

dichloromethane) results in a red-shift of two of the Q bands of the porphyrin, and a small 

broadening of the Soret band of the porphyrin. In more polar solvents (THF, benzonitrile) 

competition for zinc coordination is observed between solvent molecules and the pyridyl 

ligand. 
1
H NMR spectroscopy shows a large shift in the pyridyl protons upon coordination to 

the zinc porphyrin. In particular the pyridyl 2-protons are shifted from 8.7 to 3.6 ppm. The 

zinc porphyrin has a strongly emitting singlet excited state that shows a significant decrease 

in quantum yield (Φ) as the pyridyl-fullerene ligand is added, from 0.040 to 0.0156 in 

toluene. The lifetime of the excited state is also reduced, as a broad absorption band between 
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600 and 800 nm arises due to the formation of [Zn(TPP)]
·+

. The corresponding radical anion 

of C60 is detected at 1010 nm. In toluene the radical ion pair is not stabilised, but in more 

polar dichloromethane the lifetime of the charge separated state is 8.6 µs, much longer than 

the lifetime of the singlet state 
1
(π-π*) or triplet state 

3
(π-π*) of Zn(TPP) in the absence of the 

pyridyl-fullerene ligand (τ = 20 ps and 2.5 ns respectively).
11

 In the polar and coordinating 

benzonitrile the excited state has a lifetime of several hundred microseconds. 

 

Armaroli and co-workers reported
1
 the synthesis of a similar pyridyl derivative 2 of fullerene 

coordinated to zinc tetraphenylporphyrin. Titrations of Zn(TPP) with the fullerene derivative 

gave an association constant of 3600 ± 150 L M
-1

 by 
1
H NMR titration in C6D6, and 3000 ± 

300 L M
-1

 by fluorescence titration in toluene. Quenching of porphyrin fluorescence by very 

fast energy transfer to the fullerene is observed for this system, with k < 5 x 10
10

 s
-1

. 

1 
2 

3 

4 

5 

6 
Figure 4.1: Pyridyl-coordinated Zn 

porphyrin/fullerene dyads. 
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D’Souza reported 
6
 the synthesis of a similar pyridyl-fullerene derivative to that of 1, with 

Zn(TPP) (3) and a zinc octaalkylporphyrin 4 with similar binding and photoelectronic 

properties to 1 and 2. X-ray crystallographic data confirms a 1:1 complex of the pyridyl-

fullerene to the zinc porphyrin.
7 

D’Souza has also reported
8
 a tethered pyridyl system for Zn (5) where the fullerene is 

covalently attached by a short linker to the porphyrin, and a 3- or 4-pyridyl substituent on the 

pyrrole ring of the fullerene derivative is also able to reversibly coordinate to the zinc 

porphyrin centre. This system can give rise to a long lived charge separated state with a life 

time of up to 1000 ns, and the photoelectronic properties change depending on whether the 

pyridyl substituent is coordinated to zinc or is displaced by another strongly binding ligand. 

Guldi and co-workers
4
 reported the coordination of a pyridyl-fullerene 6 to a ‘parachute’ 

dyad with a fullerene tethered to a zinc porphyrin in a macrocycle. The pyridyl-fullerene 

coordinates on the opposite side of the porphyrin to the tethered fullerene. In this system the 

electron transfer between the zinc porphyrin and the tethered π-stacked fullerene is very fast 

on excitation at 532 nm, and so the much slower competing electron transfer to the pyridyl-

coordinated fullerene is not observed. However, excitation at the fullerene singlet excited 

state at 337 nm allows electron transfer to both fullerenes to be observed. Benzonitrile 

solvent for these studies was also able to interfere with the electron transfer by competition 

with the pyridyl-fullerene for binding to the zinc porphyrin. 
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4.1.2 Pyridyl-coordinated Fullerene - Ruthenium Porphyrin Dyads 

Ruthenium porphyrins with appended photoactive pyridyl ligands are of particular interest. 

Prato and co-workers
5
 reported coordination of a pyridyl-fullerene to 

Ru(CO)(tetraphenylporphyrin) to form a photoactive dyad 7 (Figure 4.2). As with the zinc 

porphyrins, this association occurs spontaneously in solution, with the reaction able to be 

monitored by the shift of the pyridyl-2 protons from 8.7 to 1.5 ppm upon complexation. With 

ruthenium porphyrins this binding is much stronger than for pyridyl coordination to zinc. 

This is because the coordination of a pyridyl ligand to a zinc centre is by σ bonding, while 

coordination to a ruthenium centre also includes much stronger π back-bonding. As a result 

the zinc porphyrins coordinate an axial pyridine ligand with an association constant of around 

5000 M
-1

, whilst for ruthenium porphyrins coordination of an axial pyridine ligand is 

essentially quantitative. Rapid quenching of the excited state of the porphyrin is observed 

with coordinated pyridyl-fullerene, however, some formation of charge separated states 

(which rapidly undergo charge recombination) is observed in more polar coordinating 

solvents such as benzonitrile. This implies that pyridyl ligand dissociation can occur in small 

amounts when coordinating solvents are present that can displace the pyridyl ligand. By 

contrast the analogous zinc porphyrin binds the pyridyl-fullerene derivative reversibly, and 

this allows the formation of charge separated states upon irradiation. These radical ion pairs 

have lifetimes up to several hundred microseconds in benzonitrile, likely due to the slowing 

of charge recombination upon de-coordination of the pyridyl-fulleride ligands from the 

radical cation porphyrin. 

 
Figure 4.2: Pyridyl-coordinated Ru porphyrin/fullerene dyads. 

7 8 
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A similar complex 8 reported in the same group
9
 shows rapid quenching of the porphyrin 

triplet excited state. In more polar solvents such as benzonitrile formation of a charge 

separated state results, while in non-polar solvents formation of triplet excited state fullerene 

is observed. This complex also shows the significant shifts in pyridyl proton 
1
H NMR shifts 

upon complexation to the ruthenium centre – the 2 and 6 protons shift from 8.72 to 1.69 ppm, 

and the 3 and 5 protons shift from 7.67 to 5.60 ppm. 

Guldi and Prato later reported
12

 a pyridyl-coordinated porphyrin - fullerene dyad where 

ferrocene groups are connected via hydrogen bonding to a linker to the fullerene. This system 

undergoes initial photoinduced electron transfer from the porphyrin to the fullerene, then a 

second electron transfer from the ferrocene to the porphyrin.
 

 

4.2 Assembly of Triads and Tetrads by Pyridyl-coordination of Ruthenium 

Porphyrins to Pyridyl-linked Bis-porphyrins. 

As described in 4.1, our aim is to assemble in solution photoactive systems including 

secondary donors. Coordination of a ruthenium porphyrin to the free-base bis-porphyrin 

results in the formation of a ruthenium porphyrin - free base porphyrin - fullerene triad (RuP - 

H2P - C60). Following photoinduced electron transfer from the free base porphyrin to the 

fullerene resulting in a porphyrin radical cation and a fulleride radical anion (RuP - H2P
·+

 - 

C60
·-
), a second electron transfer could take place from the ruthenium porphyrin to the free 

base porphyrin, reducing the free base porphyrin and forming a radical cation on the 

ruthenium porphyrin (RuP
·+

 – H2P – C60
·-
). This should result in a significantly longer 

lifetime of the excited state due to the greater metric separation between the radical cation 

and radical anion. Ruthenium porphyrins with additional secondary donors such as ferrocene 

could be coordinated to the pyridyl-linked bis-porphyrins (Fc - RuP - H2P - C60, Figure 4.3), 

allowing an additional electron transfer and even greater spatial separation of the radical ion 

pair (Fc
·+

 - RuP - H2P - C60
·-
). In this chapter, three ruthenium porphyrins are used to prepare 

triad and tetrad assemblies with pyridyl-linked bis-porphyrins and C60 or C70. These are 

ruthenium complexes of tetraphenylporphyrin (TPP), a tetrakis(3,5-di-tert-

butylphenyl)porphyrin with higher solubility than TPP, and a porphyrin containing a 

ferrocene substituent. 
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The 
1
H NMR shifts observed due to dimerisation for the 3,5-pyridyl-linked bis-porphyrins in 

Chapter 3 were small, indicating that dimerisation is not as important a process as it is for 

2,6-pyridyl-linked bis-porphyrins reported by Haino.
13

 However, pyridyl bis-porphyrin 

coordination to a Ru porphyrin introduces a large steric bulk to one side of the bis-porphyrin. 

This steric bulk may prevent self-aggregation of the bis-porphyrin. While the binding 

constants for self-aggregation of 2,6-pyridyl-linked bis-porphyrins have been shown by 

Haino to be relatively small, the binding constants of the 3,5-pyridyl-linked bis-porphyrins 

for C60 in toluene are also similarly small, so prevention of self-aggregation may result in an 

increase in the observed binding constant. The binding constants of the bis-porphyrin for C70 

Figure 4.3: Proposed sequential electron transfer upon excitation with visible light for a 

photoactive tetrad resulting in a ferrocenyl radical cation and a fulleride radical anion. 

e- 
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e- 
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in toluene or for either fullerene in 1:1 toluene:acetonitrile are much higher, so self-

aggregation would be expected to have a minimal effect on these binding constants.  

Three ruthenium porphyrins (9 – 11) are coordinated to pyridyl-linked bis-porphyrins 12-15 

and their fullerene binding properties investigated (Figure 4.4). Ru complexes were not 

prepared for 16, however it was used as the bis-porphyrin for computational modelling. Ru 

porphyrin 11 contains an appended ferrocene group as an additional secondary donor.  

 

 

4.3 Computational Modelling 

A two-layer ONIOM hybrid calculation was used to model a complex with a pyridyl bis-

porphyrin 16 coordinated to Ru(CO)(TPP) (9) with C60 in the binding site of the bis-

porphyrin. DFT using the 6-31G(d) basis set and the B3LYP hybrid functional was used in 

the high layer to model the ruthenium porphyrin and the pyridine-amide linker of the bis-

porphyrin, and molecular mechanics (UFF) was used in the low layer over the whole model, 

in order to model the porphyrin-fullerene interaction (Figure 4.5, see Chapter 2 for 

references). The C, H, N, O and Ni atoms used a 6-31G(d) basis set. This basis set has no 

9 10 

11 

Figure 4.4: Ru porphyrins and pyridyl-linked bis-porphyrins used in this Chapter. 

12 - 16 

R = H (12), 3,5-di-tert-butylphenyl 

(13), 3-tritylaminophenyl (14), 3-

aminophenyl (15), 4-tolyl (16) 
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theory of relativity to account for relativistic effects and so was not used for the larger Ru 

atom. The Ru atom was treated using the pseudopotential SDD
14

 to approximate the core 

electrons by modelling the nucleus and core electrons of the atom as a potential, which is an 

accurate but computationally demanding method for modelling larger atoms.
15

  

 

The porphyrin to porphyrin distance of the bis-porphyrin in this model is 12.6 Å, slightly 

larger than in the bis-porphyrin without a ruthenium porphyrin co-ordinated (12.5 Å). The 

porphyrins of the bis-porphyrin are also essentially planar, with the 24-atom mean planes at 

an angle of 4.7º. The closest porphyrin to fullerene contacts are 2.8 Å. From this it appears 

that the coordination of a ruthenium porphyrin to the bis-porphyrin does not significantly 

alter the geometry of the fullerene binding site in molecular models. The pyridine N to Ru 

distance is 2.2 Å. 

 

Figure 4.5: ONIOM two-layer (B3LYP:UFF) model of 16:9. 
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4.4 Synthesis 

4.4.1 Ruthenium Porphyrins 

Ru(CO)(TPP), 9, was synthesised by reflux of Ru3(CO)12 with tetraphenylporphyrin in 

toluene for 2 days, according to Kadish et al.
16

 The ruthenium (carbonyl) complex of 

tetrakis(3,5-di-tert-butylphenyl)porphyrin 10 was prepared similarly by reflux in phenol, 

according to Caselli et al. (Figure 4.6).
17

 The higher reflux temperature of phenol allows a 

higher yield, but requires additional workup to remove phenol prior to chromatographic 

purification. 

 

A ruthenium porphyrin with a ferrocene appended by an amide coupling (11) was prepared 

by Niko Fischer.
18

 Tetraphenylporphyrin was mono-nitrated by addition of sodium nitrate to 

a trifluoroacetic acid solution of the porphyrin, giving compound 17. Reduction of the nitro 

group by tin chloride gave the 4-aminophenyl porphyrin 18. Ferrocenecarbonyl chloride was 

formed by the reaction of ferrocenecarboxylic acid with oxalyl chloride, which was then 

reacted immediately with the mono-4-aminophenyl porphyrin in the presence of base to form 

a 4-(ferrocenecarboxamidophenyl) porphyrin 19 (Figure 4.7). The ruthenium complex of the 

porphyrin 11 was formed by reflux in phenol with Ru3(CO)12.  

Ru3(CO)12 

Δ, toluene or phenol 

Figure 4.6: Ru porphyrin synthesis. 

10 
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4.4.2 Pyridyl-linked Bis-porphyrin - Ruthenium Porphyrin Complexes 

The ruthenium complexes of the bis-porphyrins were obtained by addition of 1 mole 

equivalent of the ruthenium porphyrin 9, 10 and 11 to a chloroform solution of a bis-

porphyrin 12 - 15, dissolution of the porphyrins and removal of the solvent. Formation of a 

single spot on TLC slightly slower than the bis-porphyrin indicates complete complex 

formation. Complete formation can be confirmed by 
1
H NMR spectroscopy showing the 

large shift in the pyridyl protons upon coordination to the ruthenium centre. The 2- and 6-

position protons adjacent to the pyridine nitrogen atoms shift from between 9.3 and 9.1 ppm 

to between 2.2 and 1.8 ppm upon co-ordination. The 4-position proton shifts less 

dramatically, from between 8.8 and 8.3 ppm to between 6.7 and 6.2 ppm. Figure 4.8 shows 

these shifts for complex 12:9, and Figure 4.9 shows the two pyridyl signals that undergo the 

Figure 4.7: Synthesis of a Ru complex of a ferrocene-amidophenyl porphyrin.18 

 

NaNO2 

TFA 

SnCl2.2H2O 

HCl 

oxalyl 

chloride 

Ru3(CO)12 

Δ, phenol 

DMAP 

DCM, NEt3 

11 

17 

18 

19 
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upfield shift. The porphyrin NH signal is observed to shift slightly upfield, up to 0.1 ppm. 

Addition of a smaller number of equivalents of the Ru porphyrin allows both shifted and 

unshifted signals to be observed. Table 4.1 lists the 
1
H NMR signals of pyridyl protons for 

the bis-porphyrins 12 – 15 and the upfield shifts of these ring protons that occur on 

coordination to Ru porphyrins 9 - 11. 

 

Figure 4.8: 1H NMR spectra in CDCl3 showing the effect of coordination to a Ru porphyrin 

on the pyridyl protons of 12. Bottom: 12. Top: 12:9, exhibiting upfield shifts of pyridyl 

ring protons. Circles: pyridyl 2- and 6-position CH. Triangles: pyridyl 4-position CH. 



162 Chapter 4: Pyridyl Coordination of Bis-porphyrin Hosts to Ruthenium Porphyrins 

 

 

Bis-porphyrin  Co-ordinated Ru 

porphyrin 

Pyridyl 2,6-CH Shift Pyridyl 4-CH Shift 

12 none 9.22  8.35  

12 9 1.87 -7.35 6.30 -2.05 

12 10 2.10 -7.12 6.55 -1.80 

12 11 1.92 -7.30 6.34 -2.01 

13 none 9.26  8.79  

13 9 1.94 -7.32 6.51 -2.28 

13 10 2.12 -7.14 6.56 -2.33 

13 11 1.92 -7.34 6.33 -2.46 

14 none 9.14  8.72  

14 9 1.88 -7.26 6.29 -2.43 

14 10 2.12 -7.02 6.60 -2.12 

14 11 1.91 -7.23 6.33 -2.39 

15 none 9.26  8.79  

15 9 1.89 -7.37 6.28 -2.51 

15 10 2.11 -7.05 6.65 -2.14 

15 11 1.93 -7.33 6.37 -2.42 

Table 4.1: Chemical shift in ppm of pyridyl protons of pyridyl-linked bis-porphyrins and their 
complexes with Ru porphyrins. 

