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Abstract 

This thesis details the synthesis of molecular species designed for a variety of nanotechnological 

applications.  

The first chapter gives a brief introduction to nanotechnology and explains the concepts of 

supramolecular chemistry and self-assembly which are the basis on which this project is built. 

Special attention is given to non-covalent bonding interactions such as hydrogen-bonding and π-

π interactions which drive the formation of complex architectures. The discussion is followed by 

many examples from the literature describing work that has been accomplished in various fields 

of supramolecular chemistry. 

The second chapter describes the synthesis, characterization and surface deposition studies of 

1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid (DPBDTC). Recent work on surface 

deposition studies of terphenyl-tetracarboxylic acid (TPTC) has shown the formation of a 2D 

network that resembles an aperiodic tiling structure that shows orientational order but no 

translational symmetry. DPBDTC was designed in order to improve the aperiodic characteristics 

of the network formed. An experimental exploration of the phase space of interacting random 

tilings was also possible using the network obtained from DPBDTC deposited from nonanoic 

acid along with networks obtained with different molecules and under different conditions.  

The third chapter focuses on the synthesis, characterization and surface deposition studies of a 

series of porphyrin molecules functionalised with isophthalic acid and ferrocene groups at the 

meso-positions. The isophthalic acid groups are incorporated to encourage intermolecular 

interactions while the ferrocene groups are designed as potential carriers of binary information in 

the form of the redox states of the iron center. The above molecules were designed in order to 



study their potential use in molecular memory systems. The series of molecules consisted of 

porphyrins having the acetylene spacer in various positions. The diethyl-ester protected 

derivatives of the carboxylic acids and their zinc and magnesium metal complexes were studied 

using spectroelectrochemistry in order to reveal the qualitative redox properties of these systems. 

The fourth chapter discusses the design, synthesis and characterization of a series of metallated 

homoleptic and heteroleptic dypyrrinato complexes, using the dipyrrin 5-ethynyl-ferrocenyl 

dipyrrin. These molecules were synthesized with the prospect of validating the role of such 

complexes as a part of a dye or an electrolyte in dye-sensitized solar cells. Electrochemical and 

spectroelectrochemical studies in solution were also performed. 
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Symbols & Abbreviations 

 

o degrees 

~ about 

A hydrogen bond acceptor 

Å Angstrom 

at apparent triplet 

BF3
.Et2O boron trifluoride diethyl etherate 

bipy   bipyrridine 

br broad (NMR) 

C Celsius 

CHCl3 chloroform 

cm3  cubic centimeters 

D hydrogen bond donor 

d days 

d doublet (NMR) 

dba dibenzylideneacetone 

DCM dichloromethane 

dd doublet of doublets (NMR) 

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DFT Density Functional Theory 

DMF dimethylformamide 

DMSO dimethylsulphoxide 



DNA deoxyribonucleic acid 

DPBDTC 1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid  

DSSC dye-sensitized solar cell 

ESI electrospray ionization 

Et2O diethyl ether 

eV electronvolt 

g gram 

h hour 

HOMO highest occupied molecular orbital 

HOPG highly oriented pyrolytic graphite 

IUPAC International Union of Pure and Applied Chemistry 

J Joule 

K Kelvin 

kB Boltzmann's constant 

Kcal kilocalories 

LDA lithium diisopropylamide 

LUMO lowest unoccupied molecular orbital 

m multiplet (NMR) 

M molar 

m/z mass/charge ratio 

MALDI matrix assisted laser desorption ionization 

MeCN acetonitrile 

MeOH methanol 



mg milligram 

min. minute 

MLCT metal to ligand charge transfer 

mm millimeter 

mmol   millimole 

mol mole 

MS mass spectrometry 

mV millivolt 

NBS N-bromosuccinimide 

nm nanometer 

NMR nuclear magnetic resonance 

p para- 

Ph phenyl 

ppm parts per million 

PTCDI 3,4,9,10-perylene-tetracarboxylic diimide  

s singlet (NMR) 

s second 

SCE saturated calomel electrode 

SMM single molecule magnet 

STM scanning tunneling microscope 

T temperature 

t triplet (NMR) 

TBAF tetrabutylammonium fluoride 



THF tetrahydrofuran 

TLC thin-layer chromatography 

TOF time of flight 

TPP tetraphenyl porphyrin 

TPTC terphenyl tetracarboxylic acid 

UHV ultra high vacuum 

UV/Vis ultraviolet visible 
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1.1     Nanotechnology 

 

Nanotechnology is the engineering of functional systems at the atomic or molecular level. 

Governments around the world spend billions of dollars for its development as it is anticipated 

that in the future nanotechnology will play a key role in the development of new advanced 

materials with potential applications in medicine, food, electronics, biomataterials and energy 

production. As the name signifies, nanotechnology deals with materials made up from a few 

molecules with at least one dimension being in the nanoscale range (0.1 to 100 nm). 

The very small sizes of these systems give rise to novel properties that are not seen in bulk 

materials1. In order for the supramolecular systems to be able to display device-like properties, 

their components must be spatially addressed at a molecular scale. For example, they need to be 

organized at interfaces2,3, deposited on surfaces4,5, immobilized inside membranes6,7 or porous 

materials8,9 in order to be able to behave in a coherent manner. In his 1959 lecture10, Richard P. 

Feymann declared that ‘there is plenty of room at the bottom’ thus, giving rise to the idea that 

atoms could be used to construct nano-scale devices. 

Two main methods of fabrication of nano-scale materials have been developed. One of them is 

the ‘top-down’ approach, which uses lithography in order to manipulate progressively smaller 

pieces of matter. This technique has many limitations. One of them is the limit in the final 

achievable sizes11 of matter. The alternative strategy that has been developed and continually 

progressing is the ‘bottom up’ approach which starts of nano- or sub nanoscale objects (atoms or 

molecules) to build up nanostructures. This is achieved through intermolecular forces used to 

drive spatial organization.  
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1.2     Self-assembly 

 

Self-assembly is the process in which disordered components (i.e. molecules) in a disordered 

system form an organized structure. This process is directed through local, non-covalent 

interactions between the components. Self-assembly is a well known phenomenon which is 

found throughout chemistry. Biological systems, crystal growth12, the formation of liquid 

crystals13, the spontaneous generation of synthetic lipid layers14 and the alignment of molecules 

on surfaces15 are but a few examples. These systems are in thermodynamic equilibrium and they 

possess an in-built capacity for error-correction. This is a unique property and is very useful 

especially in the construction of large and complicated systems with increased number of 

intermolecular contacts. 

 

 

Figure 1.1. Examples of self-assembly a) enzymes self-assembled on carbon nanotubes37 b) 

biological self-assembly, mitotic spindle38. 
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1.3     Intermolecular forces 

 

 1.3.1  Hydrogen Bonding 

 

Hydrogen bonding represents a special type of electrostatic interaction. This term appeared in 

1920 to help describe the internal structure of water.  A modern definition of a hydrogen bond as 

described by IUPAC is the following16: 

 

The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule or a 

molecular fragment D–H in which D is more electronegative than H, and an atom or a group 

of atoms A in the same or a different molecule, in which there is evidence of bond formation. 

   

The atom D where the hydrogen is attached is the hydrogen bond donor (i.e. N, O, S). The atom 

A is the hydrogen bond acceptor (i.e. N, O, F). Both the donor and acceptor have an 

electronegative character. The hydrogen is shared between the electron pairs on D and A. The 

strength of hydrogen bonds varies and a hydrogen bond can be categorized as strong (15 – 40 

Kcal·mol-1), medium (4-15 Kcal·mol-1) or weak (1 – 4 Kcal·mol-1)17. The distance and the angle 

between the hydrogen and the acceptor (H…A) are good indicators of the strength of the 

hydrogen bond. The shorter the distance, the stronger the bond is. Typical hydrogen bonds have 

a donor-acceptor distance of 2.8 Å. Very strong hydrogen bonds can have a donor-acceptor 

distance of 2 Å while any distance longer than 3.5 Å would imply a pure dipole-dipole 

interaction. The D…H…A angle varies between 110o and 180o with the latter being the ideal 

distance providing the strongest hydrogen bond18.  Figure 1.2a shows a schematic representation 

of a hydrogen bond and Figures 1.2b-g show common arrangements of hydrogen bond types. 
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Figure 1.2. a) Schematic representation of a hydrogen bond between an acceptor A and a 

hydrogen atom of a donor D. The shorter the distance d the stronger the hydrogen bond is. 

b-g) Common arrangements of hydrogen bond types.  

 

Hydrogen bonds show a high degree of directionality. This makes them ideal candidates for 

precisely controlling the interactions between supramolecular tectons and advantages over other 

types of dispersive forces as they are stronger and thoughtful design of the tectons, or building-

blocks, can lead to a predictable outcome in the synthesis of a desired molecular architecture. 

Although the strength of a hydrogen bond is moderate, introduction of many complementary 

sites can give rise to very strong overall interactions.  
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Examples of hydrogen bonding can be found in nature and in modern technological applications, 

for example the hydrogen bonding between water molecules, which is responsible for the high 

boiling point of water.  Another typical example is the double helix of the DNA molecule19. The 

two strands are held together very tightly by the forces produced by millions of hydrogen bonds 

produced from complementary nucleotides (Figure 1.3). Hydrogen bonds are also found in 

numerous synthetic polymers. A typical example is Nylon where hydrogen bonding occurs 

between the carbonyl and amide repeat groups of different chains. This results in adjacent chains 

being linked together thus affecting the crystallization properties of the material. 

 

 

Figure 1.3. Double helix of DNA molecule (left). A schematic representation of the 

hydrogen bonds formed between the four nucleotides is shown on the right.  
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 1.3.2  π-π interactions 

 

Interactions between the π-systems of molecules are well known. They have been observed in 

crystal structures, in biological systems such as in stabilization of the helical structure of DNA 

through vertical π-stacked base-base interactions, in the tertiary structure of proteins, etc20-23. 

Such interactions have also been exploited in many synthetic host-guest systems24. 

Many explanations have been proposed in the past for the occurrence of π-π interactions29-36. 

Solvophobic, electron donor-acceptor and atomic models have been used but none of these 

models provided satisfactory results. Although high level ab-initio methods35,36 which include 

quadrupolar, inductive and short-range interactions between adjacent π-systems have been 

successfully used to model these interactions, any other simpler model has failed. In 1990 Hunter 

and Sanders25 proposed a simple model for treating such interactions. Their model is based upon 

electrostatic and van der Waals forces. Several conformations have been described such as 

parallel displaced and T-shaped π-π stacking (Figure 1.4). The strength of π-π stacking is 

dependent upon many factors such as the π-systems involved, the angle and distance between 

them and the existence of positive or negative charges. A typical example is the benzene dimmer 

where the binding energies range between 0.95 and 2.87 kcal/mol depending on the adopted 

configuration of the benzene rings39. These values are comparable to the strength of weak 

hydrogen bonding.  

The main feature of this model is that it considers the σ-framework and the π-electrons 

separately. The π-clouds show a repulsive force between them. What makes the molecules 

interact  in  an  attractive  manner  is  the   net  favorable  summation  of interactions between the 
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Figure 1.4. Schematic representation of common π-π interactions. Off-centered parallel 

displaced conformation (left) and T-geometry arrangement (right). 

 

attraction of the π-system and the σ-framework and the repulsive forces between the two π-

clouds.  

These non-covalent forces have played a significant role in various supramolecular systems such 

as efficient host-guest systems and molecular switches in solution (Figure 1.5).  

 

 

 

Figure 1.5. A chemically and electrochemically controlled molecular shuttle36. 
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 1.3.3  Van der Waals interactions 

 

Van der Waals interactions are a collective group of long range inductive and dispersive forces. 

Inductive forces are attractive and they include permanent dipole-dipole interactions and induced 

dipole-dipole interactions. Dispersion forces are quantum mechanical in nature and are a product 

of momentary fluctuations of the electron density within the electron clouds of the molecules. 

Although these interactions are very weak (typical interactions range from 0.5 to 1.0 kcal/mol 

per atom pair), they are additive and they can play a significant role when their effect is 

combined. 

 

 

1.4     Self assembly on surfaces 

 

The concepts of self-assembly as seen in solution and in the solid state have been applied in 

order to make supramolecular architectures on surfaces. The development of scanning probe 

techniques such as scanning tunneling microscopy (STM)26 have allowed the observation and 

manipulation of a surface at the molecular, and even atomic, level. This has ignited an interest in 

the development and observation of systems self-assembled on a surface with potential 

applications in quantum computing and memory storage. 

Ideal candidates to be deposited on surfaces are π-conjugated aromatic systems. Such molecules 

are adsorbed and sit on the surface in a parallel manner. π-π interactions between the aromatic 

molecules and the surface27 can allow the molecules to be adsorbed and at the same time being 

able to move around thus allowing the peripheral groups to interact with each other.  
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Functional groups providing hydrogen bonding capabilities have been studied in the past and 

numerous 2D networks have been formed. Hydrogen bonds are preferred over other 

intermolecular forces because they provide directionality and a large variety of motifs can be 

designed and explored experimentally. A typical example is the deposition of trimesic acid on 

graphite28.  The carboxylic acid…carboxylic acid hydrogen bonds guide the formation of 2 

network types shown in Figure 1.6. Hydrogen bonding interactions between two carboxylic acids 

lead to the formation of a honeycomb network while hydrogen bonding interactions between 3 

carboxylic acids lead to the formation of a flowerlike network. Figure 1.6c-d shows a detailed 

molecular representation of the hydrogen bonding involved and the formed networks. The 

emergence of two different network types and the instability of the networks at room temperature 

signify that the hydrogen bonding ability of the trimesic acid tectons is not always sufficient and 

other variables such as tecton mobility temperature and type of surface can play a significant 

role.  