 

pyridyl 2 and 6-CH 

pyridyl 4-CH 

Figure 4.9: Pyridyl ring protons shifted by coordination to Ru. 
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The observed upfield shifts in the 
1
H NMR pyridyl ring proton resonances upon coordination 

to ruthenium fit with literature reports of Ru - pyridyl complexes discussed in 4.1.2 above 

and with 
1
H NMR spectral studies of pyridyl complexes of Ru(CO)(porphyrin) compounds.

2
 

These signals do not change position with increasing concentration, indicating that no 

dimerisation of the bis-porphyrins occurs (at up to 2 mmolL
-1

 concentration, which is close to 

or at saturation for these complexes) 

For each of the complexes the Ru porphyrin/pyridyl-linked bis-porphyrin complex can be 

detected by mass spectrometry. Detection of such a large complex is difficult due to the high 

likelihood of fragmentation of large particles under most ionisation methods. In particular, 

loss of the pyridyl ligand (bis-porphyrin) off the ruthenium will result in the three-porphyrin 

complex not being observed. Under low energy conditions the three-porphyrin complex can 

be detected as a 2
+ 

cation. 

In the UV-Visible spectra of these compounds the Soret bands of the ruthenium porphyrins 

and the pyridyl-linked bis-porphyrins are observed at similar wavelengths. Upon coordination 

of a pyridyl group to a Ru porphyrin the Soret band maximum is red-shifted slightly.
19

 We 

added an excess of pyridine to toluene and 1:1 toluene/acetonitrile solutions of the Ru 

porphyrins 9, 10 and 11 to determine the effects of pyridyl coordination in the solvent 

combinations used for binding constant titrations. No substantial change was observed in the 

position of the Soret band of these compounds upon pyridine addition, with the Soret band 

maxima observed between 417 and 423 nm. The Soret band maxima of bis-porphyrins 12-15 

are between 418 and 428 nm.  In the coordinated three-porphyrin complexes the two different 

Soret bands are close enough in energy that only a single large Soret band is observed, which 

arises from the overlapping of the two Soret peaks. This band is generally centred within 2 

nm of the Soret band of the bis-porphyrin, with a shoulder sometimes visible on the blue side 

of the Soret band, corresponding to the Ru porphyrin Soret band. The Q bands of the 

porphyrins overlap to give low broad absorbances above 500 nm (ε = 5000-30000 L mol
-1

 

cm
-1

), with distinct peaks not clearly visible. 
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4.5 UV-Visible Spectrophotometric Titrations 

Binding constants for each of the ruthenium porphyrin/pyridyl-linked bis-porphyrin 

complexes were determined by UV-Vis spectrophotometric titration as described in Chapter 

2. In these titrations only the Soret band absorbance arising from the bis-porphyrin should be 

reduced and red-shifted by fullerene association, whilst the Ru porphyrin Soret band 

absorbance should not be altered as it is not involved in fullerene binding. Since the two 

Soret bands overlap, the theoretical limit of Soret absorbance band reduction will be 

significantly less than the total observed Soret band intensity to account for the Ru Soret band 

not changing in intensity. This is observed in the titrations, as the maximum reduction 

observed is much less than the total Soret band intensity. Figures 4.10 and 4.11 show 

titrations of the complex 12:10 with C60 and C70 in toluene. The total change in the Soret 

band absorbance is smaller for this complex compared to titrations shown in Chapters 2 and 

3, due to reduction of the Soret band only occurring from the free base porphyrins. 
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Figure 4.10: UV-Vis spectrophotometric titration of 12:10 with C60 in toluene 
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Figure 4.11: UV-Vis spectrophotometric titration of 12:10 with C70 in toluene 

The binding constants for these complexes are summarised in Table 4.2. These complexes 

show similar binding constants for C60 and C70 as the appropriate bis-porphyrin without 

coordinated Ru porphyrin, which is as would be expected given that the ruthenium porphyrin 

does not interact with the fullerene binding site. However, for C60 and C70 in toluene where 

the binding is lower, some increase is observed in the binding constants compared to the 

values for the bis-porphyrin. This may be due to the ruthenium porphyrin preventing self-

aggregation of the bis-porphyrin, which itself prevents fullerene binding. 
1
H NMR spectra of 

the 3,5-pyridyl-linked bis-porphyrins shows that self-aggregation to be a relatively weak 

interaction, as only small signal shifts due to self-aggregation are observed. If any self-

aggregation occurs it would therefore be expected to cause only a small reduction in the 

fullerene binding constants where the value of those binding constants is also relatively low. 

The increase of the smaller binding constants upon ruthenium porphyrin complexation is 

consistent with prevention of weak self-aggregation competing with fullerene binding. In 

solvents where the binding constants are larger, the effect of any self-aggregation is 

negligible compared to the much stronger fullerene binding interaction. 
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 15-position 
substituent 

Coordinated 
Ru porphyrin 

C60 in 
toluene 

C70 in 
toluene 

C60 in 1:1 
toluene/CH3CN 

C70 in 1:1 
toluene/CH3CN 

12:9 H (12) TPP (9) 2000 ± 
300 

14500 ± 
900 

18000 ± 700 150000 ± 6000 

12:10 H 3,5-di-tert-
butylphenyl 

(10) 

2400 ± 
300 

16200 ± 
500 

17500 ± 900 146000 ± 5000 

12:11 H Fc-amide (11) 2100 ± 
400 

11900 ± 
700 

17200 ± 300 160000 ± 8000 

13:9 3,5-di-tert-
butylphenyl (13) 

TPP (9) 5200 ± 
200 

39000 ± 
3000 

76000 ± 2000 700000 ± 30000 

13:10 3,5-di-tert-
butylphenyl 

3,5-di-tert-
butylphenyl 

(10) 

5400 ± 
500 

40000 ± 
2000 

67000 ± 4000 720000 ± 40000 

13:11 3,5-di-tert-
butylphenyl 

Fc-amide (11) 5000 ± 
300 

36000 ± 
3000 

81000 ± 2000 650000 ± 20000 

14:9 3-
tritylaminophenyl 

(14) 

TPP (9) 3700 ± 
400 

34000 ± 
2000 

64000 ± 3000 830000 ± 30000 

14:10 3-
tritylaminophenyl 

3,5-di-tert-
butylphenyl 

(10) 

4300 ± 
500 

33000 ± 
2000 

56000 ± 2000 870000 ± 30000 

14:11 3-
tritylaminophenyl 

Fc-amide (11) 3900 ± 
400 

28000 ± 
1500 

69000 ± 2000 740000 ± 30000 

15:9 3-aminophenyl 
(15) 

TPP (9) 2700 ± 
300 

22000 ± 
1800 

45000 ± 4000 450000 ± 20000 

15:10 3-aminophenyl 3,5-di-tert-
butylphenyl 

(10) 

2900 ± 
200 

20400 ± 
1400 

47000 ± 2000 370000 ± 30000 

15:11 3-aminophenyl Fc-amide (11) 2400 ± 
300 

21800 ± 
1200 

40100 ± 1700 480000 ± 30000 

Table 4.2: Binding constants (M-1) of Ru porphyrin/pyridyl bis-porphyrin complexes. 

 

4.6 Discussion 

In this work we have shown that a 3,5-pyridyl-linked bis-porphyrin host for fullerene can act 

as an axial ligand for a Ru porphyrin, forming a three-porphyrin complex capable of binding 

fullerenes. Formation of the bis-porphyrin - Ru porphyrin complex is nearly quantitative, and 
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complexation formation can be observed by the significant changes in the proton NMR 

resonances of the pyridine ring hydrogen atoms. Coordination of a ruthenium porphyrin to 

the bis-porphyrin does not have a marked effect on the binding constants of the bis-porphyrin 

hosts for fullerenes; however an increase is consistently observed when toluene is used as the 

solvent for titrations. In 1:1 toluene:acetonitrile, binding constants for C60 are relatively high, 

but not as high as those of calix[4]arene-linked bis-porphyrins,
20

 which are in excess of 1 x 

10
5
. The triad and tetrad systems prepared by addition of fullerenes to the tris-porphyrin 

complexes are suitable for investigation of their photophysical properties by transient 

absorption spectroscopy. Of particular interest is whether the presence of additional 

secondary donors coordinated to the bis-porphyrin/fullerene donor/acceptor system will result 

in a longer-lived excited state due to sequential electron transfers creating an increased spatial 

separation of the radical anion pair. Transient absorption spectroscopy to determine the 

lifetimes of the excited states can determine if three-porphyrin complexes where 11 is the 

ruthenium porphyrin have longer excited state lifetimes, due to the presence of the ferrocene 

secondary donor, than if 9 or 10 is the ruthenium porphyrin. 

Further work to covalently attach secondary donors such as ferrocene to the 3,5-pyridyl-

linked bis-porphyrins as discussed in Chapter 3 may produce new bis-porphyrins for co-

ordination to Ru porphyrins, allowing the assembly of more complex arrangements of 

chromophores and secondary donors in solution. 

  

4.7 Experimental 

4.7.1 General Information 

Triruthenium dodecacarbonyl (Aldrich) and phenol (Sigma Aldrich) were obtained 

commercially and used as received. 5,10,15,20-tetraphenylporphyrin was obtained from the 

undergraduate laboratory, where it was prepared by reflux of benzaldehyde with pyrrole in 

propionic acid, according to the procedure of Marsh.
21

 5,10,15,20-tetrakis(3,5-di-tert-

butylphenylporphyrin was obtained as a side product in the formation of the 3-halophenyl 

porphyrins in Chapter 2. 

Ru porphyrin 11 was provided by Niko Fischer. 
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4.7.2 Synthetic Procedures 

(Carbonyl)(5,10,15,20-tetraphenylporphyrin) ruthenium (II) (9) 

 

Ru(CO)(TPP) was synthesised from ruthenium dodecacarbonyl and 5,10,15,20-

tetraphenylporphyrin (TPP) according to the method by Kadish et al.
16

 
1
H NMR (CDCl3, 400 

MHz): 8.68 (s, 8H, β-pyrrole), 8.23-8.20 (m, 4H, ArH), 8.13 (d, J = 6.4 Hz, 4H, ArH), 7.75-

7.68 (m, 12H, ArH).  UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 417 

(139000), 540 (11500). HR FAB-MS: Calc for C45H28N4ORu: 742.1313. Observed: 

742.1321. 

 

 (Carbonyl)[5,10,15,20-tetrakis(3’,5’-di-tert-butylphenyl)porphyrin] ruthenium (II) (10) 

 

Triruthenium dodecacarbonyl (98 mg), 5,10,15,20-tetrakis(3’,5’-di-tert-

butylphenyl)porphyrin (170 mg) and phenol (5.5 g) were heated to melt the phenol, which 

was stirred until the other solids dissolved to form a purple solution. The solution was then 

heated at reflux until an orange-red colour formed. The reaction was allowed to cool to 70 ºC, 

then water added (80 mL). The solution was stirred at this temperature until complete 

dissolution of the phenol and precipitation of the product occurred, then allowed to cool to 

room temperature. The product was collected by filtration and washed with 5 x 50 mL of 

water to remove remaining phenol. The product was redissolved in dichloromethane and 
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purified by column chromatography on silica gel with dichloromethane with 10 % ethanol as 

eluent. Removal of the solvent of the large red band afforded a red solid (182 mg, 92 % 

assuming an additional ethanol ligand is bound to the ruthenium). 
1
H NMR (CDCl3, 400 

MHz): 8.76 (s, 4H, β-pyrrole), 8.67 (m, 4H, β-pyrrole), 8.03 (m, 8H, ortho-di-tert- 

butylphenyl), 7.76 (m, 4H, para-di-tert-butylphenyl), 1.52 (s, 72H, tert-butyl -CH3). UV-Vis 

(toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 423 (139000), 542 (13000). HR FAB-

MS: Calc for [M + H]
+
, no ethanol ligand, C77H92N4ORu: 1191.6315. Observed: 1191.6324. 

 

Synthesis of Pyridyl-linked Bis-porphyrin/Ru porphyrin complexes 

General procedure: The pyridyl-linked bis-porphyrin (10 mg) and the ruthenium porphyrin 

(1.0 eq.) were dissolved in chloroform, giving a red-purple solution. 5 mL of chloroform was 

sufficient to dissolve the tetrakis(3,5-di-tert-butylphenyl)ruthenium porphyrin complexes, 

whilst 10-15 mL was required to fully dissolve the less soluble complexes of the Ru 

porphyrins with phenyl substituents. TLC generally indicated complete or near complete 

formation of the tris-porphyrin complex. For the ferrocene-substituted complexes, uncertainty 

as to the nature of the (non-carbonyl) axial ligand led to slightly larger amounts of 

uncomplexed material due to inaccurate calculation of stoichiometry. The solutions for each 

of the complexes were purified by elution through a short plug of silica gel with 

dichloromethane eluent. The complexes elute at the solvent front, or at an RF of 0.8 – 0.7 for 

the ferrocene-substituted complexes, whilst any uncomplexed Ru porphyrin elutes with RF of 

0.7 – 0.4 and the bis-porphyrins elute with RF of 0.2 – 0.1. 
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Meso-H pyridyl-linked bis-porphyrin, Ru(CO)(TPP) complex (12:9) 

 

1
H NMR (CDCl3, 400 MHz): 10.25 (s, 2H, meso-H), 9.36 (d, J = 4.6 Hz, 4H, β-pyrrole), 9.09 

(d, J = 4.6 Hz, 4H, β-pyrrole), 8.94 (d, J = 4.6 Hz, 4H, β-pyrrole), 8.74 (d, J = 4.6 Hz, 4H, β-

pyrrole), 8.57 (s, 2H, ArH or acetamide NH), 8.56 (s, 8H, β-pyrrole), 8.13 (s, 8H, ortho-di-

tert-butylphenyl), 8.06 (d, J = 7.4 Hz, 6H, ArH), 8.01 (d, J = 7.2 Hz, 2H, ArH), 7.95 (d, J = 

7.2 Hz, 6H, ArH), 7.83 (t, J = 1.8 Hz, 4H, para-di-tert-butylphenyl), 7.72-7.69 (m, 6H, ArH), 

7.64 (t, J = 7.9 Hz, 2H, ArH), 7.36 (dt, J = 7.6, 7.6, 1.3 Hz, 4H, ArH), 7.13 (t, J = 7.4 Hz, 4H, 

ArH), 7.08 (t, J = 7.4 Hz, 4H, ArH), 6.30 (broad s, 1H, pyridyl 4-CH), 1.87 (s, 2H, pyridyl 2- 

and 6-CH), 1.57 (s, 36H, tert-butyl -CH3), 1.52 (s, 36H, tert-butyl -CH3), -2.91 (s, 4H, 

porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 421 (820000)  

ESI-TOF MS: Calc. for [M + 2H]
2+

, C160H149N15O3Ru: 1215.0503. Found: 1215.0494. Calc. 

for [M + H]
+
, C160H149N15O3Ru: 2430.1012. Found: 2430.0930. Calc. for [M + Na]

+
, 

C160H148N15O3RuNa: 2452.0831. Found: 2452.0733. 
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Meso-H pyridyl-linked bis-porphyrin, Ru(CO)(tetrakis-3,5-di-tert-butyl-phenylporphyrin) 

complex (12:10) 

 

1
H NMR (CDCl3, 400 MHz): 10.21 (s, 2H, meso-H), 9.33 (d, J = 4.6 Hz, 4H, β-pyrrole), 9.03 

(d, J = 4.6 Hz, 4H, β-pyrrole), 8.85 (d, J = 4.6 Hz, 4H, β-pyrrole), 8.68 (d, J = 4.6 Hz, 4H, β-

pyrrole), 8.64 (s, 8H, β-pyrrole), 8.63 (s, 2H, ArH or acetamide NH), 8.20 (s, 2H, ArH), 8.06 

(m, 10H, ArH and ortho-di-tert-butylphenyl), 7.98 (t, J = 1.8 Hz, 4H, ArH), 7.92 (t, J = 1.8 

Hz, 2H, ArH), 7.89 (t, J = 1.8 Hz, 4H, ArH), 7.77 (t, J = 1.8 Hz, 4H, ArH), 7.71 (t, J = 1.7 

Hz, 2H, ArH), 7.55-7.51 (m, 4H, ArH), 7.49 (t, J = 1.7 Hz, 4H, ArH), 6.55 (broad s, 1H, 

pyridyl 4-CH), 2.10 (d, J = 1.9 Hz, 2H, pyridyl 2- and 6-CH), 1.53 (s, 36H, tert-butyl -CH3), 