The second chapter of this thesis is dedicated to the synthesis of 1,4-diphenyl-1,3-butadiyne-

3,3’-5,5’-tetracarboxylic acid (DPBDTC) for surface deposition studies. Theoretical calculations 

performed by Peter Beton’s group from the School of Physics and Astronomy of the University 

of Nottingham have demonstrated that this molecule could serve as an ideal candidate for the 

formation of a random rhombus tiling network on a suitable surface. The objective, beyond the 

actual synthesis, is to deposit DPBDTC to a HOPG surface and quantify the randomness of the 

network formed thus, verifying the predictions of the aforementioned calculations. There is also 

a brief presentation of the study of the phase space exploration of interacting aperiodic rhombus 

tilings that was performed by  Peter Beton’s group from the School of Physics and Astronomy of  
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Figure 1.6. a-b) STM images networks formed from trimesic acid absorbed on graphite 

under UHV conditions28. c) Schematic representation of the honeycomb structure of the 

network showed in (a). d) Schematic representation of the flower-like network structure 

showed in (b).  
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the University of Nottingham. The network formed from DPBDTC was considered as a data 

source in this study.  

The third chapter deals with the synthesis of a series of porphyrin molecules bearing ferrocene 

and isophthalic acid groups at the meso-positions. The aim being to deposit these molecules on a 

surface and examine the possibility of a two-dimensional network formation. The ferrocene 

groups can act as information storage centers because the ferrocene iron can exist in two stable 

redox states thus, offering the possibility of molecular memory storage. Electrochemical and 

spectroelectrochemical studies were also performed on soluble analogs of the target molecules. 

 Finally the fourth chapter deals with the synthesis and study of metallated dipyrrinato complexes 

to be used in dye-sensitized solar cell applications. During the synthesis of the porphyrins 

discussed in the third chapter, a dipyromethane intermmediate bearing the ethynyl-ferrocene 

group at the 5-position was thought to act as a ligand for complexes that might be used as dyes or 

electrolytes in dye sensitized solar cells. Electrochemical and spectroelectrochemical studies 

have also been performed to gain a better understanding of these ligands.   
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2.1     Introduction 

 

2.1.1  Tiling a surface on the nanoscale dimension 

 

Human societies have always made use of tilings in one form or another. From intricate mosaics 

to impressive geometric designs covering religious buildings, tiling a surface is a very old 

practice with high artistic value. Tilings can also be found all around us in nature. The cells in 

the skin of an onion, the design of a spider’s web, the honey comb of a bee and the patches of 

dried-up mud are typical examples. Tilings of these kinds, often referred as “random 

tessellations”, have been extensively studied because of their relevance to applications in science 

and engineering. Such applications include cell arrangements in skins and membranes of animals 

and plants, and image enhancement and coding in communication theory1.  

 

 

Figure 2.1. a) Tiles in contrasting geometric patterns in an Islamic garden. b) Natural tiling 

formed of dried-up mud c) Square-triangular tiling overlaid onto the TEM image of a 

binary quasi-crystal of Fe2O3 and gold colloidal sphere nanoparticles57. 
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A tiling can be defined as a partition of an infinite space into pieces having a finite number of 

distinct shapes. Tilings can be divided into two types, periodic and aperiodic depending on 

whether they show translational symmetry. The mathematical rules of periodic tiling have been 

extensively studied. Tiling theory can be used to study crystal structure and methods to most 

efficiently fill a surface or a volume. On the other hand aperiodic tiling was considered a 

mathematical artefact up until 1982 when the first quasi-crystal was discovered by Dan 

Shechtman2. Since then, quasi-crystals have inspired great interest in aperiodic tiling, which 

exhibits symmetry that has no translational order3-6.   

The rhombus, with internal angles of 60o and 120o (also known as a Lozenge) can be used to 

perfectly  tile  a  surface. As  shown in  Figure 2.2, in  these  tilings, the  rhombus can appear in a  

 

 

Figure 2.2.  Tilings with different arrangement of the rhombi. a) Translational rhombic b) 

Zig-zag rhombic c) Rhombille d) Aperiodic rhombic arrangement. 
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plethora of arrangements. Both periodic and random non-periodic tilings are permitted7,8. The 

non-periodic tilings however can be of great interest due to their relevance to mixing algorithms, 

antiferromagnetism and entropic models of quasi-crystals. 

Recently the Champness group, in collaboration with Peter Beton’s group from the School of 

Physics and Astronomy of the University of Nottingham, managed to reproduce the aperiodic 

rhombus tiling by depositing p-terphenyl-3,5,3’,5’-tetracarboxylic acid (Figure 2.3a) on highly 

oriented pyrolytic graphite  (HOPG)17. A typical area of the TPTC network absorbed on the 

HOPG surface is shown in Figure 2.3b. The three phenyl rings that constitute the backbone of 

the TPTC molecule appear as bright rod-like features in the image. This arrangement is unusual 

as it shows hexagonal orientational order but no translational symmetry.   

Every molecule in this network can be considered as a rhombus tile. Figure 2.3c shows the tiling 

representation of the scanned area that is shown in Figure 2.3b. Each molecule points along one 

of the three high symmetry directions and thus, for clarity, each direction on the tiling 

representation is highlighted with a different rhombus colour. The pores in the molecular 

network lie at the junctions where the vertices of the rhombi meet. The mapping is possible 

because the intermolecular bonds between neighbouring molecules are located at the midpoints 

of the edges of the rhombi (Figure 2.4a). This mapping of the network onto a tiling can make 

more obvious the absence of translational symmetry. 
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Figure 2.3. a) molecular structure of TPTC. b) STM image of a typical area of the TPTC 

network at the nonanoic acid/HOPG interface c) Tiling representation of (b). The three 

different colours represent the three different possible orientations of the rhombi within 

the tiling.17 
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Figure 2.4. a) representation of TPTC molecule in parallel and arrowhead configuration. A 

rhombus is superimposed over every molecule showing the molecule-tile relationship. b-e) 

image showing a defect on a site of the network and its gradual propagation to a 

neighbouring site. f-j) tiling representations of the images shown in figures b-e58.    

 

It is also possible to observe the existence of tiling defects. (Figure 2.4b) They appear on the 

surface as triangular voids that are enclosed completely by rhombi. These voids can occur in two 

states of effective “charge” corresponding to triangles pointing either “up” or “down”. Such 
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defects have been considered theoretically18-20 but this is the first time that they are observed 

experimentally. They can also propagate through the network by the movement shown in Figure 

2.4(b-e). This leads to a tile rearrangement within the network. It can be also observed that the 

effective “charge” is preserved as expected. Figures show that the orientation of the triangle 

remains the same after two consecutive tile rearrangements.  

The system is dynamically arrested into a local minimum of a complex energy landscape. This 

defect motion mediates the only tile rearrangement that has been observed experimentally. It has 

the lowest activation barrier because only three intermolecular bonds must be broken in order to 

move a molecule across a defect. The mechanism of defect propagation as a transition to 

different local energy minima resembles dynamically facilitated models of glass formers21,22. 

 

2.1.2  1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid 

 

An examination of the topology of the rhombi in a rhombus tiling, reveals that two adjacent 

rhombi can have two different orientations in relation to each other. For the realization of a 

molecular tiling that would resemble an aperiodical rhombus tiling, several things were taken 

into consideration concerning the choice of the TPTC molecule. 

The symmetric placement of carboxylic acid groups was essential because they promote 

directional hydrogen bonding. This enables the molecules to be held together in a controlled 

manner and self-assemble into a two-dimensional network23-30. Several examples from the 
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literature can demonstrate the effectiveness of carboxylic acid groups for the formation of stable 

networks across a surface31-33.  

Figure 2.4a shows the two possible arrangements that can be stabilized through the carboxylic 

acid groups. They are referred as parallel and arrowhead configurations. In the arrowhead 

configuration, the two molecules form a 60o angle. A unilateral preference of one of the two 

configurations would disincline the formation of a random tiling. Furthermore, a simple 

geometrical consideration of the rhombi shown in Figure 2.4a reveals that in order for a perfect 

tiling to occur, the distance between the centers of the two phenyl groups carrying the carboxylic 

acid groups, d1, and the distance between the centers of the phenyl groups of two adjacent 

molecules, d2, must  match closely. DFT calculations have shown that for the TPTC molecule d1 

= 8.7 Å and d2 = 9.6 Å.  

Although the energy profiles of the parallel and arrowhead configurations of TPTC have been 

calculated to be almost identical, the difference between d1 and d2 is not optimal. It was 

hypothesized that if a different spacer could be envisaged that would bring the d1-d2 value as 

close to zero as possible, the resulting degree of tiling randomness would increase. Theoretical 

calculations performed by Peter Beton’s group from the School of Physics and Astronomy of the 

University of Nottingham have shown that if the phenyl ring of the TPTC molecule is substituted 

by a diacetylene group (DPBDTC, Figure 2.5), the distance d1 becomes 9.5 Å58. This value is 

almost identical to d2. Furthermore, the stabilization energies of non-parallel (en) and parallel (ep) 

alignments of the DPBDTC molecule have been calculated to be almost identical (-0.80 eV).   
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Figure 2.5. Molecular structure of 1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid 

(DPBDTC). 

 

Therefore, the objective of this project has been the synthesis of the DPBDTC molecule, its 

deposition on a HOPG surface and the study of the properties of the network formed. 

Comparisons with the network formed from depositing TPTC under the same conditions were 

made. We were also able to fit the data obtained from the network into theoretical models which 

gave as the opportunity to extract some valuable information. 

 

2.2     Results and discussion 

 

2.2.1  Synthesis of DPBDTC 

 

The first step towards the synthesis of 1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid 

was to identify the synthetic route. A simple consideration of the symmetry of the molecule 
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reveals that there is an inversion center in the middle of the diacetylene group. Alkyne 

homocoupling is a well-known organic reaction34 allowing us to simplify our problem to the 

efficient preparation of half of the structure of the final molecule. A detailed schematic of the 

synthesis is presented in Scheme 2.1. 

The synthesis starts with 3,5-dimethyl-iodobenzene (1) which is a commercially available cheap 

starting material. The carboxylic acid groups are introduced through the oxidation of the methyl 

groups with potassium permanganate35. The reactants were left for 24 hours to react under 

refluxing conditions in water made basic through the addition of pyridine. The product was 

collected after its precipitation upon acidification of the resulting solution.  

In order for the subsequent steps to be carried out without side-reaction problems caused by the 

carboxylic acid groups and for the intermediates to be soluble in common organic solvents, the 

carboxylic acid groups had to be protected. The ethyl ester derivatives were chosen as they are 

easy to insert and easy to remove. Therefore (2) was esterified by treatment with thionyl chloride 

in anhydrous ethanol36. This is a 2-step, 1-flask reaction, with thionyl chloride generating the 

acyl-chloride intermediate and ethanol acting as both a solvent and a reactant. After 5 hours of 

stirring at room temperature and purification by chromatography on silica gel (3) was obtained in 

81% yield.  

The next step was the insertion of the acetylene group. The Shonogashira coupling reaction 

conditions were employed37. Typically, the reaction serves the purpose of a carbon-carbon bond 

formation between a halogen-substituted aromatic compound and a mono-substituted acetylene. 

A Pd(0) catalyst and a CuI co-catalyst are employed in the presence of a mild base. For this 

reaction a literature procedure was used with slight modifications38. The Pd catalyst was tetrakis- 
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Scheme 2.1. Synthetic route for 1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid 
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 (triphenylphospine)-palladium and piperidine was used both as a base necessary for the catalytic 

cycle and as the solvent of the reaction. The mono-substituted acetylene used was 

trimethylsilylacetylene. The trimethylsilyl-group prevents the product from reacting again with 

the starting material. Another advantage of this group is that after the reaction and isolation of 

the product, it can be easily removed through treatment with tetrabutylammonium fluoride39. 

This reaction is almost quantitative, fast and clean. After purification through column 

chromatography using a silica gel stationary phase, (5) was obtained as an off-white solid.  

The homo-coupling of (5) could be performed under a variety of conditions40. Alkyne homo-

coupling is a palladium-catalyzed reaction under similar conditions used in the Shonogashira 

cross-coupling reaction. The difference here is that an oxidant is required. In the past, several 

successful attempts employing various Pd catalysts [Pd(PPh3)4, Pd(dba)2 

(dba=dibenzylideneacetone), Pd(PPh3)2Cl2] and various oxidants (chloroacetone, bromoacetate, 

iodine) were made41-44. In our case, Pd(PPh3)2Cl2, CuI were used as catalysts and I2 was used as 

the oxidant. Diisopropylethylamine was used as both the solvent and the base and the reaction 

was carried out under a nitrogen atmosphere and left to react for 6 hours at room temperature.  

The residue obtained was easily purified by column chromatography giving (6) at 82% yield.  

The final step for the synthesis of the target molecule was the removal of the ester groups which 

would lead to the formation of the tetracarboxylic acid. Many different conditions can be found 

in the literature for ester hydrolysis. Most of them typically involve the reaction of the ester with 

a base at high temperature in a suitable solvent. The solvent system employed in our case45 

proved to be ideal. A mixture of THF, MeOH and water were used as the solvent system and 

NaOH was used as the base. The reaction was almost quantitative (98% yield) and it was 

completed in less than 2 hours. After the reaction was completed, the organic solvents were 
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removed using a rotary evaporator and the remaining aqueous solution was acidified to pH 1. (7) 

was precipitated and dried thoroughly  and crystallization  from MeOH/toluene gave a white 

microcrystalline material. The product was successfully characterized by NMR, elemental 

analysis and MS spectrometry. 

 

2.2.2  Surface deposition studies 

 

For the preparation and imaging of the network formed on a HOPG surface by depositing the 

DPBDTC molecule, the same conditions were applied as for TPTC in the previous study17. STM 

images were acquired with an Agilent Technologies 4500 PicoPlus STM using a PicoScan 

controller and STM tips formed from mechanically cut PtIr (80:20) wire. Saturated solutions of 

DPBDTC were prepared by placing an excess of solid in the desired solvent (heptanoic or 

nonanoic acid). All solutions were agitated ultrasonically to ensure complete dissolution. To 

form the supramolecular networks, a droplet (10 ml) of solution was deposited onto a 

mechanically cleaved HOPG substrate. Imaging at the alkanoic acid–HOPG interface 

commenced immediately after the approach of the STM tip.  