1.51 (s, 36H, tert-butyl -CH3), 1.45 (s, 36H, tert-butyl -CH3), 1.33 (s, 36H, tert-butyl -CH3), -

2.98 (s, 2H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 420 

(864000). ESI-TOF MS: Calc. for [M + 2H]
2+

, C192H213N15O3Ru: 1439.3027. Found: 

1439.3068. 
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Meso-H pyridyl-linked bis-porphyrin, Ru(CO)(ferrocene-amide porphyrin) complex (12:11) 

 

1
H NMR (CDCl3, 400 MHz): 10.24 (s, 2H, meso-H), 9.35 (d, J = 4.8 Hz, 4H, β-pyrrole), 9.08 

(d, J = 4.8 Hz, 4H, β-pyrrole), 8.93 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.75 (d, J = 4.8 Hz, 4H, β-

pyrrole), 8.69 (d, J = 4.8 Hz, 2H, β-pyrrole), 8.63 (d, J = 4.8 Hz, 2H, β-pyrrole), 8.58 (d, J = 

4.8 Hz, 2H, β-pyrrole), 8.55 (d, J = 4.8 Hz, 2H, β-pyrrole), 8.12 – 8.05 (m, 12H, ArH and 

ortho-di-tert-butylphenyl), 8.00 -7.97 (m, 6H, ArH), 7.81 (s, 4H, para-di-tert-butylphenyl), 

7.73 - 7.70 (m, 2H, ArH), 7.64 (t, J = 7.8 Hz, 2H, ArH), 7.44 (dd, J = 8.2, 2.2 Hz, 1H, ArH), 

7.40 - 7.34 (m, 3H, ArH), 7.22-7.07 (several overlapping signals, 6H, ArH), 7.02 (t, J = 7.6 

Hz, 2H, ArH), 6.34 (broad s, 1H, pyridyl 4-CH), 4.43 (t, J = 1.8 Hz, 2H, Cp), 4.28 (t, J = 1.8 

Hz, 2H, Cp), 4.07 (s, 5H, Cp), 1.92 (d, J = 1.8 Hz, 2H, pyridyl 2- and 6-CH), 1.56 (s, 36H, 

tert-butyl -CH3), 1.50 (s, 36H, tert-butyl –CH3), -2.91 (s, 4H, porphyrin NH). UV-Vis 

(toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 421 (840000). ESI-TOF MS: Calc. for 

[M + 2H]
2+

, C171H158N16O4RuFe: 1328.5540. Found: 1328.5547. The bis-porphyrin without 

Ru porphyrin co-ordinated was also observed at 1687.9692 [M + H]
+
 and 844.4883 [M + 

2H]
2+

, and the Ru porphyrin was observed at 992.1279 [M + Na]
+
. 
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3,5-di-tert-butylphenyl pyridyl-linked bis-porphyrin, Ru(CO)(TPP) complex (13:9) 

 

1
H NMR (CDCl3, 400 MHz):, 8.91 (s, 8H, β-pyrrole), 8.88 (d, J = 4.8 Hz, 4H, β-pyrrole), 

8.75 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.60 (s, 8H, β-pyrrole), 8.10 (m, 18H, ortho-di-tert-

butylphenyl and ArH), 8.00 (m, 8H, ArH), 7.83 (m, 6H, para-di-tert-butylphenyl), 7.80 (s, 

2H, ArH), 7.67 (m, 4H, ArH), 7.41 (m, 4H, ArH), 7.17 (m, 8H, ArH), 6.51 (s, 1H, pyridyl 4-

CH), 1.94 (d, J = 2.0 Hz, 2H, pyridyl 2- and 6-CH), 1.53 (s, 108H, tert-butyl -CH3), -2.77 (s, 

4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 421 

(821000). ESI-TOF MS: Calc. for [M + H]
+
, C188H188N15O3Ru: 2805.4058. Found: 

2805.4119. Calc. for [M + 2H]
2+

, C188H189N15O3Ru: 1403.2088. Found: 1403.2127. Calc. for 

[M + H + Na]
2+

, C188H188N15O3RuNa: 1414.1998. Found 1414.2017. The bis-porphyrin 13 

without the Ru porphyrin coordinated was also observed at 2064.2841 [M + H]
+
 and 

1032.6462 [M + 2H]
2+

, and the Ru porphyrin 9 was observed at 765.1271 [M + Na]
+
. 
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3,5-di-tert-butylphenyl pyridyl-linked bis-porphyrin, Ru(CO)(tetrakis-di-tert-

butylphenylporphyrin) complex (13:10) 

 

1
H NMR (CDCl3, 400 MHz): 8.87 (m, 8H, β-pyrrole), 8.77 (d, J = 8.8 Hz, 4H, β-pyrrole), 

8.67 (s, 8H, β-pyrrole), 8.65 (d, J = 8.8 Hz, 4H, β-pyrrole), 8.23 (s, 2H, ArH), 8.08-8.03 (m, 

12H, ortho-di-tert-butylphenyl), 8.01 (m, 8H, ortho-di-tert-butylphenyl), 7.93-7.89 (m, 6H, 

ArH), 7.78 (t, J = 1.8 Hz, 2H, ArH), 7.74 (t, J = 1.8 Hz, 4H, para-di-tert-butylphenyl), 7.53 

(m, 6H, para-di-tert-butylphenyl), 6.56 (broad s, 1H, pyridyl 4-CH), 2.12 (d, J = 2.0 Hz, 2H, 

pyridyl 2- and 6-CH),  1.52, 1.51, 1.50 (three overlapping s, 72H total, tert-butyl -CH3), 1.41 

(s, 36H, tert-butyl -CH3), 1.37 (s, 36H, tert-butyl -CH3), 1.13 (s, 36H, tert-butyl –CH3), -2.75 

(s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 421 

(808000). ESI-TOF MS: Calc. for [M + 2H]
2+

, C220H253N15O3Ru: 1627.4593. Found: 

1627.4669. Calc. for [M + H + Na]
2+

, C220H252N15O3RuNa: 1638.9481. Found: 1638.9610. 

The bis-porphyrin without Ru porphyrin coordinated was observed at 2064.2878 [M + H]
+
 

and 1032.6487 [M + 2H]
2+

, and the Ru porphyrin was observed at 1190.6393 [M]
+
. 
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3,5-di-tert-butylphenyl pyridyl-linked bis-porphyrin, Ru(CO)(ferrocene-amide porphyrin) 

complex (13:11) 

 

1
H NMR (CDCl3, 400 MHz): 8.92 (s, 8H, β-pyrrole), 8.89 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.74 

(d, J = 4.8 Hz, 4H, β-pyrrole), 8.71 (d, J = 4.8 Hz, 2H, β-pyrrole), 8.65 (d, J = 4.8 Hz, 2H, β-

pyrrole), 8.58 (AB q, J = 8.0 Hz, 4.8 Hz, 4H, β-pyrrole), 8.12 – 8.07 (m, 16H, ArH and 

ortho-di-tert-butylphenyl), 8.03 – 7.99 (m, 6H, ArH), 7.21 (d, J = 7.8 Hz, 2H, ArH), 7.80 – 

7.78 (m, 6H, para-di-tert-butylphenyl), 7.72-7.69 (m, 2H, ArH), 7.65 (t, J = 7.8 Hz, 2H, 

ArH), 7.53-7.43 (m, 2H, ArH), 7.35 (t, J = 8.0 Hz, 4H, ArH), 7.15 (t, J = 7.2 Hz, 2H, ArH), 

7.12-7.06 (m, 2H, ArH), 6.99 (t, J = 7.8 Hz, ArH), 6.33 (broad s, 1H, pyridyl 4-CH), 4.43 

(unresolved t, 2H, Cp), 4.27 (unresolved t, 2H, Cp), 4.08 (s, 5H, Cp), 1.92 (s, 2H, pyridyl 2- 

and 6-CH), 1.53 (s, 72H, tert-butyl –CH3), 1.48 (s, 36H, tert-butyl –CH3), -2.67 (s, 4H, 

porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 423 (797000). 

ESI-TOF MS: Calc. for [M + 2H]
2+

, C199H198N16O4RuFe: 1516.7106. Found: 1516.7190. The 

bis-porphyrin without Ru porphyrin coordinated was observed at 2064.2860 [M + H]
+
 and 

1032.6482 [M + 2H]
2+

, and the Ru porphyrin was observed at 969.1432 [M]
+
. 
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3-tritylaminophenyl pyridyl-linked bis-porphyrin, Ru(CO)(TPP) complex (14:9) 

 

1
H NMR (CDCl3, 400 MHz): 8.85 (d, J = 4.4 Hz, 4H, β-pyrrole), 8.82 (d, J = 4.4 Hz, 4H, β-

pyrrole), 8.68 (d, J = 4.1 Hz, 4H, β-pyrrole), 8.60 (d, J = 4.4 Hz, 4H, β-pyrrole), 8.58 - 8.54 

(m, 8H, β-pyrrole), 8.10 (s, 8H, ortho-di-tert-butylphenyl), 8.07 (d, J = 7.8 Hz, 4H, ArH), 

7.99 - 7.92 (m, 8H, ArH), 7.82 (s, 4H, para-di-tert-butylphenyl), 7.71 (m, 4H, ArH), 7.61 (t, 

J = 7.8 Hz, 2H, ArH), 7.49 - 7.46 (m including a large d (J = 8.0 Hz), 16H, ArH), 7.33-7.18 

(many overlapping signals, ~50H), 6.85 (d, 8.0 Hz, 2H, ArH), 6.29 (broad s, 1H, pyridyl 4-

CH), 1.88 (broad s, 2H, pyridyl 2- and 6-CH), 1.58 (s, 18H, tert-butyl –CH3), 1.55 (s, 36H, 

tert-butyl –CH3), 1.50 (s, 18H, tert-butyl -CH3), -2.80 (s, 4H, porphyrin NH). UV-Vis 

(toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 428 (722000). ESI-TOF MS: Calc. for 

[M + 2H]
2+

, C210H187N17O3Ru: 1549.2057. Found 1549.2022. The bis-porphyrin without Ru 

porphyrin coordinated was observed at 2355.2600 [M + H]
+
 and 1199.6340 [M + Na + H]

2+
, 

and the Ru porphyrin was observed at 765.1181 [M + Na]
+
. 
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3-tritylaminophenyl pyridyl-linked bis-porphyrin, Ru(CO)(tetrakis-3,5-di-tert-

butylphenylporphyrin) complex (14:10): 

 

1
H NMR (CDCl3, 400 MHz): 8.75 (m, 8H, β-pyrrole), 8.69-8.65 (m, 10H, β-pyrrole and 

ArH), 8.62-8.60 (m, 4H, β-pyrrole), 8.57-8.55 (m, 4H, β-pyrrole), 8.19-8.14 (m, 2H, ArH), 

8.05-7.98 (m, 16H, ortho-di-tert-butylphenyl), 7.92 (s, 4H, ArH), 7.86 (m, 2H, ArH), 7.77-

7.73 (m, 8H, para-di-tert-butylphenyl), 7.47-7.44 (m, 12H, trityl ArH), 7.36 (m, 2H, ArH), 

7.32 (d, J = 2.0 Hz, 2H, ArH), 7.30-7.23 (many large signals, ArH), 7.19 (m, 8H, ArH),  6.83 

(d, J = 8.0 Hz, 2H, ArH), 6.60 (broad s, 1H, pyridyl 4-CH), 2.12 (s, 2H, pyridyl 2- and 6-

CH), 1.54-1.50 (m, 72H, tert-butyl –CH3), 1.46 (m, 18H, tert-butyl –CH3), 1.42 (m, 18H, 

tert-butyl –CH3), 1.36 (s, 36H, tert-butyl –CH3), -2.88 (s, 4H, porphyrin NH). UV-Vis 

(toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 428 (723000). ESI-TOF MS: Calc. for 

[M + 2H]
2+

, C242H251N17O3Ru: 1772.4546. Found 1772.4458. The bis-porphyrin without Ru 

porphyrin coordinated was observed at 2355.2595 [M + H]
+
 and 1177.6340 [M + 2H]

2+
, and 

the Ru porphyrin was observed at 1213.6122 [M + Na]
+
. 
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3-tritylaminophenyl pyridyl-linked bis-porphyrin, Ru(CO)(ferrocenylphenyl-porphyrin) 

complex (14:11) 

 

1
H NMR (CDCl3, 400 MHz): 8.86 (d, J = 4.4 Hz, 4H, β-pyrrole), 8.81 (d, J = 4.6 Hz, 4H, β-

pyrrole), 8.70 (s, 6H, β-pyrrole), 8.64 (m, 2H, β-pyrrole), 8.61-8.54 (m, 8H, β-pyrrole), 8.10 

(s, 12H, ArH), 8.02 – 7.95 (m, 6H, ArH), 7.91 (d, J = 7.2 Hz, 2H, ArH), 7.81 – 7.77 (m, 5H, 

ArH), 7.70 (d, J = 8.2 Hz, 2H, ArH), 7.63 (t, J = 7.8 Hz, 2H, ArH), 7.49 – 7.45 (m, 13H, ArH 

including trityl CH), 7.33 – 7.19 (many large signals, ArH including trityl CH), 6.65 (dd, J = 

8.0 Hz, 1.6 Hz), 6.33 (s, 1H, pyridyl 4-CH), 4.37 (m, 2H, Cp), 4.20 (m, 2H, Cp), 4.05 (s, 5H, 

Cp), 1.91 (s, 2H, pyridyl 2- and 6-CH), 1.57 (s, 18H, tert-butyl –CH3), 1.54 (s, ca. 36H, tert-

butyl –CH3), 1.49 (s, 18H, tert-butyl –CH3), -2.80 (s, 4H, porphyrin NH). UV-Vis (toluene), 

λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 428 (515000). ESI-TOF MS: Calc. for [M + 2H]
2+

, 

C221H196N18O4RuFe: 1662.7077. Found 1662.7026.  Calc. for [M + H + Na]
2+

, 

C221H195N18O4RuFeNa: 1673.6986. Found 1673.6958. The bis-porphyrin without Ru 

porphyrin coordinated was observed at 2355.2606 [M + H]
+
 and 1177.6340 [M + 2H]

2+
, and 

the Ru porphyrin was observed at 992.1196 [M + Na]
+
. 
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3-aminophenyl pyridyl-linked bis-porphyrin, Ru(CO)(TPP) complex (15:9) 

 

1
H NMR (CDCl3, 400 MHz): 8.96 (d, J = 4.8 Hz, 2H, β-pyrrole), 8.91-8.87 (m, 6H, β-

pyrrole), 8.75-8.71 (m, 4H, β-pyrrole) 8.63-8.56 (m, 12H, β-pyrrole), 8.11-8.06 (m, 12H, 

ArH), 8.02-7.95 (m, 8H, ArH), 7.81-7.77 (m, 4H, ArH), 7.62-7.60 (m, 2H, ArH), 7.55-7.53 

(m, 2H, ArH), 7.47-7.44 (m, ~ 12H, ArH), 7.34-7.28 (m, ~ 30H, ArH), 7.24 (t, J = 1.6 Hz, 

4H, ArH), 7.22 (t, J = 8.0 Hz, 4H, ArH), 7.20 (t, J = 1.6 Hz, 2H, ArH), 6.84 (t, 2H, J = 7.4 

Hz, ArH), 6.28 (s, 1H, pyridyl 4-CH), 3.64 (brs, 4H, -NH2), 1.89 (s, 2H, pyridyl 2- and 6-

CH), 1.54 (s, 36H, tert-butyl –CH3), 1.50 (s, 36H, tert-butyl –CH3), -2.71 (s, 4H, porphyrin 

NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 426 (680000). ESI-TOF 

MS: Calc. for [M + 2H]
2+

, C172H159N17O3Ru: 1306.0945. Found 1306.0878. The bis-

porphyrin without Ru porphyrin coordinated was observed at 1892.0251 [M + Na]
+
 and 

935.5242 [M + 2H]
2+

, and the Ru porphyrin was observed at 765.1187 [M + Na]
+
. 
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3-aminophenyl pyridyl-linked bis-porphyrin, Ru(CO)(tetrakis-3,5-di-tert-

butylphenylporphyrin) complex (15:10) 

 

1
H NMR (CDCl3, 400 MHz): 8.91 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.83 (d, J = 4.8 Hz, 4H, β-

pyrrole), 8.77 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.72 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.67-8.60 

(m, 16H, β-pyrrole), 8.43 (s, 2H, ArH), 8.17 (s, 2H, ArH), 8.03-8.00 (m, 16H, ortho-di-tert-

butylphenyl), 7.92 (m, 6H, ArH), 7.75 (m, 8H, para-di-tert-butylphenyl), 7.56-7.52 (m, 10H, 

ArH), 7.07 (dd, J = 8.8 Hz, 2.0 Hz, ArH), 6.98 (m, 2H, ArH), 6.65 (s, 1H, pyridyl 4-CH), 

3.91 (brs, 2H, -NH2), 3.63 (brs, 2H, -NH2), 2.11 (s, 2H, pyridyl 2- and 6-CH), 1.53 (s, 56H, 

tert-butyl –CH3), 1.50 (s, 56H, tert-butyl –CH3), 1.37 (s, 32H, tert-butyl –CH3), -2.79 (s, 4H, 

porphyrin NH).  UV-Vis (toluene), λmax in nm (ε in L mol
-1 

cm
-1

): Soret band 427 (712000). 