DPBDTC  formed  molecular networks  in both  heptanoic  and  nonanoic acid. In Figure 2.6 we 

can see STM images obtained from networks formed in both of the solvents. Here we can see 

that the backbone of the DPBDTC molecule appears as bright rodlike features. A very nice 

observation can be made in figure 2.6c which shows an enlarged area of the image of the 

network obtained in heptanoic acid. It is apparent that the molecules best aligned with the fast 

scan  direction  of  the  STM (movement of the probe from left to right and from right to left) are 
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Figure 2.6. STM images of DPBDTC on HOPG surface showing the formation of a porous 

network with hexagonal orientational order but no translational symmetry.  Image in a) 

heptanoic acid b) nonanoic acid. c) Enlarged area of the networked formed in heptanoic 

acid showing the appearance of some DPBDTC molecules as four blobs, two of which 

correspond to the phenyl rings and the other two correspond to the triple bonds. 

 

 

seen as 4 spots. The two largest spots, located at the edges, correspond to the phenyl rings of 

DPBDTC while the other two smaller spots, located in the middle correspond to the two triple 

bonds. Unfortunately many of the molecules that were not orientated with the slow scan axis of 
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the STM (the axis perpendicular to the fast scan direction) were not fully imaged. For many of 

these molecules it was just the rings of the molecules that could be seen. As such, we were not 

able to assign a unique tiling to the assembly as there was more than one way to arrange the tiles 

that seem to fit with the image. Therefore the network formed in heptanoic acid will not be 

considered in the analysis that follows. 

A tiling representation of the network in nonanoic acid shown in Figure 2.7a has been prepared 

(Figure 2.7b), every molecule being replaced by a rhombus. Every rhombus has a different 

colour which signifies one of the three possible directions of the DPBDTC molecule on the 

surface. In this picture it is apparent that there is complete lack of translational order. The dark 

regions of the scan in Figure 2.7a can be considered as pores that are enclosed by DPBDTC 

molecules. On the bottom right corner of the image the pores have been highlighted in order to 

show that they exhibit hexagonal orientational order. The magnification of certain areas of the 

network (Figures 2.7c-g) gives further proof of the lack of translational order. In these images we 

can see five different types of molecular arrangements that can form a hexagonal pore. In Figure 

2.7c a hexagon is formed from three molecules with edges alternating between a diacetylenic 

backbone and a carboxylic acid-carboxylic acid junction. In Figure 2.7d and 2.7e a hexagon is 

formed by four molecules where two of the edges are constituted by a diacetylenic backbone. 

Figure 2.7g shows  a pore that  is formed  by 5 molecules. Only  one of the edges is formed by a  

diacetylenic backbone. Finally Figure 2.7f shows a pore that is formed by 6 molecules. All the 

edges of this type of hexagon are formed by carboxylic acid...carboxylic acid junctions. A 

molecular ball and stick representation as well as a tiling representation is also shown next to the 

images of the five different pore types.  
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Figure 2.7. a) STM image of DPBDTC network formed in nonanoic acid. b) Tiling 

representation of the network shown in (a). c-g) Enlarged regions from (a) with molecular 

ball and stick diagrams and tiling representations of the 5 possible different arrangements 

of DPBDTC around a network pore.   
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The intermolecular binding energy for both the parallel and arrowhead arrangements has been 

calculated to be 0.80 eV. The length of the diacetylenic edge and carboxylic acid…carboxylic 

acid hydrogen bonds edge has been calculated to be 9.5 Å and 9.6 Å respectively. These 

distances were mentioned above as d1 and d2. With these two values, the hexagons formed are 

estimated to have a width between 16.4 Å and 16.6 Å. Using calibration scans of the graphite 

substrate it was found that the hexagonal array had a periodicity of 16.6 ± 0.8 Å oriented at an 

angle of ±6o to the HOPG substrate. This value lies in a good agreement with the theoretical 

range of the hexagon width. 

A quantitative approach was taken to identify the degree of randomness of the tiling. After the 

successful mapping into a tiling representation, the rhombi consisting of the same colour were 

measured for two different images of the surface. The first image with dimensions 35 x 35 nm 

had a total of 975 tiles. 445 were of green colour (45.6%) 227 were of red colour (23.2%) and 

303 were of blue colour (31.2%). Also there were measured 954 non-parallel bonds and 1009 

parallel bonds. The second image with dimensions 50 x 50 nm had a total of 1213 tiles. 614 were 

of green colour (50.6%), 310 were of red colour (25.5%) and 289 (23.9%) were of blue colour. 

The count for non parallel bonds was 1174 and for parallel bonds was 1139. Combining the two 

sets in regards to the tile colour was not possible because rotation of the image changes the 

colour of the tiles. However this is not the case in respect to the number of non- parallel and 

parallel bonds which does not change with rotation. A sum of 2128 (48.6%) of non-parallel and 

2248 (51.4%) of parallel bonds were measured. These results show that the split between non-

parallel and parallel configuration is almost equal with the parallel configuration being in favor.  
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In order to get a more meaningful impression of the above numbers, it was necessary to 

introduce an order parameter Ψ which is defined as: 

Ψ = ( n0p - p0n ) / ( n0p + p0n ) 

Where p and n represent the percentage of rhombus tile junctions that are in a parallel and non-

parallel orientation respectively and, po and no are the percentage of rhombus tile junctions of 

parallel and non-parallel orientation in an ideal, defect free random tiling. Their values are 0.392 

and 0.608, respectively. The latter values were attained by numerical calculations. This order 

parameter can take values between 1 and -1. In a fully parallel phase Ψ will equal to 1 while in a 

network with zero parallel tile junctions Ψ will equal to -1. Any network with a Ψ value in-

between will vary in the degree of randomness. An ideal random tiling will have a Ψ value of 0.  

The DPBDTC network formed in nonanoic acid gives a Ψ value of 0.22. This shows that the 

network characteristics are close to an ideal random tiling but not as close as would have been 

expected from the careful design of the molecule and from the theoretical calculations of the 

energy difference between the parallel and non-parallel configurations. However, it is important 

to mention that the Ψ value of TPTC in nonanoic acid, under the same experimental conditions, 

equals -0.43. Here we can see that our hypothesis was correct and under the same conditions 

DPBDTC forms a network that is closer to an ideal random tiling than that of TPTC. 

In addition to the tiling representation, a height representation was also used. When analyzing 

rhombus tilings, it is common that a height map is constructed. In order to construct this map, an 

“effective height” h(x,y) is assigned to every vertex of every rhombus in the area of interest. The 

in-plane coordinates of the vertices are designated as x and y. During this assignment, a step 
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along a rhombus edge results in a change in height of ±1 depending on the direction of the step. 

By assigning the value zero to a random edge, we can build the height map around it in a 

numerical form as shown in Figure 2.8a. For a visualization of the height map, every number has 

been assigned a different shadow intensity in the greyscale with zero having an intermediate 

toning, positive numbers becoming increasingly black and negative numbers becoming 

increasingly white. An illustration of this principle is shown in Figure 2.8b.  

For a tiling consisting solely of tiles in the parallel configuration, one would expect to observe 

h(x,y) increasing monotonically across the surface because all the tiles will be pointing in the 

same  direction.  On  the  other  hand,  in  a  perfect  non-parallel ordered  phase we would expect 

 

 

 

Figure 2.8. Demonstration of the construction of a height representation58. a) Rhombus 

random tiling with edges represented as hexagons. Every hexagon has different x,y 

coordinates and h(x,y) is written inside every hexagon. b) Illustration of change of h(x,y) 

depending on the direction of the step. Relationship of h(x,y) with the greyscale colour tone.   
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h(x,y) to remain constant with fluctuations only limited to ±1. In an ideal random tiling the 

average h(x,y) would be constant but the fluctuations between individual values would be bigger 

that ±1. Using this approach the height map of the experimentally determined tiling area of 

DPBDTC shown in Figure 2.9a was constructed. This is shown as a greyscale image in Figure 

2.9b. The hexagons appear to be white at the left side of the image and they slowly become 

progressively darker  as  we  move  towards  the right direction of the image. This shows that the  

 

 

 

 

Figure 2.9. Tiling representation of DPBDTC in nonanoic acid (a) and the height 

representation of the same area (b). The surplus of tiles with parallel orientation is 

apparent from the gradual shadowing of the hexagons in (b) as we scan the map from left 

to right58. 
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DPBDTC network has more tiles with the parallel configuration than that required for an ideal 

random tiling. This causes h(x,y) to slowly increase. Τhis visual observation was anticipated by 

the fact that Ψ has a small, but not negligible, positive value.   

 

2.2.3  Experimental exploration of the phase space of interacting random tilings 

 

A random tiling is considered ideal when the configurational energies en and ep of the non-

parallel and parallel configurations respectively are identical. If this is the case then the tiling 

configuration is solely dependent on the maximizing of the configurational entropy. However if 

there exists a small difference between en and ep then the degeneracy between the exponentially 

big number of tilings is broken. In this case, there is a small internal energy contribution to the 

free energy of the system which competes with the entropic term46-49. 

There are many theoretical models describing rhombus tiles with asymmetric interactions46-49. 

Let as consider an energy bias Δ = en -ep.Figure 2.10 shows a schematic of an expected 

equilibrium phase diagram. Here, the parameters of interest are the temperature T and the 

energetic bias Δ. Calculations have shown that the random tiling is ideal when Δ = 0. For Δ > 0 

non-parallel bonding is favored. When Δ reaches a critical point the system orders into a 

crystalline phase where non-parallel bonds predominate. Similarly, when Δ < 0, parallel 

orientation is favoured and a transition to a crystallize phase which is dominated by parallel 

bonds happens.  
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Figure 2.10. Phase diagram of the interacting tiling model. Three phases are expected 

depending on the value of Δ; a random tiling phase and two crystalline phases dominated 

by parallel or non-parallel bonds57. kB is the Boltzmann constant, T is the absolute 

temperature, Δ is the energetic bias between the parallel and non-parallel configuration 

and ε is the characteristic hydrogen bond energy. 

 

 Peter Beton’s group from School of Physics and astronomy managed to experimentally explore 

the phase space of the random tiling model. For this purpose, networks with different degrees of 

randomness were created by varying the experimental conditions. In this study DPBDTC as well 

as TPTC and a mixture of TPTC and coronene were dissolved in various solvents and deposited 

on HOPG surface in various temperatures. In total, 6 networks with a different value of Ψ were 

created. The data obtained were used in conjunction with numerical results of theoretical models 

in order to calculate the energetic bias Δ in each case and help reach several interesting 

conclusions58.  
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In summary the study58 showed that the phase space arising from asymmetrically interacting 

rhombus tiles may be experimentally explored through the preparation and characterization of 

the appropriate molecular arrays. It also showed that changes in Δ smaller than 5 meV gave rise 

to observable changes in the degree of randomness of the networks while changes bigger than 10 

meV is sufficient to cause symmetry breaking and a transition to ordered crystalline phases. 

Finally, it was shown that the solvent molecules play a role on the energy difference between the 

parallel and non-parallel configuration and Δ cannot be described only by the interactions of the 

carboxylic acid molecules on the surface. Possible influences of the solvent molecules could 

arise from their co-adsorption on the graphite surface52,53 and their weak interactions with the 

other co-deposited molecules56. 

 

2.3     Conclusion 

 

The synthesis of 1,4-diphenyl-1,3-butadiyne-3,3’-5,5’-tetracarboxylic acid has been successfully 

completed. The synthetic route involved the preparation of ester (5) and its subsequent homo-

coupling to the protected final product. After successful deprotection 1,4-diphenyl-1,3-

butadiyne-3,3’-5,5’-tetracarboxylic acid was obtained as a white microcrystalline material. 

DPBDTC was deposited on a HOPG surface from a nonanoic acid solution. Comparison with the 

previously studied TPTC molecule under similar conditions showed that DPBDTC formed a 

network that was closer to an ideal random tiling, as indicated by the order parameter Ψ. This 

confirmed our predictions that a closer match between d1 and d2 would improve the degree of 

randomness of the tiling formed. A tiling representation and a height representation was 
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constructed from an STM image of the network. The images indicated a network with a surplus 

of tilings with parallel configuration. 

DPBDTC and TPTC were deposited on HOPG under various conditions. The experimental data 

obtained were used for the experimental realization of the phase space of the random tiling 

model with asymmetric interaction. An estimation of the energetic bias Δ was possible. It was 

found that differences in energetic bias Δ of less than 5 meV produced measurable variations in 

the tiling statistics. It was also found that when Δ > 10 meV, the structures are driven into 

ordered phases. A dependency of Δ on the solvent was also observed. This led to the conclusion 

that the co-deposition of solvent molecules into the hexagonal nano-pores and other weak 

interactions between the solvent and the deposited molecules contribute to the already 

energetically degenerate pores.    

 

2.4     Experimental 

 

All reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Fischer Scientific 

UK, and used without further purification unless otherwise stated. Elemental microanalyses were 

carried out by Steven Boyer at the Microanalysis Service, London Metropolitan University, UK. 

1H and 13C NMR spectra were measured using either a Joel 270 MHz, Bruker 300 MHz, Bruker 

400 MHz, DPX 300 MHz, DPX 400 MHz or Bruker 500 MHz spectrometer. MALDI-TOF mass 

spectra were obtained using Bruker Ultraflex MALDI-TOF mass spectrometer. MALDI-TOF-

MS samples were prepared by dissolution of the compounds in CH2Cl2 (10 µL) and then mixing 

this solution with a solution of the matrix DCTB (Trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-
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propenylidone]-malonitrile) in MeCN (20 µL). A sample of the resulting solution (5 µL) was 

loaded onto a plate, the solvent was removed in air, and the sample transferred to the mass 

spectrometer for analysis. Electrospray ionization mass spectra were collected using a MALDI-

TOF mass spectrometer. UV-Vis spectra were obtained using Unicam UV/Vis 2 spectrometer. 

STM measurements and tiling calculations were performed by Matthew Blunt and Andrew 

Stannard from the School of Physics and Astronomy at the University of Nottingham. 