ESI-TOF MS: Calc. for [M + 2H]
2+

 C204H223N17O3Ru: 1530.3426. Found: 1530.3256. Also 

observed: Calc. for bis-porphyrin 15, [BP + H]
+
, C127H131N13O2: 1870.0436. Found 

1870.0005. Calc. for [BP + 2H]
2+

: 935.5313. Found: 935.5301. Calc. for Ru porphyrin 10, 

[RuP + Na]
+
, C77H92N4ORuNa: 1213.6212. Found: 1213.6090. 
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3-aminophenyl pyridyl-linked bis-porphyrin, Ru(CO)(ferrocenylphenylporphyrin) complex 

(15:11) 

 

1
H NMR (CDCl3, 400 MHz): 8.96 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.89 (d, J = 4.8 Hz, 4H, β-

pyrrole), 8.72 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.64 (d, J = 4.8 Hz, 4H, β-pyrrole), 8.60-8.53 

(m, 16H, β-pyrrole), 8.10-8.04 (m, 8H, ortho-di-tert-butylphenyl), 8.00-7.88 (m, ~ 12H, 

ArH), 7.80-7.76 (m, 6H, para-di-tert-butylphenyl and ArH), 7.70 (m, 4H, ArH), 7.62-7.58 

(m, 4H, ArH), 7.52 (m, 2H, ArH), 7.45-7.42 (m, ~ 12H, ArH), 7.33 (t, J = 1.6 Hz, 2H, ArH), 

7.31-7.27 (m, ~ 12H, ArH), 7.23 (t, J = 1.6 Hz, 4H, ArH), 7.21 (t, J = 8.0 Hz, 2H, ArH), 7.18 

(t, J = 1.6 Hz, 2H, ArH), 6.37 (s, 1H, pyridyl 4-CH), 4.22 (m, 2H, Cp), 4.13 (m, 2H, Cp), 

4.03 (s, 5H, Cp), 3.91 (s, 2H, -NH2), 3.64 (s, 2H, -NH2), 1.93 (s, 2H, pyridyl 2- and 6-CH), 

1.55 (s, 72H, tert-butyl –CH3), -2.71 (s, 4H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε 

in L mol
-1 

cm
-1

): Soret band 428 (714000). ESI-TOF MS: Calc. for [M + 2H]
2+

, 

C183H168N18O4FeRu: 1419.5962. Found 1419.5871. Calc. for [M + H + Na]
2+

:  

C183H167N18O4FeRuNa: 1430.5872. Found: 1430.5794. Calc. for [M + 2Na]
2+

 

C183H16N18O4FeRuNa: 1441.5758. Found: 1441.5620. The bis-porphyrin without Ru 

porphyrin coordinated was observed at 935.5214 [M + 2H]
2+

, and the Ru porphyrin was 

observed at 992.1167 [M + Na]
+
 and 969.1303 [M + H]

+
. 
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4.7.3 Binding Constant Measurements 

Binding constants of the Ru porphyrin/pyridyl bis-porphyrin complexes for C60 and C70 in 

toluene and 1:1 toluene/acetonitrile were obtained by the general method described in 

Chapter 2. Due to the high extinction coefficients of the Soret band in these complexes the 

porphyrin solutions used were between 1-1.5 x 10
-6

 molL
-1

. If the concentrations are larger 

than this, the absorbance at the Soret band is too intense for reliable results. 
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5.1 Introduction 

This chapter discusses the use of metal dipyrrin complexes as linkers between porphyrins in 

hosts for fullerenes. A wide range of metal dipyrrin complexes have been synthesised and 

their photoelectronic properties investigated. They are relatively stable compounds and have 

defined geometries that allow control of the orientation of attached porphyrins. Fukuzumi and 

D’Souza
1
 have reported a boron dipyrrin with appended ferrocene and fullerene groups that 

undergoes photoinduced electron transfer, demonstrating the usefulness of dipyrrins as 

chromophores in photoactive systems. This led us to investigate using metal dipyrrin 

complexes as photoactive linkers between porphyrins to form fullerene hosts. Dipyrrins with 

5-position aryl substituents can be prepared from the respective aryl aldehydes and pyrrole, 

allowing for the synthesis of dipyrrins with suitable substituents for coupling reactions to 

porphyrins. Coupling reactions of carboxylphenyl-substituted dipyrrins with amine-

substituted porphyrins are used to prepare hosts for fullerenes. 

Several 5-aryl substituted dipyrrins with carboxyl substituents at the para- position of the aryl 

group have been reported in the literature. Dolphin
2
 reported the synthesis of several Fe(III) 

and Co(III) complexes of 5-aryl substituted dipyrrins (Figure 5.1) using anhydrous FeCl3 and 

[Co(py)4Cl2]Cl respectively. Further modification of the para-substituents is possible. Telfer
3
 

prepared several Co(III) dipyrrin complexes by modification of an initial complex with a 4-

methylcarboxyl group (1). Dipyrrin complexes with a para-carboxyl group (2) or para-

diaminotriazine group (3) were investigated for their ability to self-assemble and assemble 

with transition metal cations into large networks with regular geometries.
3-5 
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The electronic spectra of these dipyrrin complexes show a splitting of the dipyrrin π-π* 

transition band due to exciton coupling.
6
 Exciton coupling occurs when multiple 

chromophores are located in close proximity, which causes the electronic transition to an 

excited state to be delocalised over all of the chromophores, rather than each chromophore 

undergoing independent electronic transitions. The excited states are thus coupled together 

such that they share an excitation energy.
7
 Figure 5.2 shows how a pair of degenerate 

chromophores can interact to give two non-degenerate excited states – one at a higher energy, 

and one at lower energy than the original excited state. In these Co dipyrrin complexes two 

peaks are observed at ca. 470 nm and 505 nm as both the higher energy state and the lower 

energy state are allowed under different coupling configurations (Figure 5.3).  

 

DDQ [Co(py)4Cl2]Cl 

R = H, NO2 or COOCH3 

or 

Na3[Co(NO2)6] 

 

Figure 5.1: Co(III) dipyrrin complexes. Reaction conditions: 1. 

KOH (aq.); 2. (i) oxalyl chloride, (ii) NH3; 3. Tf2O, pyridine; 4. 

dicyandiamide, KOH.2,3 

R = COOCH3 (1) R = COOH (2) R = CONH2 R = CN R = DAT (3) 
1. 2. 3. 4. 

DAT =  
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Figure 5.3: UV-Vis Spectum of Co dipyrrin complex 2 in methanol. 

The Co dipyrrin compounds can be considered as ‘metallotectons’ – chemical building blocks 

with a regular geometry that can be used in crystal engineering to control structural features 

of crystals, such as forming stable cavities that can include guest molecules without the 

deformation of the crystal.
5
 These structures are referred to as metal-organic frameworks,

8
 

and these frameworks have been investigated in a range of applications, most notably 

hydrogen storage.
9
 Regular geometry is also an advantage in designing linkers between 

porphyrins for fullerene hosts as the distances and angles between the porphyrins can be 

controlled. Figure 5.4 shows an example of a metallotecton framework. 
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Figure 5.2: Exciton coupling for a pair of degenerate chromophores. 
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Telfer
10-12

 also reported the synthesis of several heteroleptic ruthenium (II) complexes with 

aryl-substituted dipyrrin and 2,2’-bipyridine ligands (Figure 5.5). The compound with two 

dipyrrin ligands and a single bipyridine ligand (4) is of most interest as coupling of amine-

substituted porphyrins to the dipyrrin ligands would create a bis-porphyrin. This compound 

shows a sharp absorption band at 454 nm due to the dipyrrin π-π* transition, and a broader, 

less intense Ru → bipy MLCT band at 635 nm. 

Figure 5.4: A representation of the X-ray crystal structure of a metal-organic framework 

utilising a Co(III) dipyrrin complex showing large stable cavities. Co atoms are shown in 

dark blue; Zn atoms linking Co dipyrrin molecules are shown in pink.4 
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Palladium forms square planar complexes with dipyrrins. Telfer
12

 has reported the synthesis 

and characterisation of 4-methoxycarbonylphenyldipyrrin (5) and 4-carboxylphenyl (6) 

complexes of palladium (Figure 5.6). The molecular structure determined by X-ray 

crystallography of 5 showed a strictly square planar Pd(II) centre. However, the dipyrrin 

ligands are not co-planar, as close contacts of the α-protons of the dipyrrin ligands force the 

ligands to tilt away from the Pd-N4 plane at an angle of about 40º (Figure 5.7). This tilting 

has also been reported in other Pd dipyrrin complexes.
13

 The dipyrrin π-π* transition in Pd 

dipyrrin complexes is observed as a sharp band at 483 nm in the absorption spectrum, which 

is blue-shifted compared to analogous complexes with a single dipyrrin ligand, such as 501 

nm for [Pd(dipyrrin)(en)]
+
, due to exciton coupling (the parallel transition dipole case in 

Figure 5.2 above) where the higher energy excited state is allowed.
12,14 

2,2’-bipyridine 
Ru(dmso)4Cl2 

NEt3 

4 

KOH 

Figure 5.5: Ru(II) dipyrrin/bipyridine complexes.11 

Δ 
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Lindsey and co-workers
15,16

 reported the synthesis of a bis-porphyrin linked by a Zn dipyrrin 

complex. This complex was formed by Suzuki coupling of a boronate-substituted porphyrin 

(7) with an iodo-substituted dipyrrin complex of palladium (8), then demetallation of the 

palladium dipyrrin to give the porphyrin-substituted dipyrrin (9), from which the Zn complex 

(10) could be formed by reaction with zinc acetate (Figure 5.8). This route was necessary as 

the palladium catalyst for the Suzuki coupling displaced Zn and coordinated to the dipyrrin 

instead of catalysing the carbon-carbon bond formation of the coupling. Several similar bis-

porphyrins with different meso- position substituents were synthesised by forming a 

dipyrromethane-substituted dipyrrin and using this to synthesise a porphyrin with a dipyrrin 

Figure 5.6: Pd(II) dipyrrin complexes.12 

Pd(CH3CN)2Cl2 

NEt3 

KOH 

5 

6 

Figure 5.7: X-Ray crystal structure of Pd dipyrrin 5, represented with atomic displacement 

parameters shown as ellipsoids at 50 % probability.12 
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substituent directly; and by synthesis of an aryl aldehyde-substituted porphyrin and its 

conversion to a dipyrrin-substituted porphyrin.  

 

For bis-porphyrin - dipyrrin complex 10 emission occurs only at the two Q bands of the 

porphyrin (at 595 and 640 nm), whether excitation is at the Soret band of the porphyrin (400 

nm) or the π-π* band of the dipyrrin (485 nm). The fluorescence quantum yields at the 

+ 

Ba(OH)2.8H2O/Pd(PPh3)4 

Dimethoxyethane/H2O (10:1) 

80º, 2h 

DTT 

CHCl3 

rt, 2h 

Zn(OAc)2 

8 
7 

9 

10 

Figure 5.8: Synthesis of Zn- and Pd-dipyrrin linked bis-porphyrins.15 
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porphyrin are essentially the same for excitation at either wavelength (0.022 and 0.025 

respectively), and the excited state lifetime is 2.6 ns in toluene. These bis-porphyrin - dipyrrin 

complexes show efficient energy transfer from the Zn dipyrrin to the Zn porphyrin, with ФEnT 

= 0.97 in toluene, and quenching of the Zn porphyrin excited state ZnP* by the Zn dipyrrin is 

< 10 %.  

     

5.2 Synthetic strategy 

In order to couple metal dipyrrin complexes to amine-substituted porphyrins and form hosts 

for fullerenes, metal dipyrrin complexes with carboxyl substituents on a 5-position aromatic 

ring were prepared. First we prepared dipyrrins with 3- and 4-methylcarboxyl dipyrrins and 

formed metal complexes of these ligands. We subsequently cleaved the esters to give a 

carboxylphenyl-substituted dipyrrin (Figure 5.9). The carboxyphenyl-substituted dipyrrins 

could be coupled to the 3-aminophenyl substituted porphyrins described in Chapter 3 using 

amide couplings employing the triazine reagent CDMT (Figure 5.9). Use of activated ester 

methods such as the reagent CDMT is preferable to formation of the acid chloride of the 

dipyrrins using thionyl chloride or oxalyl chloride because the relatively acid-sensitive 

dipyrrin ligand may undergo decomposition with acyl chlorides. Dolphin
2
 however reported 

formation of an acid chloride Co(III) dipyrrin complex without decomposition. In this work 

we investigated activated ester formation using the triazine reagent CDMT with N-

methylmorpholine to effect the amide coupling of the 3-aminophenyl substituted porphyrins 

to the carboxylphenyl-substituted metal dipyrrin complexes. 

 

The position of the carboxyl substituents is important because it controls the position of the 

porphyrins after they are appended by amide coupling reactions.  Each of the carboxylphenyl-

Figure 5.9: Amide coupling of porphyrins to metal dipyrrins. 

+ 
NMM 

 

 

(CDMT) 



193 Chapter 5: Metal Dipyrrin Complexes as Linkers in Multi-Porphyrin Hosts for Fullerenes 
 

substituted metal dipyrrin complexes 2, 4 and 6 above could be coupled to the 3-

aminophenyl-substituted porphyrins reported in Chapter 3. For the octahedral Co and Ru 

complexes, 4-carboxylphenyl substituted dipyrrins would lead to tris- and bis-porphyrins 

respectively, where the porphyrins would be able to bind fullerenes, and the dipyrrin complex 

could function as a secondary donor. 3-Carboxylphenyl substituted dipyrrins may not orient 

the porphyrins suitably for fullerene binding. For the square planar Pd complexes, 3-

carboxylphenyl substituted dipyrrins rather than the 4-carboxylphenyldipyrrin complex 6 

would be required to arrange two porphyrins in a suitable geometry to bind fullerenes. Amide 

coupling of aminophenyl-substituted porphyrins to 6 would result in the porphyrins being 

oriented away from each other, unable to bind fullerene. We used molecular modelling to 

confirm that the geometries of the binding sites of the proposed hosts were suitable for 

fullerene binding. 

Also reported in this chapter is the synthesis of a 3,5-di-tert-butylphenyldipyrrin using the 

3,5-di-tert-butylbenzaldehyde prepared in previous chapters. To our knowledge, this dipyrrin 

and its metal complexes have not previously been reported in the literature. We attempted co-

crystallisation of these compounds with C60 to determine what effect the interaction between 

C60 and the dipyrrin complex may have on fullerene binding of the bis- and tris-porphyrins 

with metal linkers we have designed. The relatively planar Pd dipyrrin molecule allows a 

large π surface for interaction with the fullerene, and the tert-butyl groups allow for 

additional close contacts. 

 

5.3 Computational Modelling 

Computational modelling was used to determine whether the binding site of the dipyrrin-

linked hosts was suitable for C60 binding. As in Chapter 4 we used a two-layer ONIOM 

hybrid DFT/MM calculation using UFF in the low layer on the whole molecule, and B3LYP 

with 6-31G(d) as the basis set to model the metal dipyrrin complex and the aryl-amide 

linkers. For the models containing the larger atoms Pd and Ru, these atoms were treated using 

the pseudopotential SDD while 6-31G(d) was used to model the remaining atoms (H, C, N, 

O, Ni) (see Chapters 2 and 4 for references).  