 

 

Compound Synthesis 

 

Synthesis of 5-iodoisophthalic acid (2) 

An aqueous solution of 3,5-dimethyliodobenzene (1.010 mg, 4.358 mmol), potassium 

permanganate (5 g, 32 mmol) and pyridine (7.5 ml) was brought to reflux at 115 oC for 15 h. 

Addition of another portion of potassium permanganate (2.5 g, 16 mmol) was followed by 

another 5 h reflux. The reaction mixture was brought to room temperature and filtered to remove 

the precipitated MnO2. The filtrate was reduced in volume under reduced pressure to 

approximately 10 ml. The solution was then acidified with concentrated HCl to pH 1. The white 

solid formed was filtered and recrystallized from boiling water to give 900 mg (71%) of a white 

powder. 1H NMR (400 MHz, d6-DMSO) : δ ppm = 13.54 (s br, 2H, COOH), 8.40 (s, 3H). 13C 

NMR (101 MHz, CDCl3): δ ppm 92.72, 129.59, 132.93, 142.06, 165.80. ESI-MS (m/z): 
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290.9160 [M-H]-. Elemental Analysis (%) Calculated for C8H5IO4: C, 32.9; H, 1.73; Found: C, 

33.04; H, 1.70. 

 

Synthesis of diethyl-5-iodoisophthaloate (3) 

5-Iodosophthalic acid (1000 mg, 3.42 mmol) was dissolved in absolute ethanol (10 ml). Thionyl 

chloride (800 µl, 7.18 mmol) was added at 0 oC and the reaction mixture was brought to reflux 

under inert atmosphere for a course of 5 h. Ethanol was evaporated in reduced pressure and the 

residue was dissolved in ethyl acetate. The mixture was washed with a saturated solution of 

sodium bicarbonate. The organic phase was dried with magnesium sulfate and evaporated under 

reduced pressure. Column chromatography on silica [CH2Cl2/Hexane (70:30)] afforded diethyl 

5-iodoisophthalate as a white solid (81%). 1H NMR (400 MHz, CDCl3) : δ ppm = 8.62 (apparent 

triplet, J = 1.4 Hz, 1H), 8.53 (d, J = 1.4 Hz, 2H), 4.40 (q, J = 7.1 Hz, 4H), 1.41 (t, J = 7.1 Hz, 

6H). 13C NMR (101 MHz, CDCl3): δ ppm 14.30, 61.76, 93.39, 129.83, 132.55, 142.33, 164.41. 

ESI-MS (m/z): 348.9914 (M+H)+. Elemental Analysis (%) Calculated for C12H13IO4: C, 41.4; H, 

3.76; Found C, 41.52; H, 3.78. 

 

Synthesis of diethyl-5-((trimethylsilyl)ethynyl)isophthaloate (4) 

The compound was synthesized as described previously using slight modifications.                    

5-Iodo-isophthaloate (2 g, 6.28 mmol), Pd(PPh3)4 (166 mg, 0.14 mmol) and CuI (10 mg, 0.05 

mmol) where suspended in piperidine (10 ml) in a dry Schlenck flask under nitrogen. 

Trimethylsilylethylene (1 ml, 6.9 mmol) was added at 0 0C and the reaction mixture was stirred 
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for 3 h at room temperature. The reaction was quenched by the addition of a saturated aqueous 

solution of NH4Cl. The aqueous solution was washed twice with dichloromethane and the 

organic layer was dried with Na2SO4. The solvent was removed under reduced pressure and the 

residue was purified by column chromatography on silica [hexane/dichloromethane (70:30)] to 

afford diethyl-5-((trimethylsilyl)ethynyl)isophthalate as a pale yellow solid (85%). 1H NMR (400 

MHz, CDCl3) : δ ppm =  8.60 (at, J = 1.7 Hz, 1H), 8.28 (d, J = 1.7 Hz, 2H), 4.40 (q, J = 7.1 Hz, 

4H), 1.41 (t, J = 7.1 Hz, 6H), 0.27 (s, 9H). 13C NMR (101 MHz, CDCl3): δ ppm 0.18, 14.32, 

61.57, 96.56, 102.89, 124.09, 130.27, 131.16, 136.73, 165.16. ESI-MS (m/z): 319.1337 (M+H)+. 

Elemental Analysis (%) Calculated for C17H22O4Si: C, 64.12; H, 6.96; Found C, 64.14; H, 7.06. 

 

Synthesis of diethyl-5-ethynylisophthalate (5) 

Diethyl-5-((trimethylsilyl)ethynyl)isophthalate (70 mg, 0.22 mmol) was dissolved in THF (5 ml). 

Tetrabutylammonium fluoride (200 µl, 2 M in THF) was added slowly and the reaction mixture 

was stirred for 30 min. Water was added and the aqueous solution extracted twice with 

dichloromethane. The organic layer was dried with Na2SO4 and the solvent was removed under 

reduced pressure. The residue was purified by column chromatography on silica 

[dichloromethane/hexane (70:30)] to afford diethyl-ethynylisophthalate as a pale yellow solid 

(78%). 1H NMR (400 MHz, CDCl3) : δ ppm =  8.60 (at, J = 1.6 Hz, 1H), 8.28 (d, J = 1.6 Hz, 

2H), 4.38 (q, J = 7.1 Hz, 4H), 3.18 (s, 1H), 1.39 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, 

CDCl3): δ ppm 14.30, 61.63, 79.02, 81.71, 123.04, 130.65, 131.32, 136.94, 165.05. ESI-MS 

(m/z): 247.0975 (M+H)+. Elemental Analysis (%) Calculated for C14H14O4: C, 68.28; H, 5.73; 

Found C, 68.32; H, 5.61. 
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Synthesis of tetraethyl-5,5'-(buta-1,3-diyne-1,4-diyl)dibenzene-1,3-dicarboate (6) 

Diethyl-ethynylisophthalate (140 mg, 0.568 mmol), dichloro-bis-(triphenylphosphine) palladium 

(8.5 mg, 0.007 mmol), CuI (5.8 mg, 0.03 mmol) and I2 (90 mg, 0.354 mmol) were suspended in 

anhydrous diisopropylamine and stirred for 6 h under nitrogen. After the reaction was completed, 

diisopropylamine was removed under reduced pressure. The residue was dissolved in 

dichloromethane and the organic phase was washed thoroughly with a saturated solution of 

aqueous HS2O3 to remove any unreacted I2. The organic phase was dried with Na2SO4 and the 

solvent was removed under reduced pressure. Column chromatography on silica 

[dichloromethane/hexane (9:1)] afforded tetraethyl 5,5'-(buta-1,3-diyne-1,4-diyl)dibenzene-1,3-

dicarboate as a pale yellow solid (82%). Recrystallization from hot toluene afforded a white 

crystalline solid. 1H NMR (400 MHz, CDCl3): δ ppm = 8.68 (at, J = 1.7 Hz, 2H),  8.38 (d, J = 1.6 

Hz, 4H), 4.43 (q, J = 7.1 Hz, 8H), 1.44 (t, J = 7.16 Hz, 12H). 13C NMR (101 MHz, CDCl3): δ 

ppm 14.31, 61.75, 75.06, 80.29, 122.45, 131.16, 131.55, 137.25, 164.85. ESI-MS (m/z): 

491.1732 (M+H)+. Elemental Analysis (%) Calculated for C28H26O8: C, 68.56; H, 5.34; Found: 

C, 68.63; H, 5.40. 

 

Synthesis of 5,5'-(buta-1,3-diyne-1,4-diyl)dibenzene-1,3-dicarboic acid (7) 

Tetraethyl-5,5'-(buta-1,3-diyne-1,4-diyl)dibenzene-1,3-dicarboate (140 mg, 0.286 mmol) were 

dissolved in a 2:1 mixture of THF/MeOH (15 ml). The solution was brought to refluxing 

temperature and another solution containing NaOH (1 g, 25 mmol) in a 5:2 mixture of 

MeOH/H2O (7 ml) was added dropwise and left to reflux for 2 h. The solution was allowed to 
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cool to room temperature and the solvent was removed under reduced pressure. The residue was 

dissolved in water and acidified to pH 1 with a 2 M aqueous hydrochloric acid solution. The 

white cloudy suspension was centrifuged and the solid mass was recrystallized from 

toluene/MeOH to afford a white crystalline solid (98%). 1H NMR (d6-DMSO, 400 MHz): δ ppm 

= 13.63 (s br, 4H, COOH), 8.51 (s, 2H), 8.31 (s, 4H). 13C NMR (101 MHz, CDCl3): δ ppm 

73.95, 79.66, 122.14, 131.10, 132.09, 136.72, 166.23. ESI-MS (m/z): 377.0295 [M-H]-. 

Elemental Analysis (%) Calculated for C28H26O8: C, 63.50; H, 2.66; Found: C, 63.56; H, 2.60. 
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3.1     Introduction 

 

3.1.1  Molecular electronics 

 

Over recent decades there has been an explosive advance in the science of electronics. This, 

among many other things, has led to the emergence of computers which in essence are devices 

that a) can perform billions of mathematical computations per second and b) have the ability to 

store large amounts of bits of information. The incorporation of computers in our everyday lives 

has brought many changes in almost every aspect of living and thinking.  

 

 

Figure 3.1. Modern electronics and the digitalization of our lives.   

The rapid development in material science has led to electronic devices that can perform faster, 

store more information and at the same time become smaller in size. Previously held barriers 
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have been transcended and the quest for miniaturization seems to have no end. Traditionally, 

small size transistors needed in order to maximize memory storage and calculation power have 

been manufactured using the ‘top down’ approach. For example, one of the techniques belonging 

in this category is photolithography. Photolithography consists of applying a light sensitive 

material to a clean surface, covering parts of the surface with a desired pattern (photomask) and 

exposing the surface to UV light. Chemical treatment is then used in order to enable the 

deposition of new material upon the pattern formed.1 

Although the process is technically challenging and wasteful, there are other limitations that 

hinder its use when smaller sizes are needed. One of them is the limitation imposed by the 

wavelength of the UV light used which is 193 nm. This allows for sizes of down to 50 nm. More 

recently, immersion lithography has given promising results in enhanced resolution2
 while Intel 

has confirmed that it will extend the 193 nm immersion lithography to the 22 nm and 16 nm 

node and have outlined a path to use it down to 11nm nodes.3 However this process of 

miniaturization will find a physical barrier because of the changing properties of silicon when it 

approaches a certain limit.4 

Aviram and Ratner in 1974 published a paper suggesting that molecules could perform the 

functions of semi-conductor electronics.5 Since then, a lot of progress has been achieved and it 

has been shown that molecules can act as molecular switches, wires, rectifiers and diodes. It has 

also been shown that these molecules can be assembled into prototypical memory and logic 

architectures6,7. Examples of such molecular structures are shown in Figure 3.2. For such 

systems to be functional, the molecules must arrange in a regular fashion. This is mainly 

achieved through what is known as the ‘bottom up’ approach. In such a process, molecules are 

equipped with both functional groups and groups that carry recognition sites in order to guide the 
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formation of the desired architecture through self-assembly. In some cases, a different molecule 

is used in order to self-assembly on a surface where it forms a template upon which, the desired 

functional molecule will arrange itself in the pre-determined positions. In Figure 3.3 we can see a 

hexagonal  network  formed  by  the co-deposition of PTCDI and melamine on an Ag passivated  

 

 

 

Figure 3.2. Images of molecular structures resembling electronic architectures6 a) Electron 

micrograph of self-assembled ErSi2 nanowires b) electron micrograph of cowpea viral 

particle modified with gold nanoclusters to use as a template for molecular self-assembly c) 

simulation of gold nanoparticle electrical contacts on a surface in a ‘NanoCell’ molecular 

logic structure d) structural diagram of NDR diode switch molecule e) gold nanobars f) 

electron micrograph of nanowire transistor-based logic circuit.  
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Figure 3.3. a) Triple hydrogen bond between a PTCDI molecule melamine b) STM image 

of a PTCDI-melamine network formed on Ag passivated Si(111) substrate c) STM image of 

C60 heptamers trapped inside the pores of the PTCDI-melamine network on Ag passivated 

Si(111) substrate d) schematic representation of a C60 heptamer of (d) 8. 
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Si(111) substrate8. This network is formed through the hydrogen bonding interactions between 

the melamine and the PTCDI molecules. Within the pores, heptamers of fullerene molecules can 

be trapped. 

 

3.1.2  Molecular memories 

 

The storage of information on a molecular level has attracted much attention9-18. A molecule is 

the smallest unit that can be used for binary information storage. Two different classes of 

compounds can serve for this purpose. One of those is the single molecule magnet (SMMs). 

Single molecule magnets can be deposited on a surface and form molecular arrays where the 

magnetic state of each molecule can be changed19,20. One of the limitations of this technique is 

that, at the present time, very low temperatures are needed in order to prevent the fast relaxation 

of their magnetization.  The second option is to have a collection of redox active molecules 

attached to an electroactive surface. Information can, in principle, then be stored in the discrete 

redox states of the molecules.  

Such systems, in order to be used in real life applications must be able to maintain each redox 

state indefinitely. Also, it is desirable that a change of the redox state does not promote a 

structural change. One of the candidates that comply with these restrictions is ferrocene. Systems 

incorporating the ferrocene unit16,17,21-27 have been studied in the past. The ferrocene units are 

covalently linked to various types of molecules such as carbon nanotubes, phenyl groups and 

porphyrin molecules. These molecules are used as substrates which are in turn covalently linked 

to a surface. Figure 3.4 shows two examples of such systems.  
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Figure 3.4. a) Si-O  Linked ferrocenyl monolayers on Si-H23  b) Adenine-substituted 

ferrocene hydrogen bonded on uracil terminated mixed monolayers on gold surfaces87.   

 

In all previous work that has been done so far, the substrate holding the ferrocene molecule was 

covalently linked to the surface. The objective of this project has been to create a system where 

the ferrocene would be covalently linked to a substrate, with the latter being self assembled as a 

monolayer upon a surface. Thus, we would be able to create molecular arrays of ferrocene units 

on a surface where we would try to change their redox states with the aid of the STM tip28,29.  