The cobalt (III) complex of 4-carboxylphenyldipyrrin 2 coupled with a 3-aminophenyl-

substituted porphyrin would form a tris-porphyrin 11 with a cobalt dipyrrin linker. Modelling 
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shows that this complex can encapsulate C60 between two of the porphyrins (Figure 5.10), 

which are arranged 76.6º apart. Close contacts from phenyl and dipyrrin groups of the linker 

at 2.8 - 3.1 Å provide additional interactions to the host molecule, forming a binding cavity 

for the host. The third porphyrin is not involved in bonding due to the inflexible linker 

preventing reorientation of this porphyrin toward the other two, so a 1:1 host:C60 complex 

forms involving two out of three porphyrins.  

 

The Ru complex 4 above with two dipyrrin ligands coupled to a 3-aminophenyl substituted 

porphyrin would form a bis-porphyrin complex where the two porphyrins are able to bind C60 

with the same binding environment as 11. Figure 5.11 shows a model of Ru dipyrrin - bis-

porphyrin complex 12 with C60 bound by the two porphyrins with additional close 

Figure 5.10: Computational model of Co dipyrrin - tris-porphyrin with 15-tolyl substituent 

(11) and C60. 

11 
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interactions with the 2,2’-bipyridine ring. One of the porphyrins is involved in a close 

interaction with the fullerene (closest porphyrin - fullerene distance: 2.7 Å) whilst the other is 

less closely associated (3.3 Å). The dipyrrin protons and aromatic groups of the dipyrrin-

porphyrin linker and the meso-position aryl substituents of the porphyrins are involved in 

close interactions (2.7-3.0 Å) with C60. 

 

The Pd complex of 3-carboxylphenyl dipyrrin 6 coupled with two 3-aminophenyl-substituted 

porphyrins would create a bis-porphyrin host for fullerene (13). A model in Figure 5.12 

below shows the two porphyrins in close interaction with the host fullerene with the 

porphyrin mean planes 74.8º apart. The palladium centre was distorted from square planar 

12 

Figure 5.11: Computational model of Ru dipyrrin - bis-porphyrin complex 12 and C60 
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geometry closer to a tetrahedral geometry, but the dipyrrin ligands remained planar. These 

dipyrrin ligands are also involved in close contact with the fullerene (2.7-3.0 Å). 

 

 

5.4 Synthesis 

5.4.1 Metal complexes of 3,5-di-tert-butylphenyldipyrrin 

While a wide range of aryl-substituted dipyrrins have been previously reported, to our 

knowledge no 3,5-di-tert-butylphenyl substituted dipyrrin complexes have been synthesised. 

The palladium complex of this dipyrrin would be expected to show a planar geometry with a 

Figure 5.12: Computational model of a Pd dipyrrin - bis-porphyrin with a 15-tolyl 

substituent (13) and C60. 

13 
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π surface similar to a porphyrin, and the tert-butyl groups combined with the planar π surface 

make this a desirable target for preparing co-crystallates with C60. This would allow us to 

investigate if the close interaction between porphyrins and fullerenes is reproduced in 

fullerene co-crystallates of a planar dipyrrin complex. The dipyrromethane 14 has been 

previously reported,
17

 and is a brown oil that is more difficult to purify than other 

dipyrromethanes due to greater decomposition upon column chromatography, and the 

comparative difficulty of recrystallisation of the compound. In this work it was prepared as a 

crude brown oil following the Lindsey method
18

 for dipyrromethane syntheses (Figure 5.15) 

from 3,5-di-tert-butylbenzaldehyde (see Chapter 2) and pyrrole. The dipyrromethane was 

oxidised to the dipyrrin 15 without further purification. p-Chloranil was then used to oxidise 

the dipyrromethane, forming the dipyrrin, which could be obtained as a dark olive green solid 

after column chromatography on silica gel. While Telfer
3,11

 uses deactivated alumina in 

chromatographic separation of dipyrrins and their metal complexes to avoid decomposition, 

we found that separation of some dipyrrins from other oxidation products was poor with 

alumina, and used silica gel instead, with 1% triethylamine added to all eluents to reduce the 

amount of decomposition. This was particularly the case for this dipyrrin where other 

oxidation products had similar polarity.  

 

The Cu (16), Ni (17) and Zn (19) complexes of the 3,5-di-tert-butylphenyl substituted 

dipyrrin were obtained by addition of an excess of the corresponding metal (II) acetate to a 

solution of the dipyrrin in dichloromethane. For the synthesis of the Pd complex 18, 

overnight stirring with Pd2(dba)3 affords the Pd complex as a bright orange solid after column 

chromatography. Crystals were grown of the Ni, Cu and Pd complexes by slow evaporation 

M(CH3COO)2 

(M = Cu, Ni, Zn) 

M2(dba)3 (M = Pd) 

 

Figure 5.13: 3,5-di-tert-butylphenyl 

dipyrrin complexes. 

p-chloranil 1.        , 10 mol % InCl3 

2. NaOH 

M = Cu (16), Ni (17), Pd (18), Zn (19) 

14 15 
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from chloroform or chloroform + methanol. Crystals of sufficient quality for X-ray 

crystallography were unable to be grown for the Zn complex, and the Cu crystals gave a 

twinned structure that was not able to be fully solved. The Pd complex (Figure 5.14, see 

Table 5.1 for crystallographic information) adopts a square planar geometry with one ligand 

tilted above the plane at Pd, and the other below, with the dipyrrin 11 atom mean planes at an 

angle of 31.0º and 32.0º to the PdN4 square planar centre. This geometry is similar to that 

reported by Telfer
12

 for the 4-carboxylphenyl Pd dipyrrin complex (Figure 5.7 above). The 

tilting allows the Pd atom to remain in a square planar conformation whilst reducing strain 

from the α-position hydrogen atoms of the dipyrrin being in close proximity. The interplanar 

angle between the two mean planes of the dipyrrin ligands is 2º. 

 

The Ni complex 17 has closer to tetrahedral geometry, which accommodates the dipyrrin 

ligands without close interaction of the α-position protons (Figure 5.15, see Table 5.1 for 

crystallographic information). The planes of the dipyrrin ligands are tilted at 68º.  The partial 

structure obtained for the Cu complex indicates a very similar geometry at the metal centre to 

the Ni complex, with an approximate dipyrrin interplanar angle of 69º. 

 

 

  

Figure 5.14: X-Ray crystal structure of Pd dipyrrin 18, represented with atomic 

displacement parameters shown as ellipsoids at 50 % probability. 
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Table 5.1. Crystal data and structure refinement for Ni and Pd complexes 17 and 18. 

Compound 17 18 

Empirical formula C46H54N4Ni C46H54N4Pd.2CHCl3 

Formula weight 721.64 1008.07 

Temperature 93(2) K 93(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic 

Space group C2/c Pc 

Unit cell dimensions a = 12.9449(5) Å a = 8.9617(3) Å 

 b = 10.7678(4) Å b = 15.1739(4) Å 

 c = 28.0988(12) Å c = 17.7344(5) Å 

 α = 90.000° α = 90.000° 

 β = 99.630(3)° β = 94.885(1)° 

 γ = 90.000° γ = 90.000° 

Volume 3862(2) Å3 2402.9(17) Å3 

Z 4 2 

Density (calculated) 1.241 Mg/m3 1.393 Mg/m3 

Absorption coefficient 0.530 mm-1 0.757 mm-1 

F(000) 1312 1040 

Crystal size 0.21 x 0.21 x 0.06 mm3 0.34 x 0.25 x 0.19 mm3 

Theta range for data 
collection 

1.47 to 26.68°. 1.77 to 28.00° 

Index ranges -13<=h<=13, -
11<=k<=12, -22<=l<=35 

-11<=h<=11, -
19<=k<=19, -23<=l<=23 

Reflections collected 10456 34482 

Independent 
reflections 

3052 [R(int) = 0.0690] 11191 [R(int) = 0.0330] 

Completeness to theta  = 25.00°. 86.4 % = 28.00°. 99.5 % 

Absorption correction Semi-empirical from 
equivalents 

Semi-empirical from 
equivalents 

Max. and min. 
transmission 

0.969 and 0.737 0.866 and 0.703 

Refinement method Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 
parameters 

3052 / 0 / 237 11191 / 2 / 545 

Goodness-of-fit on F2 1.192 1.045 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0962, wR2 = 
0.2043 

R1 = 0.0295, wR2 = 
0.0749 

R indices (all data) R1 = 0.1272, wR2 = 
0.2147 

R1 = 0.0314, wR2 = 
0.0762 

Largest diff. peak and 
hole 

0.589 and -0.782 e.Å-3 0.818 and -0.471 e.Å-3 
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Attempts were made to co-crystallise the Pd complex 18 with C60, however, these attempts 

resulted in the formation of separate C60 and 18 crystals, with no co-crystallates observed. 

The UV-Visible spectra of these dipyrrin complexes show typically strong π-π* bands, all 

with ε > 30000 M
-1

cm
-1

. The uncomplexed dipyrrin has a single π-π* band at 442 nm, whilst 

the metal complex bands are at lower energies. The Pd complex 20 has a single intense 

narrow π-π* band at 485 nm, similar for that observed in other Pd bis-dipyrrinato 

complexes.
12

 In this complex the transition dipoles are close to parallel due to the square 

planar geometry at Pd. The lower energy configuration is therefore spin forbidden, whilst the 

higher energy configuration is allowed (Figure 5.2). This results in a blue shifting of the band 

compared to systems where no exciton coupling is possible with the dipyrrin ligand. The Cu 

and Ni complexes have closer to tetrahedral geometry, and as a result two peaks are observed 

– a larger peak at 471 and 475 nm respectively, and a smaller peak or shoulder at 505 and 514 

nm respectively. This is consistent with the orientation of the chromophores at 68º for Ni and 

approximately 69º for Cu. The Zn complex shows a single large band at 484 nm, more 

intense than that of the Pd, Cu or Zn complexes. A single band is observed here due to the 

chromophores being oriented at close to 90º, where the two exciton bands are the same 

energy. Figure 5.16 shows the UV-Vis spectra of the free dipyrrin, and the Pd, Ni, Cu and Zn 

complexes. 

Figure 5.15: X-Ray crystal structure of Ni dipyrrin 17, represented with atomic 

displacement parameters shown as ellipsoids at 50 % probability. 
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Figure 5.16: UV-Vis spectrum of 3,5-di-tert-butylphenyldipyrrin and several metal complexes. 

 

5.4.2 Tris-porphyrin Hosts for C60 from a Co(dipyrrin)3 Complex 

The next synthetic target was to take the cobalt 4-carboxylphenyl substituted dipyrrin 2 

reported by Telfer and couple this to various 3-aminophenyl substituted porphyrins. The 4-

methylcarboxylphenyl dipyrrin and its precursor dipyrromethane were first reported by 

Dolphin et al.
2
 We used the method of Lindsey

18
 to prepare the dipyrromethane 20 from 

pyrrole and methyl 4-formylbenzoate, followed by the procedure of Rohand et al.
19

 using the 

slightly weaker oxidant chloranil instead of DDQ to prepare the dipyrrin 21 (Figure 5.17). 

While some dipyrromethanes require the stronger oxidant for dipyrrin formation to occur in 

good yields, use of chloranil forms the product more cleanly, and so is preferable if the yield 

is sufficient with chloranil. Here similar yields were obtained by either method, but use of 

chloranil greatly reduced the formation of other oxidation products. We prepared the Co 

complex 1 by the method of Telfer
4
 using Na3[Co(NO2)6]. The ester complex 2 was 

converted to the acid by reflux in 1:1 THF/10 % NaOH aqueous solution. 
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CDMT was used as a coupling agent to link the amine-substituted porphyrins 22 - 24 with the 

Co dipyrrin complex 2. A solution of the Co dipyrrin complex 2 in THF was stirred with an 

excess of N-methylmorpholine, then an excess of 2-chloro-4,6-dimethoxy-1,3,5-triazine 

added. Reaction progress was monitored by TLC, with dichloromethane as eluent. The 

starting material remains at the baseline, while the activated ester product moves almost at 

the solvent front (Rf ~ 0.9). Maximum formation of the activated ester requires at least 6-12 

hours. This is possibly due to the relatively low solubility of the starting material, and the 

requirement for three acid groups on each molecule to react. After stirring overnight the 

aminophenyl-substituted porphyrin (22, 23 or 24) was added dropwise as a solution in THF 

with a catalytic amount of DMAP, and the mixture stirred overnight, until no further 

formation of the tris-porphyrin product occurred. The tris-porphyrin is observed as a wide 

band eluting slightly behind the aminophenyl porphyrin starting material. Other porphyrin-

containing products and Co dipyrrin starting material remained on the baseline. Slow column 

chromatography was required to separate the red-brown product from the excess unreacted 

purple starting material porphyrin – a 1:2 or 1:1 mixture of dichloromethane to hexane was 

used as the eluent on silica gel. Yields for these reactions were up to 56 %. Tris-porphyrin 

complexes with meso-position H (25), 4-tolyl (11) and 3-tritylaminophenyl (26) substituents 

were prepared (Figure 5.18). 

Figure 5.17: Co(dipyrrin)3 complexes. 

1.          , 10 mol % InCl3 

2.   NaOH 

p-chloranil 

1, R = COOCH3 

KOH 
2, R = COOH 

Na3[Co(NO2)6

] 

 

20 

21 
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The NMR of these compounds clearly indicate the formation of the product, with all of the 

expected porphyrin NH, β-pyrrole and aryl substituent signals observed in the correct integral 

ratio to the dipyrrin CH signals and the doublets arising from the aryl substituent of the 

dipyrrin (Figure 5.19). ESI-TOF Mass spectroscopy was able to confirm the formation of tris-

porphyrins by observation of the 3
+
 parent ion where each porphyrin is protonated. 

2 

1. NMM, 0ºC, 10 m 

2. CDMT, warm to rt, 12h 

3.  

Figure 5.18: Triazine coupling to form Co(III) dipyrrin-linked tris-porphyrins. 

R = H (25), 4-tolyl (11), 3-

tritylaminophenyl (26) 

R = H (22), 4-tolyl (23), 3-

tritylaminophenyl (24) 



204 Chapter 5: Metal Dipyrrin Complexes as Linkers in Multi-Porphyrin Hosts for Fullerenes 
 

 

Figure 5.19: Aromatic region of the 1H NMR spectrum of meso-H substituted Co (III) dipyrrin-linked 

tris-porphyrin 26. Triangle: meso-H signal. Circles: porphyrin β-pyrrole signals. Squares: dipyrrin CH 

signals. The integrals of these signals show a 1:1 dipyrrin:porphyrin ratio. 

These dipyrrin/porphyrin complexes have UV-visible spectra that would be expected from a 

compound containing these two chromophores. The most intense feature of the spectrum is a 

very intense Soret band centred at 420-427 nm (Figure 5.20) depending on meso-position 

substituents and solvent, with extinction coefficients of 0.9-1.3 x 10
6
 L mol

-1
 cm

-1
. A 

shoulder is observed on this peak at 410-415 nm. The high extinction coefficient of the Soret 

band is due to the presence of three porphyrins for each mole of compound. Much broader 

and less intense than the Soret band are the bands arising from the π-π* transition of the 

dipyrrin and the porphyrin Q bands. The first dipyrrin π-π* band is centred between 477 and 

482 nm with extinction coefficients of ca. 40000. A broad band between 500 and 525 nm is 

due to the overlap of the other dipyrrin π-π* and the first porphyrin Q band. The extinction 

co-efficient of these two overlapping bands is between 60000 and 70000, approximately what 

would be expected for a dipyrrin π-π* band and the first Q band of three free base porphyrins 

overlapping. For 26, the two peaks can be observed at 508 nm for the dipyrrin π-π* band, and 

516 nm for the Q band. By contrast, for 13 the large Q band overlapping with the dipyrrin π-

π* bands results in no clear peaks being observed for the dipyrrin π-π* bands. The smaller 
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three Q bands are observed at ca. 550, 590 and 660 nm. Upon titration with C60 the expected 

quenching of the Soret band occurs, and some quenching of the Q bands is observed, whilst 

the π-π* transition of the dipyrrin does not decrease as markedly in intensity. 