The substrate chosen for carrying the ferrocene units was a porphyrin molecule. There were 

many reasons for choosing a porphyrin. First of all the porphyrin is a flat, highly conjugated 

aromatic molecule. π-Conjugated aromatic systems are fruitful compounds for surface 

depositions as they tend to sit in a flat manner parallel to the surface. They also show high 

mobility and they can change orientation and position in order to easily follow the dynamics that 

the peripheral groups impose for the formation of a network. There are several examples in the 

literature where porphyrins have been successfully deposited on a surface and they have self-
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assembled into 2D networks30-34. Figure 3.5 shows STM images from selected literature 

examples. 

In our studies we targeted a range of molecules in which two ferrocene units were placed on each 

porphyrin molecule in opposing meso-positions. Isophthalic acid units were placed in the two 

remaining meso-positions. The isophthalic acid units were placed in order to drive the network 

formation. Many examples from the literature show that the carboxylic acid units promote 

directional  hydrogen  bonding35-42. In  addition, three  more analogs were designed as candidates 

 

 

 

Figure 3.5. a) STM image showing the network formed of the co-deposition of [5,15-Bis(3-

cyanophenyl)-10,20-bis[3,5-di(tert-butyl)phenyl]porphyrinato]-zinc(II) and C60 on Ag(111) 

surface32. b) Proposed molecular model of a C60 molecule hosted inside a supramolecular 

porphyrin-based pore of the network in Figure 2.5a. c) STM image of a network formed on 

Au(111) by the porphyrin shown on the right34. 
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for surface deposition studies. In tetra-meso-phenyl porphyrins has been shown that steric 

interactions between the ortho-hydrogens of the phenyl rings and the hydrogens of the pyrole 

subunits prevent the phenyl rings of being co-planar with the porphyrin ring43,44. X-Ray 

diffraction studies have shown that the dihedral angle can range between 61-63o for H2TPP and 

almost 90o in most metal complexes of TPP. Although porphyrin molecules with phenyl rings 

have been successfully deposited on surfaces with the phenyl rings being tilted, we wanted to 

maximize the interactions between the surface and the porphyrin molecules. If the phenyl ring 

was free to rotate and become stabilized in a co-planar orientation with respect to the surface, 

then this would allow the porphyrin to approach the surface more closely and thus, maximize the 

surface-network interactions. It would also allow additional forces between the surface and the 

phenyl rings to stabilize the network. By introducing a spacer between the porphyrin macrocycle 

and the phenyl rings we anticipated that the longer distance would minimize steric interactions. 

The chosen spacer was the acetylene group, chosen because it is rigidity and synthetic 

accessibility.  

Porphyrins with the acetylene spacer between the ferrocene and the porphyrin core were also 

synthesized. This would allow a better communication between the ferrocene and the porphyrin 

macrocycle making the redox potential of the ferrocene more tunable through the incorporation 

of metal ions in the porphyrin core. On the other hand, extended communications between the 

two ferrocenes would be considered an undesirable phenomenon because it might not be possible 

to address and manipulate each ferrocene group individually, one of the requirements for 

information storage45-50. The molecular structures of the target molecules are depicted in Figure 

3.6. 
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Figure 3.6. Molecular structures of the target molecules. 
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In order to appreciate the electronic redox properties of the compounds they were first studied in 

solution. The carboxylic acid groups make the situation problematic. Every porphyrin molecule 

will have four carboxylic acid groups and this, in addition with the tendency of porphyrins to 

form aggregates due to π-π stacking, reduces the solubility of the compounds. This does not 

cause a significant problem during the deposition  of  the  molecules  because  the concentration 

needed is minimal. However, electrochemical studies require the material to be soluble in the 

solvent system used. To overcome this problem the electrochemical studies were performed on a 

diethylester-protected  version of  the above  compounds. No  extra synthetic  steps needed  to  

be carried out as the diethyl-ester derivatives are intermediates during the synthesis of the target 

molecules. Although the results of the electrochemistry of these compounds will not be the same 

as that of the tetracarboxylic acid derivatives these preliminary results give an understanding of 

the redox processes involved. Magnesium and zinc derivatives of the protected porphyrins were 

also prepared and studied. By studying these compounds we will get some insight into how 

changes in the metal center can affect the redox potentials and communication characteristics 

between the ferrocenes. 

 

3.2     Synthesis 

 

One of the first synthetic methodologies for the preparation of porphyrins that bear substituents 

only at the meso-positions was proposed by Alder and Longo51 in 1967. According to this 

procedure, pyrrole is reacted with the appropriate aldehyde under refluxing conditions in open air 

for 30 minutes (Scheme 3.1). This method is quick and easy but it has some drawbacks. The 
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reaction conditions are harsh and a lot of aldehydes carrying a sensitive R-group will not survive. 

When porphyrins carrying a mixture of different R groups in the meso-positions are desired, this 

method can still be used by adding multiple aldehydes. In this case, condensation in a statistical 

manner takes place giving a porphyrin mixture where the desired porphyrin’s yield is very low. 

In addition, the porphyrin mixture is difficult to separate. This method is still used sometimes 

today especially if multi-gram quantities of the target molecules are needed.    

An improved version of the Alder and Logo method was developed by Lindsey52. His method 

avoids the harsh conditions and relies on the formation of the porphyrinogen, a reduced form of 

the porphyrin macrocycle. The porphyrinogen equilibrates with other forms of open chain 

polypyrrylmethanes under the presence of an acid catalyst. Oxidation of the porphyrinogen 

completes  the  reaction. The  drawback of  this method  is that dilution conditions in the order of 

 

 

 

Scheme 3.1. Alder and Logo synthetic route to porphyrins. 
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10-2 M are needed in order to optimize the formation of the porphyrinogen. This inhibits attempts 

at large-scale synthesis.   

All the porphyrins synthesized in this project belong to the trans-A2B2 type. This means that 

there are no substituents at the α- or β- pyrrolic positions and there are two pairs of substituents 

(A and B) at the meso-positions. The identical substituents have a trans-arrangement in respect to 

each other. For these types of porphyrins a synthetic route commonly called the “2+2 synthesis” 

was followed. This method was first pioneered by MacDonald53 and it involves the formation of 

porphyrins through the condensation of two dipyrromethanes (Scheme 3.2).   

This is an extension of the Lindsey’s method and as such, it requires high dilution, an acid 

catalyst, and a final oxidation step. The reason of its preference is that it provides higher control 

over the final position of the R-groups at the meso-positions as lacks  the statistical  character  of 

 

    

Scheme 3.2. 2+2 porphyrin synthesis (McDonald method). 
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the Lindsey method. The advantage of this is that final yields can exceed 40% which is very high 

for porphyrin synthesis.  

MacDonald’s method requires the bis-formylation of a dipyrromethane. Several alternatives to 

that exist but the one mostly used in this project is the condensation of α-free dipyrromethanes 

bearing the R1 group at the 5-position and the formylated form of R2. The only disadvantage of 

this method is the probability of the occurrence of ‘scrambling’54,55 which can lead to the 

formation of mixtures containing all of the products that would be obtained if a statistical method 

was used. The extension of scrambling and the percentage of side-products in the final mixture is 

dependent on many factors with the principal one being the nature of the R-groups. Fortunately, 

in our case, scrambling happened only to a limited extend and the side-products were 

successfully removed.  

All the final porphyrins bear isophthalic acid groups. To avoid solubility and reactivity issues 

across the synthetic route arising from the carboxylic acid moieties, protection of these groups in 

the form of their diethyl esters was essential.  

 

3.2.1  Synthesis of meso-5,15-bis-(isophthalic acid)-10,20-bis(ferrocenyl)-porphyrin 

 

The synthetic route for the simplest molecule of the porphyrin series is shown in Scheme 3.3. 

The synthesis starts from diethyl-5-hydroxymethyl-isophthalate (1). This starting material was 

chosen because it was commercially available, already protected and one easy step away from 

the aldehyde (2), the starting material for the dipyrromethane formation. Oxidation with pyridine 

chlorochromate afforded (2) in a very good yield. 
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Dipyrromethane (3) was synthesized using a standard procedure for dipyrromethane synthesis56. 

In this reaction pyrrole is both the reactant and the solvent. 100 equivalents of pyrrole were used 

and InCl3 served the role of the Lewis acid catalyst. A big excess of pyrrole is used in order to 

decrease the formation of polypyrrolic species. InCl3 has been proven to be one of the highest 

yielding acid catalysts in dipyrromethane synthesis. The crude product was easily purified with 

column chromatography affording (3) in a very high yield.  

Porphyrin (4) was formed through the condensation of dipyrromethane (3) and the commercially 

available ferrocenylcarboxaldehyde. Trifluoroacetic acid was used as the acid catalyst and the 

reaction was left to react overnight. DDQ was used to oxidize the porphyrinogen. Purification 

using column chromatography on alumina afforded (5) which was purified further with 

recrystallization from dichloromethane/methanol. The product was characterized with 13C and 1H 

NMR spectroscopy, elemental analysis MALDI-TOF MS and X-Ray Crystallography.  

The final step was the deprotection of (4) in order to form the tetracarboxylic acid derivative. 

Deprotection was achieved through the reaction of (5) with NaOH in a solvent system consisting 

of MeOH/THF/H2O under refluxing conditions57. This solvent system proved to be ideal for the 

deprotection of porphyrins as well. It provided an ideal polarity for the dissolution of both NaOH 

and the starting material affording (5) in almost quantitative yield in 2 hours. Precipitation 

through acidification of the reaction mixture and subsequent washings with various solvents 

afforded a purple solid. The product was characterized with elemental analysis and MALDI-TOF 

MS. NMR could not be acquired because the solubility of the compound was very poor. Hot 

DMSO managed to dissolve very little of it but the NMR signal was very weak. MALDI-TOF 

MS showed only one peak at 1117.92 which is assigned to compound (5). Partially deprotected 

mono- di- or tri-ester impurities could not be identified in the MALDI spectrum.  
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Scheme 3.3. Synthetic route of meso-5,15-bis-(isophthalic acid)-10,20-bis(ferrocenyl)-

porphyrin 
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Zinc(II) and Mg(II) derivatives of (4) were successfully prepared. For the insertion of zinc, a 

standard procedure was followed58. Free-base porphyrin was stirred in a mixture of 

dichloromethane/methanol in the presence of zinc acetate. Application of heat was not needed in 

our case. Purification was accomplished through column chromatography and subsequent 

recrystallization from dichloromethane/methanol. The yield was almost quantitative (93%). The 

product was successfully characterized with elemental analysis, 1H and 13C NMR spectroscopies 

and MALDI-TOF-MS. 

For magnesium(II) insertion, various methods are reported in the literature. Some of them 

involve the reaction of magnesium salts [MgCl2, Mg(ClO4)2, Mg(OAc)2] with the porphyrin in a 

polar solvent such as pyridine, DMF or propanol at high temperatures59,60. Polar solvents are 

typically chosen to increase the solubility of the magnesium salt. A second approach involves the 

reaction of porphyrins with hindered Grignard reagents acting as metallating agents at room 

temperature61-63. Anaerobic conditions and generation of the Grignard reagent immediately prior 

to use, are the limiting factors of this method.  

More recently a heterogeneous method has been developed which facilitates the magnesium 

insertion and provides very high yields at room temperature and in short reaction times59. (4) was 

dissolved in DCM containing diisopropylethylamine and MgI2 as the magnesium(II) salt. The 

suspension was stirred at room temperature and the reaction was completed in less than 30 

minutes. Purification using column chromatography on alumina and subsequent recrystallization 

from dichloromethane/methanol yielded (7). The material was characterized with 1H NMR, 13C 

NMR spectroscopies, X-Ray Crystallography, MALDI-TOF MS and elemental analysis. 

 



66 
 

 

Scheme 3.4. Insertion reactions of Mg(II) and Z(II) inside the porphyrin core of (4). 

  

The synthesis of (5) was straightforward and no complications were encoutnered. This was not 

true for the other members of the porphyrin molecules. A direct route of reacting (3) with 

ferrocenyl(formyl)acetylene to form (15), see below, was unsuccessful. The presence of a triple 

bond attached to the porphyrin ring and the reactivity of the meso-positions resembling that of a 

benzene ring, supported the use of a different reaction route. (Scheme 3.5)  
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3.2.2  Synthesis of meso-5,15-bis-(isophthalic acid)-10,20-bis(ethynylferrocenyl)-porphyrin 

 

The first step was the formation of the 10,20-unsubstituted porphyrin (12). A variation of the 2+2 

approach was used. (3) was bis-formylated at the 1- and 9- position through treatment with 2 

equivalents of the Vilsmeyer reagent64. Excess DMF needed to be fully removed by thoroughly 

drying the crude product for 2 days under high vacuum. DMF interacted strongly with the 

product during the elution through a silica column, making efficient purification impossible. The 

bis-formylated dipyrromethane (10) was reacted with propylamine in order to form the bis-imino 

derivative (11)65. This reaction has been shown to be almost quantitative in the past and after 

removal of the solvent and the excess propylamine by evaporation, the product obtained was 

used without any further purification in the next step.  