 

 

Figure 5.20: UV-Vis spectrum of Co dipyrrin – tris-porphyrin complex 13 in dichloromethane. Top: 

350-720 nm showing the intense Soret band. Bottom: expansion of 440-700 nm at higher 

concentration. Distinct peaks for the π-π* transitions (marked with arrows) are not seen due to 

overlap with the largest Q band at 521 nm. 
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5.4.3 Attempted Bis-porphyrin Synthesis from a Heteroleptic Ru Dipyrrin/Bipyridine 

Complex 

After the successful synthesis of Co dipyrrin/tris-porphyrin compounds the octahedral Ru(II) 

compounds reported by Telfer were investigated for their potential in forming bis-porphyrins. 

The heteroleptic ruthenium dipyrrin/bipyridine complex 4 was formed by reaction of the 

dipyrrin 21 with Ru(dmso)4Cl2 to give Ru(dipyrrin)2(dmso)2 followed by displacement of the 

dmso ligands with 2,2’-bipyridine at high temperatures (as in Figure 5.5 above). The ester 

substituent was converted to the acid by reflux in THF/aqueous NaOH, forming a green-

brown solid. 

Amide coupling of acid-substituted Ru dipyrrin complex 4 to the aminophenyl-substituted 

porphyrins 22, 23 and 24 were attempted using the triazine reagent CDMT. Several 

difficulties were experienced in attempts to form the activated ester of 4. Ru dipyrrin 

complex 4 is significantly less soluble in THF than the acid-substituted Co dipyrrin 2. This 

makes activated ester formation from 2 with using CDMT much slower – after overnight 

stirring of the complex, activated ester formation was not fully completed, and did not 

proceed further. An addition of a large excess of the triazine reagent CDMT, or addition of a 

CDMT/NMM complex to a solution of aminophenyl porphyrin and 2 did not result in further 

activated ester formation. Addition of the amine-substituted porphyrin to the partially formed 

activated ester did not appear to create more than a trace of coupling product slightly slower 

than the amine porphyrin. Traces of products formed were not able to be isolated in sufficient 

yield to determine their structure. 

 

5.4.4 Attempted Synthesis of a Bis-porphyrin from a Pd(dipyrrin)2 Complex 

Square planar palladium(II) dipyrrins were the next complexes investigated for coupling. A 

methyl 3-carboxylphenyl substituted dipyrrin 27 was prepared from methyl 3-formylbenzoate 

by first synthesising the dipyrromethane 28 from methyl 3-formylbenzoate by the method of 

Lindsey
18

 followed by oxidation of 28 using chloranil (Figure 5.21). The dipyrromethane 28 

is more acid sensitive than the 4-substituted analogue 20, and attempted recrystallization 

(water/methanol) also caused significant decomposition, so the crude solid dipyrromethane 

28 was used without recrystallisation to prepare the dipyrrin 27. As a result a higher quantity 

of by-products were formed during oxidation to form the dipyrrin 27, requiring a slower 
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column (4:1 dichloromethane/hexane rather than 100 % dichloromethane) to ensure the 

separation of the faster dipyrrin band. The use of silica gel rather than alumina was also 

necessary to improve separation. Ester-subsituted Pd dipyrrin complex 29 was then formed 

by reaction of 27 with Pd2(dba)3  in dichloromethane and the ester was cleaved with KOH in 

THF to form the acid-substituted Pd dipyrrin complex 30 (Figure 5.21). 

 

A crystal structure of the ester-substituted Pd dipyrrin complex 29 was obtained by slow 

evaporation from a chloroform/methanol solution (Figure 5.22, see Table 5.2 for 

crystallographic information). The square-planar complex shows the same tilting of the 

ligands to relieve steric hinderance observed in the 3,5-di-tert-butylphenyldipyrrin Pd 

complex 18 above, and the 4-methycarboxylphenyldipyrrin complex 5 reported by Telfer. In 

29 the 11 atom mean planes of the dipyrrin ligands are tilted at 31.4º from the PdN4 plane.  

The two dipyrrin mean planes are parallel (the interplanar angle is 0.0º) and the planes are 2.1 

Å apart. The dipyrrin 2-position protons of each ligand are 2.4 Å apart showing how the 

tilting of the ligands avoids steric hinderance between these protons whilst maintaining a 

square planar geometry at Pd. 

Pd2(dba)3 

KOH 

1. , 10 mol % InCl3 

2. NaOH 

chloranil 

Figure 5.21: Synthesis of a Pd complex of 5(3-carboxylphenyl)dipyrrin. 

27 28 

29 30 
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Empirical formula C34 H26 N4 O4 Pd F(000) 656 

Formula weight 660.98 Crystal size 0.17 x 0.10 x 0.10 mm3 

Temperature 93(2) K Theta range for data collection 2.40 to 27.94°. 

Wavelength 0.71073 Å Index ranges -14<=h<=15, -13<=k<=13, 
-16<=l<=16 

Crystal system Monoclinic Reflections collected 26539 

Space group P21/n Independent reflections 3336 [R(int) = 0.0499] 

Unit cell dimensions a = 11.4712(6) Å Completeness to theta  = 27.94°. 99.7 % 

 b = 9.9422(5) Å Absorption correction Semi-empirical from 
equivalents 

 c = 12.2374(6) Å Max. and min. transmission 0.969 and 0.540 

 α = 90.000° Refinement method Full-matrix least-squares 

on F2 

 β = 91.718(3)° Data / restraints / parameters 3336 / 0 / 197 

 γ = 90.000° Goodness-of-fit on F2 1.161 

Volume 1394.9(11) Å3 Final R indices [I>2sigma(I)] R1 = 0.0645, wR2 = 
0.1845 

Z 4 R indices (all data) R1 = 0.0722, wR2 = 
0.1906 

Density (calculated) 1.5740 Mg/m3 Largest diff. peak and hole 5.853 and -0.882 e.Å-3 

Absorption coefficient 0.712 mm-1   

Table 5.2. Crystal data and structure refinement for Pd complex 30. 

The coupling of 30 to aminophenyl porphyrins 22, 23 and 24 was attempted using CDMT, 

and showed greater formation of the activated ester than was observed for the Ru dipyrrin 4. 

However, this formation was not consistent, which is likely due to the relatively low 

solubility of the acid-substituted dipyrrin 30 in THF. Addition of a solution of an 

aminophenyl-substituted porphyrin to the activated ester of Pd dipyrrin complex 30 showed 

Figure 5.22: X-Ray crystal structure of Pd dipyrrin 30, represented with atomic 

displacement parameters shown as ellipsoids at 50 % probability. 
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some formation of a slightly slower band than the starting material porphyrin, as would be 

expected for an amide-coupled product. This band was collected by column chromatography, 

but 
1
H NMR spectroscopy showed it to have a single porphyrin NH signal, but with no 

dipyrrin NH proton signals between 6 and 7 ppm, and a large number of signals in the 

aromatic region of the spectrum that implied the presence of several porphyrin compounds 

with the same porphyrin NH environment. No -NH2 signal was present in the product, 

indicating that coupling to an amide may have taken place. Mass spectrometry was unable to 

determine the identity of these compounds, however it was able to confirm that no palladium 

was present, implying that demetallation of the dipyrrin may have occurred during the 

coupling resulting in single-porphyrin products. 

 

5.5 Fullerene Binding Studies 

Binding constants for fullerenes were determined for the Co dipyrrin tris-porphyrin 

complexes 11, 25 and 26 by the UV-Vis spectrophotometric titration methodology outlined in 

Chapter 2. All of the cobalt dipyrrin tris-porphyrin complexes formed were found to bind C60 

and C70. A complication in determining the binding constants by this method is that only two 

of the three porphyrins of the host are able to participate in the fullerene binding interaction. 

Therefore the maximum reduction in the intensity of the Soret band of the tris-porphyrin host 

is 2/3 of the maximum intensity of the Soret band with no host bound. This necessitated 

adjustments to some of the calculations. For the C60 titrations in toluene, very small binding 

constant values (K < 500 M
-1

) with large errors were obtained that appeared inconsistent with 

the observed degree of reduction in the intensity of the Soret band. The linear least squares fit 

produced an estimate of the binding constant that estimated the theoretical maximum change 

in absorbance (L in the equation in section 2.6 in Chapter 2) to be much larger than 2/3 of the 

absorbance of the Soret band. When we fixed the value of L to be equal to 2/3 of the 

absorbance of the Soret band, the linear least squares fit gave binding constant estimates that 

more accurately reflected the degree of Soret band quenching observed during the titration. 

The results of UV-Vis spectrophotometric binding constant titrations are summarised in 

Table 5.3 below. Figure 5.23 shows the relatively small degree of Soret band quenching by 

C60 binding observed for these hosts in toluene. These cobalt dipyrrin - tris-porphyrin 

complexes bind C60 and C70 with binding constants in toluene of 1540-1700 M
-1

 and 5600-

10700 M
-1

 respectively, which is similar to the 15-meso-H substituted 3,5-pyridyl- and 
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isophthaloyl-linked bis-porphyrins in Chapter 3, and significantly less than the bis-porphyrins 

with 15-position aryl substituents. In 1:1 toluene/acetonitrile the cobalt tris-porphyrin 

complexes bind C60 and C70 much less strongly than the bis-porphyrins of Chapter 3. The 

binding constants of these cobalt dipyrrin-tris-porphyrins do not vary as greatly with changes 

to the 15-position substituent, compared with the effect of 15-position substituents on binding 

constants for the hosts in Chapters 3 and 4, implying that the substituent at this position has 

less influence on the strength of the binding interaction than for the hosts in Chapters 3 and 4.  

Binding constants (M
-1

) of 
Co tris-porphyrin host: 

C60 in 
toluene 

C70 in toluene C60 in 1:1 
toluene/CH3CN 

C70 in 1:1 
toluene/CH3CN 

15-position R = H (25) 1540 ± 30 5600 ± 1500 6100 ± 600 79000 ± 12000 

15-position R = 4-tolyl (11) 1700 ± 30 7500 ± 600 9100 ± 700 149000 ± 6000 

15-position R = 3-
tritylaminophenyl (26) 

1620 ± 20 10700 ± 1800 7700 ± 800 117000 ± 13000 

Table 5.3: Binding constants of Co tris-porphyrin hosts with fullerenes. 
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Figure 5.23: UV-Vis spectrophotometric titration of 13 in toluene with C60. 

 

5.6 Conclusions 

The binding constants of the cobalt tris-porphyrin hosts for fullerenes are relatively small, 

which may make determination of their photophysical properties with fullerene difficult. This 

is due to unbound fullerene also undergoing photophysical processes that make detection and 

analysis of the photophysical processes occurring due to porphyrin-fullerene interactions 

more difficult. To avoid this the amount of unbound fullerene must be very low, in practise 
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ideally requiring binding constants of greater than 10
5
. For these systems with C60 this is only 

likely to be achievable in a solvent system like benzonitrile or acetonitrile where C60 binds 

much more strongly. Transient absorption spectroscopy will be used to determine the 

photophysical properties of the Co dipyrrin - tris-porphyrin - fullerene host-guest triads 11, 

25 and 26. Of particular interest is whether the redox potential of the Co dipyrrin complex is 

suitable for it to act as a secondary donor, and whether this process results in a lengthening of 

the lifetime of the excited state. 

The square planar palladium 3-carboxylphenyldipyrrin complex 30 has a similar geometry 

and structure to a bis-3-carboxylphenyl substituted porphyrin, such as 31 or 32. Given that 

modelling suggests that a bis-porphyrin such as 13 formed from amide coupling of a 3-

aminophenyl substituted porphyrin to the Pd dipyrrin complex 30 would bind fullerenes 

(Figure 5.12), amide coupling of a 3-aminophenyl substituted porphyrin to 31 or 32 would be 

expected to result in a tris-porphyrin capable of fullerene binding. The presence of three 

porphyrins able to interact with fullerene via π-π interactions could lead to a very strong 

fullerene binding interaction. Molecular modelling of these potential hosts indicates all three 

porphyrins would be involved in close interactions with an encapsulated fullerene. We made 

preliminary investigations into coupling of di-acid porphyrins 31 and 32 with 3-aminophenyl 

porphyrins using CDMT as a coupling agent. The di-acid porphyrins were found to have low 

solubility in organic solvents, and as a result did not readily form activated esters. These 

porphyrins are not acid sensitive like dipyrrin complexes, so acid chloride methods may be 

useful for the amide coupling. Reacting 31 or 32 using oxalyl chloride or thionyl chloride will 

produce the acid chloride which is likely to be soluble in organic solvents, and will readily 

react with 3-aminophenyl porphyrins. 
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By contrast, the metal dipyrrin complexes are more likely to be decomposed by oxalyl 

chloride or thionyl chloride. Synthesis of the palladium dipyrrin – bis-porphyrin and the 

ruthenium dipyrrin/bipyridine bisporphyrin from 31 and 4 respectively may be possible by 

using alternative amide coupling reagents to CDMT, however while the uronium family of 

reagents such as HATU and COMU are excellent at effecting aliphatic acid - aliphatic amine 

couplings such as in peptide synthesis they are not necessarily effective for difficult 

couplings such as these aromatic acid - aromatic amine couplings. 

In addition to these dipyrrin complexes as linkers, In (III) and Ga (III) dipyrrin complexes 

have been reported to have interesting photoelectronic properties
20

 and have the same co-

ordination geometry as Co (III) dipyrrin complexes. Synthesis of tris-porphyrins with In (III) 

or Ga (III) linkers may give hosts for fullerenes with long-lived excited states. 

The relatively small binding constants for the Co (III) dipyrrin-linked hosts may indicate that 

the geometry of the binding site is not ideal for fullerene binding. Different synthetic 

approaches to attaching porphyrins to a metal dipyrrin complex would give bis- or tris-

porphyrins with different spatial arrangements of the porphyrins, and some of these may be 

Figure 5.24: Synthesis of bis(3-carboxylphenyl) porphyrins. 

1. CF3COOH 

2. chloranil 

KOH 

31 

32 
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suitable fullerene hosts. For example, an aryl iodide-alkyne Sonogashira coupling like that 

described in Chapter 2, Suzuki coupling of a bromo- or iodophenyl-substituted dipyrrin to a 

boronic acid-substituted dipyrrin (as in Figure 5.8), or an azide-alkyne Huisgen cycloaddition 

(the ‘click’ reaction) could be used to link dipyrrins and porphyrins. The porphyrins and 

dipyrrin complexes necessary for these coupling reactions are readily synthetically 

accessible. 

 

5.7 Experimental 

5.7.1 General Information 

Reactions were performed under the general conditions outlined in Chapter 2. Grade 5 

deactivated alumina was used for column chromatography. Copper (II) acetate monohydrate, 

nickel (II) acetate tetrahydrate, zinc (II) acetate dehydrate, sodium hexacobaltinitrate and 

ruthenium trichloride were obtained from Aldrich. Ruthenium trichloride was used to prepare 

Ru(dmso)4Cl2 according to the procedure of Bratsos and Alessio.
21

 Samples of Ru(dmso)4Cl2 

were also generously provided by Kim Meyer and Andrew Dalebrook from the research 

group of L. James Wright at this university. Co dipyrrin complex 2 was generously provided 

by Shane Telfer of Massey University, and was also prepared as described below. 

 

5.7.2 Synthetic Procedures 

5-(3’,5’-di-tert-butylphenyl)dipyrromethane 14 

 

3,5-di-tert-butylbenzaldehyde (1.032 g) was dissolved in pyrrole (50 mL) and indium 

trichloride (104 mg) added from a heated vessel. After stirring at 40 ºC for 4 h the solvent 

was removed by rotary evaporation. The resulting oil was extracted with 1:5 ethyl 

acetate/hexane and the solvent removed, then the extraction performed again. Removal of 

remaining pyrrole under vacuum afforded a yellow oil (~1.2 g), which was reduced to the 

dipyrrin without further purification.  
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5-(3’,5’-di-tert-butylphenyl)dipyrrin 15 

 

The dipyrromethane oil was dissolved in chloroform (30 mL) and THF (12 mL) at 0 ºC and a 

solution of p-chloranil in THF (12 mL) added dropwise over 5 minutes, then a further 5 mL 

of THF was added. The mixture was stirred at 0 ºC for 4 hours, then the solvent removed by 

rotary evaporation. The product was purified by column chromatography on grade 5 

deactivated alumina with 3:2 dichloromethane:hexane as eluent. The first large yellow-brown 

band was collected. Removal of the solvent under vacuum, then oven drying gave a dark 

olive-green solid, 952 mg (61 % from 3,5-di-tert-butylbenzaldehyde over two steps, yield of 

the oxidation step is approximately 80 %). 
1
H NMR (CDCl3, 400MHz): 7.59 (s, 2H, pyrrin 

H), 7.51 (s, 1H, para-di-tert-butylphenyl), 7.34 (d, J = 1.7 Hz, 2H, ortho-di-tert-butylphenyl), 

6.64 (d, J = 1.4 Hz, 2H, dipyrrin CH),  6.37 (d, J = 1.4 Hz, 2H, dipyrrin CH), 1.35 (s, 18H, 

tert-butyl). UV-Vis (CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 328 (7100), 442 (17700). ESI-

TOF MS Calc for [M + H]
+
, C23H29N2: 333.2325. Found 333.2305. 

 

Bis[5-(3’,5’-di-tert-butylphenyl)dipyrrin] copper (II) 16 

 

5-(3’,5’-di-tert-butylphenyl)dipyrrin (15, 80 mg) was dissolved in dichloromethane (10 mL) 

and a suspension of copper (II) acetate monohydrate (120 mg) added, with immediate 

formation of a dark brown colour. The solution was stirred at room temperature for 1 hour, 

the solution diluted with dichloromethane, and washed with water. The organic layer was 

dried with Na2SO4, which was removed by filtration, and the solvent removed under reduced 

pressure to give a red-brown solid. The product was purified by column chromatography 

(silica gel, CHCl3 + 1 % triethylamine) and the first dark red-brown band collected and the 

solvent removed under vacuum to give a dark red-brown solid with a green metallic lustre 

(46 mg, 53 %). Crystals suitable for X-Ray structural analysis were grown by slow 
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evaporation of a chloroform/methanol (20 %) solution, but these crystals gave a twinned 

structure. UV-Vis (CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 344 (21400), 471 (67800), 505 

(33200). ESI-TOF MS: Calc for [M + H]
+
, C46H55N4Cu: 726.3717. Observed: 726.3724. 

 

Bis[5-(3’,5’-di-tert-butylphenyl)dipyrrin] nickel (II) 17 

 

This complex was obtained by the same procedure as for the copper (II) complex, using 80 

mg of the dipyrrin and substituting nickel (II) acetate tetrahydrate (150 mg) for the copper 

salt. A dark brown solid is obtained after chromatography (56 mg, 64 %). Crystals suitable 

for X-Ray structural analysis were grown by slow evaporation of a chloroform solution. Co-

crystals with C60 were obtained from slow evaporation of a toluene solution. 
1
H NMR 

(CDCl3, 400 MHz): 9.28 (s, 4H, dipyrrin H), 7.50 (s, 2H, para-di-tert-butylphenyl), 7.40 (s, 

4H, ortho-di-tert-butylphenyl), 6.76 (d, J = 1.5 Hz, 4H, dipyrrin H), 1.34 (s, 36 H, tert-butyl 

–CH3). The third pyrrin signal appears to be underneath the chloroform peak (7.26). UV-Vis 

(CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 343 (22000), 475 (42600). ESI-TOF MS: Calc for 

[M + H]
+
, C46H55N4Ni: 721.3775. Observed: 721.3732. 

 

Bis[5-(3’,5’-di-tert-butylphenyl)dipyrrin] palladium (II) 18 

 

5-(3’,5’-di-tert-butylphenyl)dipyrrin (15, 80 mg) was dissolved in chloroform (6 mL) and 

triethylamine (1.5 mL) and a solution of Pd2(dba)3 (311 mg) in methanol (5 mL) added. The 

solution immediately formed a dark red-brown colour, and was stirred overnight under N2. 

The solution was then diluted with chloroform and filtered through a silica gel plug to 

remove Pd material. The product was separated from excess Pd2(dba)3 by column 

chromatography on silica gel with 1:1 dichloromethane/hexane as eluent, with the product 
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eluting as a bright orange band ahead of the dark purple Pd2(dba)3. Evaporation of the solvent 

gave the product as bright orange crystals, 52 mg (56 %). Crystals suitable for X-Ray 

structural analysis were grown by slow evaporation of a chloroform solution. 
1
H NMR 

(CDCl3, 400 MHz): 7.53 (s, 2H, para-di-tert-butylphenyl), 7.43 (s, 8H, ortho-di-tert-

butylphenyl and dipyrrin H), 6.75 (s, 4H, dipyrrin H), 6.36 (s, 4H, dipyrrin H), 1.40 (s, 36H, 

tert-butyl –CH3). UV-Vis (CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 344 (15200), 388 (12900), 

485 (65800). ESI-TOF MS: Calc for [M + H]
+
, C46H55N4Pd: 769.3472. Observed: 769.3447. 

 

Bis[5-(3’,5’-di-tert-butylphenyl)dipyrrin] zinc (II) 19 

 

This complex was obtained by the same procedure as for the copper (II) complex, using 80 

mg of the dipyrrin and substituting zinc (II) acetate dihydrate (132 mg) for the copper salt.  

Addition of the zinc forms a dark yellow-brown suspension, which after the workup 

procedure described above affords a dark olive green-brown solid, which appears yellow in 

solution (66 mg, 75 %). 
1
H NMR (CDCl3, 400 MHz): 7.56 (s, 4H, dipyrrin H), 7.50 (t, J = 0.8 

Hz, 2H, para-di-tert-butylphenyl), 7.40 (d, J = 2.0 Hz, 4H, ortho-di-tert-butylphenyl), 6.75 

(d, J = 4.4 Hz, 4H, dipyrrin H), 6.41 (d, J = 4.4 Hz, 4H, dipyrrin H), 1.39 (s, 36H, tert-butyl –

CH3). UV-Vis (CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 340 (21300), 469 (shoulder, 67300), 

487 (116000). ESI-TOF MS: Calc for [M + H]
+
, C46H55N4Zn: 727.3713. Found: 727.3695. 

This complex almost entirely dissociates to Zn
2+

 and the free dipyrrin ligand under ESI MS 

conditions. The free dipyrrin is observed at 333.2440. 
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5-(4-methoxycarbonylphenyl)dipyrromethane 20 

 

Methyl 4-formylbenzoate (2.000 g) was suspended in freshly distilled pyrrole (50 mL) and 

indium trichloride (312 mg) added from a heated vessel. The solution quickly forms a pale 

yellow-green colour. After stirring for 2 hours NaOH (1 g) was added, the mixture stirred for 

10 minutes, then filtered through a celite pad. The pyrrole was removed by vacuum to give a 

yellow-grey solid. The product was extracted with 1:5 ethyl acetate/hexane, filtered through 

celite, and the solvent removed under vacuum to give a off-white crystalline solid, 2.903 g 

(82 %). 
1
H NMR (CDCl3, 400 MHz): 7.99-7.94 (overlapping broad s and d, J = 8.1 Hz, 4H 

total), 7.28 (d, J = 8.0 Hz, 2H), 6.72 (s, 2H), 6.26 (d, J = 3.2 Hz, 2H), 5.89 (s, 2H), 5.53 (s, 

1H, 5-H), 3.91 (s, 3H, -CH3). ESI-TOF MS: Calc. for [M + Na]
+
, C17H16N2O2Na: 303.1104. 

Found: 303.1099. 

5-(4-methoxycarbonylphenyl)dipyrrin 21 

 

5-(4-methoxycarbonylphenyl)dipyrromethane (20, 1.999 g) was dissolved in chloroform (30 

mL) in an ice bath, and chloranil (1.929 g, 1.1 eq) added. The solution was stirred for 2 h, 

forming a dark brown colour. The solvent was removed by rotary evaporation, then the 

product purified by column chromatography (silica gel with dichloromethane eluent + 1 % 

triethylamine, or deactivated alumina with dichloromethane eluent). An intensely yellow-

brown band of the dipyrrin elutes before other dark material. Removal of the solvent yields 

the dipyrrin as a dark green-brown solid, 1.654 g (83 %). 
1
H NMR (CDCl3, 400 MHz): 8.11 

(d, J = 7.8 Hz, 2H, ArH), 7.63 (s, 2H, dipyrrin H), 7.57 (d, J = 7.8 Hz, 2H, ArH), 6.65 (d, J = 

1.5 Hz, 2H, dipyrrin H), 6.38 (d, J = 1.5 Hz, 2H, dipyrrin H), 3.96 (s, 3H, -COOCH3). UV-

Vis (CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 328 (8000), 441 (17200).  ESI-TOF MS Calc 

for [M + H]
+
, C17H15N2O2: 279.1128. Found 279.1112. 
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Tris[5-(4-methoxycarbonylphenyl)dipyrrin]cobalt (III) 1 

 

1 was prepared according to the literature procedure detailed in Telfer and Wuest.
3
 However, 

a yield of 75 % rather than the literature yield of 37 % was obtained and a 3:1 mole ratio of 

dipyrrin to cobalt rather than 3.4:1 was used. 5-(4-methoxycarbonylphenyl)dipyrrin (21, 400 

mg) was dissolved in methanol (20 mL) and triethylamine (0.5 mL) and a solution of sodium 

hexacobaltinitrate (194 mg) in water (2 mL) added with stirring. The solution was heated at 

60 ºC for 16 h, then cooled to room temperature and water (15 mL) added to precipitate the 

product. The solid was collected by filtration, washed with water and dried under vacuum. 

The tacky brown solid was purified by column chromatography on silica gel with 

dichloromethane eluent. The intensely red band was collected and the solvent removed under 

reduced pressure to yield a brick-red solid (320 mg, 75 %). 
1
H NMR (CDCl3, 400 MHz): 8.12 

(d, J = 8.0 Hz, 6H, ArH), 7.56 (d, J = 7.9 Hz, 6H, ArH), 6.68 (dd, J  = 4.4 Hz, 1.6 Hz, 6H, 

pyrrin H), 6.43 (s, 6H, pyrrin H), 6.36 (dd, J = 4.4 Hz, 1.6 Hz, 6H, pyrrin H), 3.99 (s, 9H,  

-COOCH3). ESI-TOF MS: Calc. for [M + Na]
+
, C51H39N6O6CoNa: 913.2155. Found: 

913.2143. 
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Tris[5-(4-carbonylphenyl)dipyrrin]cobalt (III) 2 

 

Tris[5-(4-methoxycarbonylphenyl)dipyrrin]cobalt (III) (1, 386 mg) was suspended in 1:1 

THF/10 % aqueous NaOH (20 mL total) and heated at reflux for 16 hours. After cooling to 

room temperature, 1 molL
-1

 aqueous HCl was added until the solution reached pH 5, where 

the acid-substituted product precipitated from solution. After collection by filtration, washing 

with water and drying under vacuum 2 was obtained as a lustrous orange-red solid (316 mg). 

1
H NMR (d6-DMSO, 400 MHz): 8.07 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 6.63 (d, J 

= 4.0 Hz, 2H), 6.45 (d, J = 3.8 Hz, 2H), 6.35 (s, 2H). ESI-TOF MS: Calc. for [M + Na]
+
, 

C48H33N6O6CoNa: 871.1686. Found 871.1694. 

 

Cobalt tris(dipyrrin - meso-H aminophenylporphyrin) complex 25 
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Tris[5-(4-carboxylphenyl)dipyrrin]cobalt (III) (2, 32 mg) was dissolved in tetrahydrofuran 

(20 mL) and N-methylmorpholine (0.3 mL) added. After stirring for 20 minutes, 2-chloro-

4,6-dimethoxy-1,3,5-triazine (34 mg) was added and the mixture stirred overnight at room 

temperature until TLC confirmed complete formation of the activated ester. A solution of 

mono-3-aminophenyl-meso-H porphyrin 22 (101 mg) and DMAP (20 mg) in THF (20 mL) 

was added dropwise over 20 minutes, then the solution stirred overnight. The solvent was 

removed under reduced pressure and the orange-brown solid purified by column 

chromatography on silica gel with 2:1 dichloromethane:hexane with 1 % triethylamine 

eluent. The first crimson band collected was unreacted starting material amino porphyrin, 

followed by a large red-orange band. Two small orange bands were eluted with 

dichloromethane and unreacted Co dipyrrin complex was eluted with dichloromethane + 10 

% ethyl acetate. The solvent of the red-orange product band was removed to give the tris-

porphyrin complex 26 as an intensely red-brown solid (27 mg, 23 %). 
1
H NMR (CDCl3, 400 

MHz): 10.23 (s, 3H, meso-H), 9.34 (d, J = 4.6 Hz, 6H, β-pyrrole), 9.07 (d, J = 4.4 Hz, 6H, β-

pyrrole), 8.95 (ABq, J = 12.6 Hz, 4.6 Hz, 12H, β-pyrrole), 8.33 (m, 6H, ArH), 8.11 (m, 12H, 

ortho-di-tert-butylphenyl), 8.05 (d, J = 8.0 Hz, 3H, ArH), 7.98 (d, J = 8.0 Hz, 6H, ArH), 7.81 

(s, 6H, para-di-tert-butylphenyl), 7.77 (t, J = 7.8 Hz, 7.8 Hz, 3H, ArH), 7.55 (d, J = 7.9 Hz, 

6H, ArH), 6.63 (d, J = 4.4 Hz, 6H, dipyrrin CH), 6.36 (s, 6H, dipyrrin CH), 6.29 (d, J = 4.4 

Hz, 6H, dipyrrin CH), 1.55, 1.53 (overlapping s, 108H, tert-butyl –CH3), -2.94 (s, 6H, 

porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 421 (1.01 x 

10
6
), dipyrrin π-π* 477 (40300) and 508 (49800), Q band 516 (61200) (overlaps with 508), Q 

bands 552 (22000), 593 (15500), 656 (8900). ESI-TOF MS: Calc for [M + 3H]
3+

, 

C210H207CoN21O3: 1043.2002. Observed: 1043.1938. Calc for [M + 2H]
2+

, C210H206CoN21O3: 

1564.2967. Observed: 1564.2858. 
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Cobalt tris(dipyrrin – 4-tolyl aminophenylporphyrin) complex 11 

 

Tris[5-(4-carboxylphenyl)dipyrrin]cobalt (III) (2, 25.7 mg) was dissolved in tetrahydrofuran 

(20 mL) and N-methylmorpholine (0.2 mL) added. After stirring for 20 minutes, 2-chloro-

4,6-dimethoxy-1,3,5-triazine (20.5 mg) was added and the mixture stirred overnight at room 

temperature until TLC confirmed complete formation of the activated ester. A solution of 

mono-3-aminophenylmono-4-tolylphenyl porphyrin 23 (92 mg) and DMAP (20 mg) in THF 

(20 mL) was added dropwise over 20 minutes, then the solution stirred overnight. The solvent 

was removed under reduced pressure and the orange-brown solid purified by column 

chromatography on silica gel with 1:2 dichloromethane:hexane with 1 % triethylamine 

eluent. The first thin crimson band collected was unreacted starting material amino porphyrin, 

followed by a large red-orange band. Unreacted Co dipyrrin complex was eluted with 

dichloromethane + 10 % ethyl acetate. The solvent of the red-orange product band was 

removed to give the tris-porphyrin complex 11 as a maroon solid (45 mg, 44 %). 
1
H NMR 

(CDCl3, 400 MHz): 8.89 (m, 24H, β-pyrrole), 8.34 (s, 3H, ArH), 8.19 (s, 3H, ArH) 8.15-8.05 

(m, 24H, ortho-di-tert-butylphenyl and ArH), 7.99 (d, J = 8.0 Hz, 6H, ArH), 7.78 (m, 9H, 

para-di-tert-butylphenyl and ArH), 7.55 (t, J = 7.2 Hz, 6H, ArH), 7.46 (s, 3H, ArH), 6.63 

(dd, J = 12.0 Hz, 3.4 Hz, 6H, dipyrrin CH), 6.37 (s, 6H, dipyrrin CH), 6.30 (s, 6H, dipyrrin 

CH), 2.70 (s, 9H, tolyl -CH3), 1.53 and 1.52 (overlapping s, 108 H total, tert-butyl –CH3), -

2.73 (s, 6H, porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 426 

(1.21 x 10
6
), dipyrrin π-π* 482 (43800), Q band and π-π* overlapping 516 (74900), Q bands 

550 (23100), 594 (14700), 651 (7600). ESI-TOF MS: Calc for [M + 3H]
3+

, C231H225CoN21O3: 
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1133.2472. Observed: 1133.2392. Calc for [M + 2H]
2+

, C231H224CoN21O3: 1699.3671. 