Porphyrin (12) was obtained in a good yield (43%) through the reaction of dipyrromethane (3) 

with one equivalent of its bis-imino derivative (11). In this case, zinc(II) served as a template in 

order to assist the formation of the porphyrinogen65. The reaction was carried out in refluxing 

toluene in open air and the extended reaction time assured the oxidation of the porphyrinogen by 

atmospheric oxygen. Purification using column chromatography was tedious since the harsh 

reaction conditions produced a lot of byproducts that co-eluted with the desired molecule. The 

product was further purified through recrystallization from  dichloromethane/methanol. Although 

(12) is a zinc(II)-porphyrin, no action was taken to remove the zinc cation because in the end we 

would have to re-metallate (15) in order to get (14) which is one of the target molecules of this 

project. 
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Scheme 3.5. Synthetic route of meso-5,15-bis-(isophthalic acid)-10,20-bis(ferrocenyl-

ethynyl)-porphyrin 
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Scheme 3.5.  (Continuation) 

 

The next step was the bromination of positions -10 and -20 in order to form the di-bromo 

derivative (13). N-bromosuccinimide was used as the brominating agent66. Under the conditions 

used, (12) showed a preference in selective bromination of the meso-positions. This is not always 

the case as will be seen later, where the α- and β- positions of the pyrrolic subunits can be 

brominated as well.  
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 Scheme 3.6. Insertion reaction of Mg(II) into the porphyrin core of (15) 

 

The porphyrin core shows similar reactivity with benzene thus, bromo-porphyrins can undergo 

palladium-catalyzed reactions for the formation of C-C bonds. In our case, the Shonogashira 

cross coupling reaction conditions have been employed. (13) was coupled with ethynyl-ferrocene 

(9) which was synthesized using a previously reported route via a two-step one-flask reaction 

from the readily available acetyl-ferrocene. Triethylamine was used as a base and CuI as the co-

catalyst. Pd2(dba)3 was the chosen form of catalyst employed and PPh3 was added separately to 

the reaction mixture in order for the active catalyst to be formed. The product was purified by 

chromatography and further recrystallization from dichloromethane/methanol. The molecular 

structure of (14) was verified with 1H NMR and 13C NMR spectroscopy, MALDI-TOF MS, 

elemental analysis and X-Ray crystallography.  

Treatment of (14) with trifluoroacetic acid67 afforded the free-base porphyrin (15). The product 

was purified using column chromatography on silica gel with subsequent recrystallization from 

dichloromethane/methanol. The molecular structure was verified with 1H NMR and 13C NMR 

spectroscopy, MALDI-TOF MS, elemental analysis and X-Ray crystallography.  
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Insertion of magnesium (II) was carried out using the same heterogeneous reaction described 

above. Chromatographic purification was carried out using an alumina stationary phase followed 

by recrystallization, using dichloromethane/methanol and afforded (17) in an almost quantitative 

yield. The product was characterized with 1H NMR and 13C NMR spectroscopy, MALDI-TOF 

MS, elemental analysis and X-Ray crystallography. 

A similar procedure used for the deprotection of (4) was also applied in this case. Treatment of 

(15) with NaOH in THF/MeOH/H2O afforded (16) in an almost quantitative yield. 

Characterization by elemental analysis, MALDI-TOF MS and 1H NMR spectroscopy confirmed 

the nature of the product. In this case, although (16) was extremely insoluble as well, by heating 

it in DMSO we were able to acquire a solution concentrated enough for 1H NMR analysis.  

 

3.2.3  Synthesis of meso-5,15-bis-(5-ethynylisophthalic acid)-10,20-bis(ferrocenyl)-
porphyrin 

 

In the case of the synthesis of the series of porphyrins possessing a triple bond spacer between 

the porphyrin core and the phenyl rings, problems in the stability of the key product (29) were 

encountered. The synthetic route is depicted in Scheme 3.7.  

The synthesis starts with the formation of 5-ferrocenyldipyrromethane (24). This compound has 

been synthesized in the past and the exact literature procedure, involving condensation of pyrrole 

with ferrocenylcarboxaldehyde, was followed68. Porphyrin formation using trimethylsilyl-

propynal (22) as an aldehyde in the condensation reaction is a well known technique for the 

introduction  of  the  ethynyl  groups in two opposite meso-positions. Trimethylsilylpropynal has 
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Scheme 3.7. Synthetic route of meso-[5-15-bis-[3,5-bis-(ethoxycarbonyl)-ethynyl]-10,20-bis-

ferrocenyl-porpyrin 
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 Scheme 3.7. (Continuation) 
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been prepared following standard literature methods69 with slight modifications. Condensation of 

trimethylsilylpropynal with (24) led to the successful formation of porphyrin (25). 

The removal of the trimethylsilyl-groups in order to form terminal alkynes suitable for 

Shonogashira cross-coupling reactions is routinely done under treatment with 

tetrabutylammonium fluoride (TBAF). Reaction of (25) with TBAF led to the isolation of the 

desired product in a very poor yield (6%). To avoid this loss of compound we prepared the 

zinc(II) analog of (25). Upon treatment of this compound with TBAF (27) was isolated in 91% 

yield.  

5-iodo-diethylisophthalate (20) was used as the aryl halide in the Sonogashira coupling with 

(27). This compound was prepared from the commercially available 1,3-dimethyliodo benzene. 

The methyl groups were oxidized with potassium permanganate in a water-pyridine mixture and 

isophthalic acid (19) was isolated in a pure state upon acidification of the reaction medium. (19) 

was transformed into its diethyl-ester derivative following a two-step one-flask reaction with 

SOCl2 in ethanol. Ethanol in this case was used both as a reagent and as a solvent.  

For the Shonogashira reaction between (27) and (20) different conditions were used. Pd2(dba)3 

was used as the pre-catalyst and AsPh3 was added for the formation of the catalytically active 

palladium complex. Et3N was used as the base and the reaction was done in THF. In this case, a 

copper iodide co-catalyst was not used and the reaction was performed at room temperature due 

to the higher reactivity of iodine. The product was purified over alumina and subsequently 

recrystallized from dichloromethane/methanol. The molecular formula of (28) was verified with 

1H NMR and 13C NMR spectroscopy, elemental analysis and MALDI TOF MS.  
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Further reaction of (28) with trifluoroacetic acid in order to form the free-base porphyrin (29) 

gave a product that was very unstable and after purification, rapid decomposition took place 

making definitive identification impossible. No relationship between decomposition and light or 

temperature was found. The decomposed product was a purple insoluble material. This material 

was immobile upon elution on a TLC plate. The fact that its colour remained purple indicates 

that the porphyrin ring is maintained. It is therefore hypothesized that polymerization involving 

the triple bonds takes place. Unfortunately, the freebase porphyrin was essential for both the 

formation of the magnesium(II) derivative for spectroelectrochemical studies and the 

tetracarboxylic acid derivative for surface deposition studies. As a result we were not able to 

synthesize these two compounds.  

 

3.2.4  Synthesis of meso-5,15-bis-(5-ethynylisophthalic acid)-10,20-bis-(ethynylferrocenyl)-

porphyrin 

 

The final groups of porphyrins are those that have the acetylene spacer in all four meso-

positions. For the realization of such a compound, both techniques for the introduction of triple-

bonds discussed earlier were  applied to the same molecule. The two methods being the 

introduction of the triple bond during formation of the porphyrin ring and introduction of the 

triple bond through Sonogashira coupling of the meso-brominated porphyrin. The necessity for 

this comes from the fact that the groups attached in adjacent triple bonds are different and we 

needed to differentiate the way they are introduced in the synthetic pathway because a statistical 

method is likely to give a very low yield and a crude mixture that would be very difficult to 
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separate. The synthetic route followed is depicted in Scheme 3.8. For the initial porphyrin 

formation, 5-unsubstituted dipyrromethane (32) and triisopropylsilylpropynal (31) were used. 

Dipyrromethane was synthesized by condensation of pyrrole with formaldehyde, which was 

generated by heating paraformaldehyde.  Triisopropylsilylpropynal was synthesized by 

formylation of commercially available triisopropylsilyl acetylene with n-BuLi and DMF70.  

Porphyrin (33) was successfully synthesized upon condensation of (31) and (32) using BF3
.Et2O 

as the acid catalyst. Oxidation of the porphyrinogen was carried out using DDQ and the crude 

product was purified on a silica gel column. Bromination of (33) would lead to a dibromo-

porphyrin suitable for the introduction of the ferrocenyl groups through Sonogashira coupling. 

The problem with this compound was that unlike (12), bromination  of (33) was  not selective  in 

the meso-positions and α- and β- positions of the pyrrolic sub-units were brominated easily 

giving a crude material containing inseparable poly-brominated products. Experimentation with 

the more readily obtainable trimethylsilyl-substituted derivative showed that the poly-brominated 

products were impossible to separate. Effort was also placed on affecting the selectivity of the 

bromination sites by incorporating different metal centers in the porphyrin cavity. The results 

were unsatisfactory. 

A literature procedure, employing the magnesium(II) analog of (33) for the successful 

preparation of the dibromo-derivative71, was followed. Metallation of (33) in order to form (34) 

was carried out with the heterogenous procedure described above. The literature method for the 

preparation of (35), which stated that two equivalents of NBS were needed, proved unsuccessful. 

The literature report argued that because the α- and β- positions of the pyrrolic sub-units were 

less  reactive  than  the  desired  meso-positions  they  were able to separate the product as, upon 
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Scheme 3.8. Synthetic route of meso-[5-15-bis-[3,5-bis-(ethoxycarbonyl)-ethynyl]-10,20-bis-

ethynylferrocenyl-porpyrin 
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Scheme 3.8. (Continuation) 
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purification, polybrominated compounds were eluted at a slower pace. In our hands the mono- 

and di-brominated products eluted at the same rate and thus were not possible to separate. By 

very slowly adding 3.2 equivalents of NBS to the reaction mixture this problem was overcome. 

Our approach ensured that all of the mono-bromo derivative had reacted at the expense of the 

loss of the desired product as the excess of NBS was reacting with (35) to form polybrominated 

byproducts. The final yield dropped to 58%.  

Ethynylferrocene was successfully introduced by employing the same reaction conditions used 

for (13). In this case though, (35) was much more reactive and the reaction was completed in 

under 2 hours and with temperature held at 60o C instead of the 80o C used for (13). Deprotection 

of (36) with TBAF afforded (38). Due to the steric hindrance of the triisopropylsilyl group, the 

deprotection reaction took much longer to complete than the analogous trimethylsilyl species. 

Coupling of (38) with (20) was done employing the conditions used previously for the copper-

free Sonogashira coupling. Although the TLC indicated that the reaction had gone to completion, 

a pure product could not be obtained. Although MALDI-TOF MS confirmed the presence of (40) 

the NMR  showed peaks from byproducts that we were not able to separate.  

Demetallation of (36) was tried as an attempt to synthesize the free-base derivative of (40) with 

the anticipation that this would be easier to purify. Unfortunately upon deprotection of the 

freebase porphyrin (37), the purple solid obtained could not be redissolved in any solvent. Here, 

again, a decomposition involving triple bond polymerization is suspected to have taken place.  

The synthetic efforts for the prepration of the compounds that could not be obtained are not to be 

considered finished. More routes can be envisaged, applied and have their efficiency tested. 

Unfortunately this could not happen during the timescale of this project.  
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3.3     Crystallographic analysis 

 

Crystal structure of (7) · 2MeOH 

Single crystals of (7) suitable for X-Ray structure analysis were obtained by layering methanol 

onto a concentrated solution of (7) in dichloromethane. A perspective view of the molecular 

structure of (7) and the atom numbering scheme is illustrated in Figure 3.7. The molecule 

crystallizes with two molecules of methanol in the triclinic space group P-1 (Table 3.1). Because 

the molecule lies on an inversion center, the asymmetric unit contains only one half of the 

centrosymmetric molecule. The hydrogen atom of the methanol hydroxyl group was located in 

the difference map and allowed to refine with its thermal displacement parameter fixed at 1.5 

times that of its parent atom. Geometric constraints (DFIX) were applied to the distances 

between O1A-H1A (0.87 Å) and C2A-H1A (1.91 Å). Surprisngly the hydroxyl group does not 

donate a hydrogen bond to a traditional acceptor group, instead it is directed towards the 

cyclopentadienyl ring C45-C49 (H1A-centroid distance 2.52 A). All other hydrogen atoms were 

geometrically placed and refined using a riding model. 

The porphyrin core is slightly deformed and shows a small deviation from planarity with 0.1 Å 

being the mean deviation of atoms from the porphyrin C20N4 plane and 0.2 Å being the furthest 

location  of an  atom away  from the  porphyrin  C20N4  plane. The  carbons at the meso-positions 

(C4, C10) are located on the mean plane of the porphyrin and the core distortion is characteristic 

of a saddled deformation. Both phenyl rings are planar and tilted at an angle of 70.25(4)o (C5-

C10-C31-C36) towards the mean plane of the porphyrin core. 
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Figure 3.7. A view of molecule (7) · 2MeOH showing the atom labeling scheme. 

Displacement ellipsoids are drawn at the 50% probability level. 

 

 

 

The cyclopentadienyl rings are tilted at an angle of 55.32(5)o with respect to the mean plane of 

the porphyrin. The Cp rings of each ferrocenyl unit are eclipsed, forming an angle of 8.39(7)o 

with respect to each other. All the C-C and C-Fe bond lengths are almost identical. The iron 

cation lies at distances of 1.6594(7) Å and 1.6513(8) Å from the two Cp rings centroids, the 

longer distance being the Cp ring attached to the porphyrin. The two ferrocenyl units adapt an 

anti-configuration with respect to each other.  
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Figure 3.8. Crystal packing of (7) · 2MeOH. π-π stacking, C-H…π interactions and 

hydrogen bonding are represented as black dashed lines. Hydrogens are coloured green for 

clarity.  

 

 

 

 

Examination of the crystal packing shows three principle interactions. π-π stacking between the 

phenyl rings of two adjacent molecules, C-H…π interactions between the hydrogen of the 

hydroxyl group of the methanol molecule and the Cp ring of the ferrocene and finally, a 

hydrogen bond between a hydrogen of the porphyrinic core and a carbonylic oxygen of the ester 

group (Figure 3.8). 
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Crystal structure of (17) · 6MeOH 

 

Single crystals of (17) suitable for X-Ray structure analysis were obtained by layering methanol 

onto a concentrated solution of (17) in dichloromethane. A perspective view of the molecular 

structure of (17) and the atom numbering scheme is illustrated in Figure 3.9. The molecule 

crystallizes with six molecules of methanol in the monoclinic C2/c space group (Table 3.2). The 

molecule lies on an inversion center and the asymmetric unit contains only one half of the 

centrosymmetric molecule. The hydroxyl hydrogen atoms of the methanol molecules were 

located in the electron difference map and their positions allowed to refine. Their isotropic 

thermal parameters have been fixed at 1.5 times that of their parent oxygen atoms. The O-H 

distances of all three methanol molecules have been constrained (DFIX) to 0.84 Å. The C-O 

distances of methanol molecules B and C have been constrained (DFIX) to 1.40 Å. All other 

hydrogen atoms in the structure were observed in the electron difference map before being 

geometrically placed and refined using a riding model. Disorder was observed in the ethoxy 

group of ester O47-O49. The moiety was modeled in two orientations with the occupancy of 

residue A being refined to 0.49 and the sum of the two residues constrained to refine to unity. 