Observed: 1699.3697. 

 

Cobalt tris(dipyrrin - 4-trityl aminophenylporphyrin) complex 26 

 

Tris[5-(4-carboxylphenyl)dipyrrin]cobalt (III) (2, 51 mg) was dissolved in tetrahydrofuran 

(30 mL) and N-methylmorpholine (0.4 mL) added. After stirring for 20 minutes, 2-chloro-

4,6-dimethoxy-1,3,5-triazine (42 mg) was added and the mixture stirred overnight at room 

temperature until TLC confirmed complete formation of the activated ester. A solution of 

mono-3-aminophenylmono-4-tritylaminophenyl porphyrin 24 (234 mg) and DMAP (40 mg) 

in THF (20 mL) was added dropwise over 20 minutes, then the solution stirred overnight. 

The solvent was removed under reduced pressure and the orange-brown solid purified by 

column chromatography on silica gel with 1:2 dichloromethane:hexane with 1 % 

triethylamine eluent. The first thin crimson band collected was unreacted starting material 

amino porphyrin, followed by a large red-orange band. Unreacted Co dipyrrin complex was 

eluted with dichloromethane + 10 % ethyl acetate. The solvent of the large red-orange 

product band was removed to give the tris-porphyrin complex 26 as a maroon solid (209 mg, 

84 %). 
1
H NMR (CDCl3, 400 MHz): 8.85 (m, 12H, β-pyrrole), 8.77 (d, J = 4.4 Hz, 6H β-

pyrrole), 8.56 (d, J = 4.4 Hz, 6H, β-pyrrole), 8.30 (t, J = 9.8 Hz, 6H, ArH), 8.05 (s, 12H, 

ortho-di-tert-butylphenyl), 7.96 (d, J = 7.9 Hz, 6H, ArH), 7.79 (m, 9H, para-di-tert-

butylphenyl), 7.74 (t, J = 8.0 Hz, 3H, ArH), 7.60 (d, J = 6.8 Hz, 3H, ArH), 7.52 (d, J = 7.8 

Hz, 6H, ArH), 7.46-7.43 (m, 18H, meta-trityl CH), 7.36 (m, 6H, ArH), 7.26-7.17 (m, ~ 60H, 
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ArH), 7.03 (d, J = 8.0 Hz, 3H), 6.83 (m, 6H, ArH), 6.61 (s, 6H, dipyrrin CH), 6.35 (s, 6H, 

dipyrrin CH), 6.28 (s, 6H, dipyrrin CH), 1.55- 1.50 (m, 108 H, tert-butyl –CH3), -2.85 (s, 6H, 

porphyrin NH). UV-Vis (toluene), λmax in nm (ε in L mol
-1

 cm
-1

): Soret band 428 (1.02 x 

10
6
), dipyrrin π-π* 482 (43800), Q band and π-π* overlapping 515 (63800), Q bands 556 

(19900), 590 (13800), 657 (7200). ESI-TOF MS: Calc for [M + 3H]
3+

, C285H264CoN24O3: 

1376.3520. Observed: 1376.3505. Fragmentation products observed: [M – trityl + 2H]
3+

 

C266H249CoN24O3: 1295.3133. Observed: 1295.3146. [M – 2xtrityl + 2H]
3+

 C247H235CoN24O3: 

1214.6101. Observed: 1214.6112.   

 

Bis[5-(4-methoxycarbonylphenyl)dipyrrin]bis(dimethylsulfoxide) ruthenium (II) 

 

The complex was prepared according to the literature procedure of Smalley et al.
11

 

Ru(dmso)4Cl2 (339 mg), and 5-(4-methoxycarbonylphenyl)dipyrrin (21, 405 mg) were 

dissolved in deaerated ethanol (17 mL) and triethylamine (10 µL) and the mixture heated at 

reflux under N2 overnight, forming a dark red-brown solution. The solvent was removed by 

rotary evaporation, then the crude product purified by column chromatography on silica gel 

with 3:2 hexane/dichloromethane + 1 % triethylamine as the eluent. Removal of the solvent 

of the large red band afforded a red-brown dichroic solid (291 mg, 51 %) with a green lustre. 

1
H NMR (CDCl3, 400 MHz): 8.85 (s, 2H), 8.08 (d, J = 8.0 Hz, 2H), 8.05 (d, J = 8.0 Hz, 2H), 

7.43 (d, J = 7.9 Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 6.57 (dd, J = 4.4 Hz, 1.2 Hz, 2H), 6.53 (dd, 

J = 4.2 Hz, 1.4 Hz, 2H), 6.47 (m, 2H), 6.38 (dd, J = 4.4 Hz, 1.4 Hz), 6.23 (dd, J = 4.4 Hz, 1.6 

Hz), 3.97 (s, 6H, -CH3), 2.82 (s, 6H, DMSO –CH3), 2.54 (s, 6H, DMSO –CH3). ESI-TOF 

MS: Calc. for [M + Na]
+
, C38H38N4O6S2RuNa: 835.1177. Found 835.1158. 
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Bis[5-(4-methoxycarbonylphenyl)dipyrrin](2,2’-bipyridine) ruthenium (II) 

 

This complex was prepared by the method of Smalley et al.
10

 Bis[5-(4-

methoxycarbonylphenyl)dipyrrin]bis(dimethylsulfoxide) ruthenium (II) (210 mg) and 2,2’-

bipyridine (1.086 g) were mixed by stirring under vacuum and the vessel heated at 120 ºC for 

four hours, then heated in an N2 atmosphere overnight. The reaction mixture was dissolved in 

dichloromethane (30 mL) and washed with 1 molL
-1

 HCl (3 x 30 mL). The organic layer was 

dried by sodium sulphate and the solvent removed giving a dark green solid. The product was 

purified by column chromatography on deactivated alumina with dichloromethane as the 

eluent. The solvent of the bright green band was removed to give a dark turquoise-green 

crystalline solid after recrystallisation from chloroform/methanol (162 mg, 76 % yield). 
1
H 

NMR (CDCl3, 400 MHz): 8.24 (d, J = 5.8 Hz, 2H), 8.10-8.04 (m, 4H), 7.63 (t, J = 8.0 Hz, 

2H), 7.53 (t, J = 6.2 Hz, 4H), 7.16 (d, J = 6.0 Hz, 2H), 6.70 (s, 2H), 6.51 (d, J = 4.4 Hz, 2H), 

6.38 (m, 4H), 6.35 (d, J = 4.2 Hz, 2H), 6.17 (d, J = 4.0 Hz, 2H), 3.96 (s, 6H, -CH3). ESI-TOF 

MS: Calc for [M]
+
, C44H34N6O4Ru: 812.1691. Found: 812.1601. 
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Bis[5-(4-carboxylphenyl)dipyrrin](2,2’-bipyridine) ruthenium (II) 4 

 

4 was prepared according to the procedure of Smalley et al.
11

 The ester dipyrrin complex 

above (215 mg) was suspended in a 1:1 mixture of THF and 1 molL
-1

 aqueous KOH (20 mL 

total) and the mixture heated to reflux for 16 hours. After cooling to room temperature the 

reaction was acidified to pH 5 by the addition of 6 molL
-1 

HCl, which precipitated the 

product. A red-brown solid was collected by filtration, washed with water and dried under 

vacuum giving a green-brown powder (170 mg).  NMR (d6-DMSO, 400 MHz): 8.58 (d, J = 

8.0 Hz, 1H), 8.02 (m, 4H), 7.87 (t, J = 8.1 Hz, 1H), 7.54 (d, J = 8.1 Hz, 1H), 7.49 (d, J = 8.0 

Hz, 1H), 7.44 (t, J = 6.4 Hz, 1H), 6.65 (s, 1H), 6.40 (d, J = 4.2 Hz, 1H), 6.36 (d, J = 8.2 Hz, 

2H), 6.27 (d, J = 4.0 Hz, 1H), 6.19 (d, J = 4.2 Hz, 1H).  MS Calc for [M]
+
, C42H30N6O4Ru: 

784.1378. Found: 784.1381. 

 

5-(3-methoxycarbonylphenyl)dipyrromethane 28 

 

Methyl 3-formylbenzoate (1.180 g) was suspended in freshly distilled pyrrole (50 mL) and 

indium trichloride (140 mg) added from a heated vessel. The solution quickly forms a pale 

yellow-green colour. After stirring for 2 hours NaOH (0.5 g) was added, the mixture stirred 

for 10 minutes, then filtered through a celite pad. The pyrrole was removed by vacuum to 

give a yellow-grey solid. The product was extracted with 1:5 ethyl acetate/hexane, filtered 

through celite and the solvent removed under vacuum to give a pale grey solid, 1.854 g (92 
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%). Recrystallisation from methanol/water caused partial decomposition, so the crude 

dipyrromethane was not recrystallised before use. 
1
H NMR (CDCl3, 400 MHz): 7.90 (d, J = 

8.1 Hz, 2H), 7.45 (m, 2H), 6.68 (s, 2H), 5.95 (m, 2H), 5.70 (s, 2H), 5.53 (s, 1H, 5-H), 3.85 (s, 

3H, -CH3). ESI-TOF MS: Calc. for [M + Na]
+
, C17H16N2O2Na: 303.1104. Found: 303.1101. 

 

5-(3-methoxycarbonylphenyl)dipyrrin 27 

 

5-(3-methoxycarbonylphenyl)dipyrromethane (28,901 mg) was dissolved in chloroform (20 

mL) in an ice bath, and chloranil (869 mg, 1.1 eq) added. The solution was stirred for 2 h, 

forming a dark brown colour. The solvent was removed by rotary evaporation, then the 

product purified by column chromatography (silica gel with dichloromethane eluent + 1 % 

triethylamine, or deactivated alumina with dichloromethane eluent). A dark yellow band of 

the dipyrrin elutes before other dark material. Removal of the solvent yields the dipyrrin as a 

dark yellow-brown solid, 535 mg (60 %). 
1
H NMR (CDCl3, 400 MHz): 8.17 (m, 2H), 7.69-

7.66 (m, 3H), 7.53 (t, J = 7.9 Hz, 1H), 6.52 (d, J = 3.2 Hz, 2H), 6.40 (d, J = 3.2 Hz, 2H), 3.93 

(s, 3H, -CH3). ESI-TOF MS: Calc. for [M + H]
+
, C17H15N2O2: 279.1128. Found 279.1109. 

 

Bis[5-(3’-methoxycarbonylphenyl)dipyrrin] palladium (II) 29 

 

Crude 5-(3-methoxycarbonylphenyl)dipyrrin (27, 203 mg) and Pd2(dba)3 chloroform solvate 

(349 mg) were dissolved in chloroform (6 mL), methanol (6 mL) and triethylamine (1 mL) 

and the mixture stirred overnight at room temperature. The solvent was removed and column 

chromatography (silica gel, dichloromethane 4:1 hexane with 1 % triethylamine) used to 

separate the bright orange Pd dipyrrin complex (rf 0.7) from the purple Pd2(dba)3 (rf 0.5), 

unreacted dipyrrin bands and trace amounts of orange Pd complexes of pyrrin impurities in 

the starting material. A further column using toluene as eluent removed a 



227 Chapter 5: Metal Dipyrrin Complexes as Linkers in Multi-Porphyrin Hosts for Fullerenes 
 

dibenzylideneacetone impurity, with toluene plus 5 % ethyl acetate eluting the title 

compound, which was obtained as a bright orange crystalline solid (95 mg, 39 %). 
1
H NMR 

(CDCl3, 400 MHz): 8.31 (s, 2H, ArH), 8.22 (s, 2H, ArH), 7.77 (m, 2H, ArH), 7.62 (m, 4H, 

pyrrin H), 7.41 (m, 2H, ArH), 6.65 (d, J = 4.4 Hz, 4H, pyrrin H), 6.38 (s, 4H, pyrrin H), 3.95 

(s, 6H, -COOCH3). ). UV-Vis (CH2Cl2), λmax in nm (ε in L mol
-1

 cm
-1

): 344 (15200), 381 

(13000), 485 (66000). ESI-TOF MS: Calc. for [M + H]
+
, C34H27N4O4Pd: 661.1074. 

Observed: 661.1056. 

 

Bis[5-(3’-carboxylphenyl)dipyrrin] palladium (II) (30) 

 

Bis[5-(3-methoxycarbonylphenyl)dipyrrin] palladium (II) (90 mg, 29) was dissolved in a 1:1 

mixture of THF and 1 molL
-1

 NaOH and the mixture heated under reflux for 4 hours, then 

cooled to room temperature. HCl was added until the mixture was pH 5, precipitating the 

product as a red-brown crystalline powder that was collected by filtration and dried under 

vacuum (80 mg, 93 %). 
1
H NMR (d6-DMSO, 400 MHz): 8.18 (d, J = 7.8 Hz, 2H, ArH), 8.07 

(s, 2H, ArH), 7.73 (t, J = 7.9 Hz, 2H, ArH), 7.62 (m, 4H, pyrrin H), 7.41 (m, 2H, ArH), 6.61 

(m, 4H, pyrrin H), 6.49 (m, 4H, pyrrin H). ). UV-Vis (CH3OH), λmax in nm (ε in L mol
-1

  

cm
-1

): 346 (14800), 390 (12500), 487 (65000). ESI-TOF MS: Calc. for [M + H]
+
, 

C32H23N4O4Pd: 633.0760. Found: 633.0729. 

 

5.7.3 Binding Constant Measurements 

Binding constants were measured using the general methodology outlined in Chapter 2, using 

host solutions of concentrations between 1.0 x 10
-6

 and 1.5 x 10
-6

 molL
-1

. As with the hosts in 

Chapter 4, Soret band extinction coefficients are very large, and higher concentrations than 

these may result in inaccurate spectrophotometer readings. 
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Future Work 

This thesis presents several new bis- and tris-porphyrin hosts for fullerenes. The porphyrins 

in these molecules are linked by bridging aryl groups or metal dipyrrin complexes using rigid 

alkyne or amide spacers. Also demonstrated is the assembly in solution of triads and tetrads 

of chromophores, using the supramolecular attraction between porphyrins and fullerenes and 

the axial co-ordination of pyridyl-linked bis-porphyrins to the Ru atom of ruthenium 

porphyrins via the pyridyl nitrogen. 

Computational modelling suggested that the rigid linkers between porphyrins hold the 

porphyrins in defined geometries suitable for fullerene binding. UV-Visible 

spectrophotometric titrations have demonstrated moderate binding of fullerenes by the all of 

the hosts prepared in this thesis. This binding confirms the interactions suggested by 

computational modelling. A charge transfer band has been observed in the UV-Visible 

spectrum of the alkyne-linked host with C60 showing a close interaction between host and 

fullerene leads to charge transfer forming a porphyrin radical cation and a fullerene radical 

anion. Transient Absorption Spectroscopy will be used with selected hosts to further probe 

the photophysical processes occurring in these host-guest complexes. Those hosts with 

potential secondary donors are of interest as these host-guest complexes may experience long 

lived charge separated states upon irradiation due to sequential electron transfer creating an 

increased spatial separation of the radical ion pair. 

Future synthetic work will focus on the attachment of secondary donors to the 3,5-pyridyl-

linked bis-porphyrins prepared in Chapter 3, with the aim of preparing hosts with longer lived 

charge separated states.  

Synthesis of macrocyclic bis-porphyrin hosts for fullerenes is another future area of 

investigation. Cyclic aryl-linked bis-porphyrins connected by alkyne or amide couplings may 

display very strong fullerene binding interactions due to the high degree of preorganisation of 

the host. Macrocyclic bis-porphyrins with attached secondary donors may also be able to be 

prepared, in a similar manner to the synthesis of dendrimer-appended hosts of Shinkai 

discussed in Chapter 2. Use of pyridyl groups to allow coordination of hosts to 

metalloporphyrins as axial ligands is another potential strategy for introducing secondary 

donors to a macrocyclic bis-porphyrin system. 
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Preparation of multi-porphyrin hosts for fullerenes linked by metal dipyrrin complexes has 

been demonstrated for a cobalt dipyrrin complex, and future work will investigate the 

synthesis of similar dipyrrin-linked bis- and tris-porphyrins for dipyrrin complexes of other 

metals. The defined geometry of metal dipyrrin complexes allows excellent control of 

substituent orientation, and metal dipyrrin complexes can themselves act as secondary 

donors. These compounds therefore have significant potential as linkers between porphyrins 

in multi-porphyrin fullerene hosts. 
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