The C-O, O-C and C-C distances along each ethoxy chain were constrained (DFIX) to have 

values of 1.4 Å, 1.45 Å and 1.50 Å respectively. The thermal displacement parameters of the 

disordered residues were refined isotropically. Rigid bond and similarity restraints (DELU, 

SIMU) have been applied to the anisotropic displacement parameters of all atoms in the 

structure. 

The porphyrin core is almost planar with a negligible deviation from planarity compared to the 

porphyrin C20N4 plane with 0.1 Å being the furthest location of an atom away from the mean 

porphyrin plane.  
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Figure 3.9. A view of molecule (17) · 6MeOH showing the atom labeling scheme. 

Displacement ellipsoids are drawn at the 50% probability level. The hydrogen bonds 

between the methanol molecules are highlighted in purple. 

 

 
 

 

Both phenyl rings are planar and tilted at an angle of 78.3(2)o  with respect to the mean plane of 

the porphyrin core. 

The cyclopentadienyl rings are tilted at an angle of 30.0(3)o with respect to the mean plane. The 

Cp rings of each ferrocenyl unit are eclipsed and almost planar forming an angle of 0.4(4)o with 

respect to each other. All the C-C and C-Fe bond lengths are almost identical within the 

molecules and the iron cation lies at distances of 1.642(5) Å and 1.659(5) Å from the Cp ring 

centroids, the longer distance being that to the unsubstituted Cp ring. The two ferrocenyl units 

adapt an anti-configuration across the porphyrin core.  
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Three methanol molecules lie on each side of the porphyrin plane. Methanol A is directly 

coordinated at the axial coordination site of the magnesium metal. The other two molecules are 

forming hydrogen bonds with the oxygen atom of one methanol molecule acting as the acceptor 

of the hydrogen of the hydroxyl group of the neighboring methanol. This leads to a small chain 

which terminates with the hydroxyl hydrogen of methanol C bonding with a carbonyl oxygen of 

an ester group of the same molecule (Figure 3.9).  

Examination of the crystal packing shows a variety of interactions. There is a π-π stacking 

between the unsubstituted Cp ring of the ferrocene and one of the pyrrolic rings of an adjacent 

porphyrin. C-H…π interaction  is  also observed  between hydrogens of the methyl groups of the 

 

 

 

 
Figure 3.10. Illustration of crystal packing of (17) · 6MeOH. Hydrogens are coloured green 

for clarity. 
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methanol molecules and the Cp ring of neighboring porphyrin. There is also a weak hydrogen 

bond between a hydrogen of a Cp ring and a carbonyl oxygen of an ester group. Figure 3.10 

illustrates the crystal packing of (17).  

 

 

Crystal structure of molecule (14) 

 

Single crystals of (14) suitable for X-Ray structure analysis were obtained by layering methanol 

onto a concentrated solution of (14) in dichloromethane. A perspective view of the molecular 

structure of (14) and the atom numbering scheme is illustrated in Figure 3.11. The molecule 

crystallizes in the triclinic space group P-1 (Table 3.3). Because the molecule lies on an 

inversion center, the asymmetric unit contains two “half” porphyrin molecules in a parallel 

arrangement and a third molecule at a 68o angle from the plane of the other two subunits. All 

non-metal atoms have been refined with isotropic thermal displacement parameters owing to 

weak data as a result of a weakly diffracting crystal. Rigid bond and similarity restraints (DELU, 

SIMU) have been applied to the thermal displacement parameters of all atoms in the structure. 

Hydrogen atoms have been geometrically placed and refined using a riding model. 

The porphyrin core is slightly deformed and shows a small deviation from planarity with 0.11 Å 

being the furthest location of an atom away from the porphyrin C20N4 plane. The carbons at the 

meso-positions (C5A, C10A, C15A, C20A) are located on the mean plane of the porphyrin and 

the core distortion shows characteristics of a propeller deformation. The phenyl rings are fairly 

planar. With the asymmetric unit containing three porphyrin molecules the phenyl rings are tilted 

at an angle that ranged between 59.71(13)o and 60.69(11)o towards the mean plane of the 

porphyrin core. 
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Figure 3.11. A view of the crystal structure of molecule (14) showing the atom labeling 

scheme. Displacement ellipsoids are drawn at the 50% probability level. 

 

Similarly, the cyclopentadienyl rings are tilted at an angle that ranges between 11.96(19)o and 

13.36(17)o in respect to the mean plane of the porphyrin. The Cp rings of each ferrocenyl unit are 

held in an almost eclipsed conformation and they lie almost parallel with respect to each other. 

The iron cation lies at 1.627(4) Å and 1.648(3) Å respectively from the Cp rings centroids with 

the longer distance relating to the Cp ring attached to the porphyrin. The two ferrocenyl units 

adapt an anti configuration with respect to each other.  

Examination of the crystal packing shows a variety of interactions. π-π stacking between the 

pyrrolic subunits of neighboring porphyrin molecules, π-π stacking between the Cp of the 

ferrocene groups and the porphyrin core and C-H…π interactions between hydrogens and π-

systems of phenyl rings as well as Cp rings are highlighted in Figure 3.12 as selected examples.  
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Figure 3.12. Crystal packing of (14). π-π stacking and C-H…π interactions are represented 

as black dashed lines. Hydrogens are coloured green for clarity. 

 

 

Crystal structure of (4) – 2H+ 

Single crystals of (4) suitable for X-Ray structure analysis were obtained by layering methanol 

onto a concentrated solution of (4) in dichloromethane. A perspective view of the molecular 

structure of (4) and the atom numbering scheme is illustrated in Figure 3.13. The molecule 

crystallizes in the monoclinic space group P21/n (Table 3.4). Because the molecule lies on an 

inversion center, the asymmetric unit contains only one half of the centrosymmetric molecule. 

Owing to weak data all non-metal atoms have been refined with isotropic displacement 

parameters. Rigid bond and similarity restraints (DELU, SIMU) have been applied to the thermal 
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displacement parameters of all atoms in the structure. Ferrocenyl cyclopentadienyl ring C75-79 

is disordered over three positions whose occupancies have been restrained to sum to a value of 

1.00 (SUMP) with occupancies of 0.31, 0.28 and 0.24. All cyclopentadienyl rings in the structure 

have been constrained to be regular pentagons (AFIX 56). Ethyl group C48-C49 is disordered 

over two positions whose occupancies have been restrained to a sum of 1.0 (occupancy of 0.58 

for the major component). Similarity restraints (SADI) have been applied to the bond lengths of 

these ethyl groups. PLATON SQUEEZE has been applied to the data to remove the scattering 

contribution from disordered solvent moieties and produce a set of solvent-free diffraction 

intensities for the final cycles of refinement. A total of 81 electrons were removed from the cell.  

 

 

 

Figure 3.13. A view of the crystal structure of molecule (4) – 2H+ showing the atom labeling 

scheme. Displacement ellipsoids are drawn at the 50% probability level. 
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The porphyrin core is slightly deformed and shows a small deviation from planarity with 0.1 Å 

being the mean deviation from the porphyrin C20N4 plane and 0.19 Å being the furthest location 

of an atom away from  the  porphyrin C20N4 plane. The carbons at the meso-positions are located  

on the mean plane of the porphyrin and the core distortion is characteristic of a saddled 

deformation. Both phenyl rings are planar and tilted at an angle of 65.7(2)o with respect to the 

mean plane of the porphyrin core. 

 

 

  

 
 

Figure 3.14. Crystal packing of (4) – 2H+. π-π stacking, C-H…π interactions and hydrogen 

bonding are represented as black dashed lines. Hydrogens are coloured green for clarity.  
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The cyclopentadienyl rings are tilted at an angle of 45.85(3)o with respect to the mean plane of 

the porphyrin. The Cp rings of each ferrocenyl unit are eclipsed and they form and angle of 

4.35(4)o with respect to each other. All the C-C and C-Fe bond lengths are almost identical. The 

iron atom lies at 1.6343(17) Å and 1.633(2) Å respectively from the Cp rings centroids. The two 

ferrocenyl units adapt an anti-configuration with respect to the porphyrin core.  

Examination of the crystal packing shows three principle interactions. π-π stacking between the 

pyrrolic rings of the porphyrin core, C-H…π interactions between the hydrogens of the methyl 

groups and the phenyl rings and weak hydrogen bonding between the carbonylic oxygen of the 

ester groups and hydrogens of the Cp rings and of adjacent methyl groups. Selected interactions 

are highlighted in Figure 3.14.  

 

Crystal structure of (15) 

 

Single crystals of (15) suitable for X-Ray structure analysis were obtained by layering methanol 

onto a concentrated solution of (15) in dichloromethane. A perspective view of the molecular 

structure of (15) and the atom numbering scheme is illustrated in Figure 3.15. The molecule 

crystallizes in the monoclinic space group C2/c (Table 3.5). Because the molecule lies on an 

inversion center, the asymmetric unit contains only one half of the centrosymmetric molecule. 

Porphyrin hydrogen atoms H21 and H22 were observed in the difference map before being 

geometrically placed and refined using a riding model at half-occupancy. Rigid bond and 

similarity restraints (DELU, SIMU) have been applied to the anisotropic displacement 
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parameters of cyclopentadienyl ring C75-C79. The displacement parameters of these atoms have 

also been restrained to behave more isotropically (ISOR).  

The porphyrin core is almost planar with 0.1 Å being the furthest location of an atom away from 

the porphyrin C20N4 plane. The carbons at the meso-positions are located on the mean plane of 

the porphyrin. Both phenyl rings are planar and tilted at an angle of 59.95(7)o with repsect to the 

mean plane of the porphyrin core. 

 

 

 

Figure 3.15. A view of the crystal structure of molecule (15) showing the atom labeling 

scheme. Displacement ellipsoids are drawn at the 50% probability level. 

 



93 
 

The cyclopentadienyl rings are tilted at an angle of 12.05(10)o with respect to the mean plane. 

The Cp rings of each ferrocenyl unit are eclipsed and they form and angle of 2.35(17)o with 

respect to each other. The iron cation lies at 1.6408(16) Å and 1.643(2) Å respectively from the 

Cp rings’ centroids with the longer distance to the unsubstituted Cp ring. The two ferrocenyl 

units adapt an anti-configuration with respect to the porphyrin.  

 

 

 

 
 

Figure 3.16. Crystal packing of (15). π-π stacking, C-H…π interactions and hydrogen 

bonding are represented as black dashed lines. Hydrogens are coloured green for clarity.  
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Examination of the crystal packing shows four principal interactions. π-π stacking between the 

pyrrolic rings of the porphyrin core, π-π stacking between the pyrrolic rings and the Cp rings, C-

H…π interactions between methyl group hydrogens and phenyl rings and weak hydrogen 

bonding between methyl group hydrogens and the carbonyl oxygen of the ester groups, (Figure 

3.16).  

 

The crystal data obtained from the five porphyrins allow as to draw a few conclusions as to the 

effect of the changes we did at the basic porphyrin molecule (4) to the crystal structure of the 

obtained analogs. The insertion of metal did not cause any measurable change on the planarity of 

the porphyrin core. The magnesium ion appears to have an affinity with methanol molecules and 

upon crystallization it causes a weak coordination of a methanol molecule on each side of the 

porphyrin. Finally the insertion of the triple bond spacer between the ferrocene units showed a 

marked decrease of more than 40o of the angle formed between the cyclopentadienyl unit and the 

porphyrin core. This comes into agreement with our hypothesis that the triple bond will decrease 

the steric interactions between the hydrogens of the pyrrolic units and the groups of the meso-

positions allowing for a co-planar configuration and thus an easier deposition on a surface. 
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Table 3.1. Crystal data and structure refinement parameters for compound (7) 

 

Compound (7) · 2MeOH 

Empirical formula  C66H60Fe2MgN4O10 

Formula weight  1205.19 

Temperature  90(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 9.8012(5) Å      α= 68.0390(10)°. 

 b = 11.5764(6) Å    β= 78.2490(10)°. 

 c = 13.5134(8) Å     γ = 88.0290(10)°. 

Volume 1390.73(13) Å3 

Z 1 

Density (calculated) 1.439 mg/m3 

Absorption coefficient 0.600 mm-1 

F(000) 628 

Crystal size 0.06 × 0.06 × 0.02 mm3 

Theta range for data collection 2.00 to 27.52°. 

Index ranges -12<=h<=12, -15<=k<=14, -17<=l<=17 

Reflections collected 12177 

Independent reflections 6289 [R(int) = 0.0160] 

Completeness to theta = 27.50° 98.3 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6289 / 2 / 382 

Goodness-of-fit on F2 1.059 

Final R indices [I>2sigma(I)] R1 = 0.0355, wR2 = 0.0923 

R indices (all data) R1 = 0.0411, wR2 = 0.0962 

Largest diff. peak and hole 0.620 and -0.345 e·Å-3 
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Table 3.2. Crystal data and structure refinement parameters for compound (17) 

Compound (17) · 6MeOH 

Empirical formula  C74H76Fe2MgN4O14 

Formula weight  1381.40 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 30.86(3) Å     α= 90°. 

 b = 9.258(8) Å          β= 121.769(13)°. 

 c = 27.94(2) Å      γ = 90°. 

Volume 6787(10) Å3 

Z 4 

Density (calculated) 1.352 mg/m3 

Absorption coefficient 0.506 mm-1 

F(000) 2896 

Crystal size 0.20 x 0.06 x 0.02 mm3 

Theta range for data collection 2.33 to 27.52°. 

Index ranges -39<=h<=34, 0<=k<=11, 0<=l<=36 

Reflections collected 7220 

Independent reflections 7220 [R(int) = 0.0000] 

Completeness to theta = 27.50° 92.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7220 / 471 / 443 

Goodness-of-fit on F2 1.123 

Final R indices [I>2sigma(I)] R1 = 0.1478, wR2 = 0.2861 

R indices (all data) R1 = 0.2380, wR2 = 0.3415 

Largest diff. peak and hole 0.732 and -1.039 e·Å-3 
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Table 3.3. Crystal data and structure refinement parameters for compound (14) 

Compound (14) 

Empirical formula  C272H208Fe8N16O32Zn4 

Formula weight  4920.82 

Temperature  90(2) K 

Wavelength  1.54184 Å 

Crystal system  
Triclinic 

Space group  
P-1 

Unit cell dimensions a = 13.7490(16) Å    α= 89.634(7)°. 

 b = 17.573(2) Å       β= 73.709(8)°. 

 c = 24.3864(18) Å     γ = 78.940(9)°. 

Volume 5543.4(10) Å3 

Z 1 

Density (calculated) 1.474 mg/m3 

Absorption coefficient 5.164 mm-1 

F(000) 2536 

Crystal size 0.1690 x 0.0379 x 0.0135 mm3 

Theta range for data collection 3.40 to 71.40° 

Index ranges -16<=h<=15, -21<=k<=20, -29<=l<=26 

Reflections collected 32417 

Independent reflections 19191 [R(int) = 0.1857] 

Completeness to theta = 27.50° 92.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 19191 / 174 / 706 

Goodness-of-fit on F2 1.060 

Final R indices [I>2sigma(I)] R1 = 0.1657, wR2 = 0.4092 

R indices (all data) R1 = 0.3065, wR2 = 0.5082 

Largest diff. peak and hole 0.910 and -1.595 e·Å-3 
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Table 3.4. Crystal data and structure refinement parameters for compound (4) 

Compound (4) - 2H+ 

Empirical formula  C64H56Fe2N4O8 

Formula weight  1120.83 

Temperature  90(2) K 

Wavelength  1.54184 Å 

Crystal system  
Monoclinic 

Space group  
P21/n 

Unit cell dimensions a = 19.1449(6) Å       α = 90°. 

 b = 6.5123(2) Å         β = 98.474(3)°. 

 c = 22.9412(9) Å      γ = 90°. 

Volume 2829.04(18) Å3 

Z 2 

Density (calculated) 1.316 mg/m3 

Absorption coefficient 4.589 mm-1 

F(000) 1168 

Crystal size 0.6705 x 0.0620 x 0.0361 mm3 

Theta range for data collection 3.90 to 74.63° 

Index ranges -23<=h<=23, -7<=k<=5, -28<=l<=28 

Reflections collected 11758 

Independent reflections 5504 [R(int) = 0.4704] 

Completeness to theta = 27.50° 97.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5504 / 96 / 178 

Goodness-of-fit on F2 1.085 

Final R indices [I>2sigma(I)] R1 = 0.1710, wR2 = 0.3962 

R indices (all data) R1 = 0.1952, wR2 = 0.4278 

Largest diff. peak and hole 1.427 and -1.086 e·Å-3 
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Table 3.5. Crystal data and structure refinement parameters for compound (15) 

Compound (15) 

Empirical formula  C68H54Fe2N4O8 

Formula weight  1166.85 

Temperature  90(2) K 

Wavelength  1.54184 Å 

Crystal system  
Monoclinic 

Space group  
C2/c 

Unit cell dimensions a = 34.536(3) Å     α = 90°. 

 b = 6.9048(5) Å          β = 92.714(10)°. 

 c = 23.351(3) Å      γ = 90°. 

Volume 5562.1(10) Å3 

Z 4 

Density (calculated) 1.393 mg/m3 

Absorption coefficient 4.694 mm-1 

F(000) 2424 

Crystal size 0.08 x 0.02 x 0.005 mm3 

Theta range for data collection 3.79 to 71.31°. 

Index ranges -41<=h<=34, -5<=k<=8, -25<=l<=28 

Reflections collected 10343 

Independent reflections 5207 [R(int) = 0.0225] 

Completeness to theta = 27.50° 98.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5207 / 70 / 372 

Goodness-of-fit on F2 1.070 

Final R indices [I>2sigma(I)] R1 = 0.0524, wR2 = 0.1375 

R indices (all data) R1 = 0.0603, wR2 = 0.1440 

Largest diff. peak and hole 0.968 and -0.733 e·Å-3 
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3.4     Spectroelectrochemistry results 

 

3.4.1  Cyclic voltammetry 

 

Several thousand metalloporphyrins have been studied over the last thirty years. These 

porphyrins have had a variety of different metal centers, axial ligands and peripheral substitution. 

Almost all of these have been found to be electroactive showing the existence of one or more 

oxidation states. The actual number of redox processes and the potential at which they occur is 

depends on numerous variables such as the central metal ion, other ligands complexed to the 

central metal ion, number and electronic properties of the porphyrin substituents and 

experimental conditions such as solvent and electrolyte used72.  

Cyclic voltammetry (CV) measurements were carried out on (4), (6), (7), (14), (15), (17) and 

(28). Different scan rates were applied (20, 50 100, 200 and 300 mV/sec) in order to collect 

information regarding the nature of the electrochemical processes studied. The solvent used in all 

experiments was dichloromethane containing 0.4M of [NBu4][BF4] salt as the supporting 

electrolyte. In some cases, a trace amount of pyridine was added as some of the porphyrins 

studied showed a high degree of aggregation. With the addition of pyridine the porphyrins were 

fully dissolved. No changes were observed in the voltammograms except a marked increase in 

the current intensity. A three electrode system was used with glassy carbon being the working 
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electrode, a Pt wire being the secondary electrode and a saturated calomel electrode acting as a 

reference electrode.  

Cited potentials are corrected to be referenced against Fc/Fc+ 73 unless otherwise stated. 

Experimentally, in order to avoid the ferrocene wave overlapping with the oxidation waves due 

to the ferrocene groups present in the molecules studied, decamethylferrocene (Fc*) was used as 

an internal standard. Under the conditions of our experiments Fc*/Fc*+ couple was found to be at 

-0.52 mV versus Fc/Fc+. Theoretically, for an electrochemical process to be reversible, the peak 

potential difference Epa – Epc = ΔEp must be 59/n mV at 25o C (where n = the number of 

electrons involved in the process) and is independent of the scan rate74. In our experimental 

conditions, decamethylferrocene, which is a known one-electron reversible couple, exhibited a 

mean ΔEp value of 75 mV. Taken this into account, every couple having a ΔEp value less than 90 

mV was considered to imply an electrochemically reversible behavior while larger ΔEp values 

were considered to imply electrochemically quasi-reversible behavior. 

All electrochemical couples were subjected to several tests in order to verify their 

electrochemical reversibility. In some cases we were not able to calculate the Ipa/Ipc or plot the 

Ipa, Ipc versus the square root of the scan rate in order to check for the reversibility by comparing 

the 2 slopes. This happened because the reverse current could not be accurately measured due to 

the fact that the second oxidation or reduction was taking effect right after the first. To avoid 

generating irreversible products from the following processes, we had to set the return point a 

little bit before the first process was completed (~ 50 mV). As an alternative test we adopted the 

Nicholson equation75 : 

Ipc/Ipa = (Ipc)o/Ιpa + (Iλ)ο*0.485/Ipa + 0.086 
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with (Iλ)ο being the current at the point of the end potential of the voltammogram and (Ipc)o being 

the maximum value of I in the return wave.   

The first oxidation of all 7 porphyrins was attributed to the ferrocene groups. The high area 

included by these waves indicates that this process involves more than one electron. The Epa-Epc 

values are between 80 mV and 150 mV. These high values indicate that these processes 

correspond to one electron oxidative processes and that the large area of the waves is due to the 

presence of two ferrocene groups per molecule. All of the waves appear at potentials between 

0.01 V and 0.1 V. These values are a few mV smaller than the ones observed in other 

compounds containing ferrocene76-81 and this difference can be attributed to the influence of the 

rich electron density of the porphyrin ring making the oxidation easier to occur. 

A comparison of the E1/2 values can give insight into the influence of the metal center and the 

position of the triple bonds to the electronic properties of the porphyrins and the communication 

between the ferrocenes. A direct communication between the ferrocenes can be seen from the 

voltammogram only in the cases of the porphyrins that bear no triple bond spacers, (4), (6) and 

(7). What can be seen in Figure 3.17b which shows the first oxidation of (7), is the initiation of 

an oxidation process and in the middle of that, there is the initiation of a second oxidation 

process. This shows that the positive charge generated from the oxidation of the first ferrocene is 

affecting the electronic density of the second ferrocene making its oxidation occur at a slightly 

higher potential. In Figure 3.17c we can see the graph obtained from a square wave voltammetry 

experiment showing two well resolved waves very close to each other in the region of the 

ferrocene oxidation.  
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Figure 3.17. a) Cyclic voltammogram of (4) over a wide potential range. b) Cyclic 

voltammogram of (7) showing the electronic communication of the ferrocene groups. c) 

Square wave voltammogram of (7) showing two peaks very close to each other at the area 

of the first oxidation potential. The potentials of the displayed redox processes are versus 

SCE.  



104 
 

Previous studies have shown that the Gordy electronegativity of Zn2+
 is 1.1 while the Gordy 

electronegativity of the two hydrogens inside the porphyrin core is 1.5-1.6 units68. Therefore the 

zinc is anticipated to  make  the  ring  electron  density  richer.  On  the  other  hand  Mg  is  more 

electropositive than Zn and its effect on the ring electron density is anticipated to be even more 

pronounced. The first oxidation potential of the free-base porphyrin (4) has an E1/2 value of 

0.09V. The Zn-analog has an E1/2 value of 0.02 while the Mg-analog has an E1/2 value of 0.01V. 

These values are consistent with the predictions made above. The same trend is not observed for 

the first oxidations of (14), (15) and (17) where the E1/2 are almost identical with a value of 0.10 

V. Although there is a triple bond spacer between the ferrocene and the porphyrin ring and a 

better communication was anticipated because of the extended π-aromatic system formed, 

changes in the ring’s electron density do not seem to be sensed from the ferrocenes as seen from 

the lack of variation of the redox potentials. That is also seen in the electronic communication 

between the ferrocenes which appears quenched. There is only one wave both in the cyclic and 

the square wave voltammetry.  

The first oxidation waves of all the porphyrins studied showed reversible characteristics. Ipa/Ipc 

values were very close to 1 either from direct measurement or through the use of Nicholson’s 

equation. The only characteristic that did not seem compatible with reversible processes was the 

Epa-Epc value. In many cases it was exceeding the set limit of 90 mV and in some cases and scan 

rates it would go up to 150 mV. Although this behavior might as well signify a quasireversible 

process, as will be seen later, the first oxidation was fully reversible over longer time-scales as 

judged from the UV/Vis spectroelectrochemistry. An explanation for the large Epa-Epc values 

could result from presence of ferrocene communication. As discussed earlier, ferrocene 

communication was confirmed experimentally for the porphyrins (4), (6) and (7). However there 
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might still be a small communication for the other porphyrins that is not well resolved in the 

voltammograms. A small widening of the peaks due to an overlap with a second process can lead 

to a small widening of the Epa-Epc value. It is possible that by applying different experimental 

conditions, communication, which is not well-resolved under these conditions, could be made 

visible68. 

The second oxidation is hypothesized to be porphyrin ring centered. The fact that porphyrins 

show one, two and sometimes three ring-centerd oxidations72 coupled with the lack of any other 

oxidation center capable of being oxidized at the potential range of the observed waves led us to 

this hypothesis. The process is irreversible with the only exception being (6) where the process is 

quasireversible showing a dependence of the reversibility on scan rate. Again, a predictable trend 

in the decrease of the E1/2 value with the central metal ion is apparent. The E1/2 values range 

between 0.53 and 0.83 V. 

The first reduction is attributed to a porphyrin ring centered process. The E1/2 values range 

between -1.53 and -1.81 V. This process is fully reversible for all the porphyrins and the 

reversibility is confirmed through every applied test. The Epa-Epc value is constant for all the 

porphyrins and its value is ~75 mV. Here we can see that the insertion of Zn2+ and Mg2+ is 

decreasing even more the reduction potential as the increased electron density in the ring is 

making the insertion of an extra electron more difficult. The second reduction is an irreversible 

process and is attributed to a ring centered reduction. The potential range value is between -1.91 

V and -2.24 V. Table 3.6 shows the E1/2 values of all the observed waves. For irreversible 

processes the Epa or Epc value is shown instead. Figure 3.17a shows the cyclic voltamogram of 

(4) from -1.7 V to +1.7 V. The full spectrum voltamograms of the rest of the porphyrins are 

qualitatively similar.  
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Table 3.6. Oxidation and reduction potentials (V) obtained from cyclic voltammetry for all 

the porphyrins studied. The E1/2 values are used for the reversible processes (blue) and the 

Epa,Epc values are used for the non-reversible ones (red). 

 

Compound   1st Ox 2nd Ox 1st Red 2nd Red 

      

(4)  0.09 0.83 -1.57 -1.91 

(6)  0.02 0.53 -1.81 -2.24 

(7)  0.01 0.53 -1.81 -2.21 

      

(14)  0.09 0.79 -1.33 -1.94 

(15)  0.10 0.59 -1.55 -1.95 

(17)  0.10 0.56 -1.58 -2.05 

      

(28)  0.05 0.71 -1.53 -2.04 
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3.4.2  Spectroelectrochemistry 

 

To assess the chemical reversibility of the redox processes observed during the cyclic 

voltammetry experiments, UV/Vis spectroelectrochemistry was performed on compounds (4), 

(6), (7), (14), (15), (17) and (28).  The compounds were oxidized in situ at pre-determined 

appropriate potentials in an optically transparent electrode UV/Vis cell (OTE) in a solution of 0.4 

M [NBu4][BF4] in dichloromethane. These potentials were selected from careful inspection of 

the voltamogramms. We used the E values where the diffusion gradient was maximum and the 

current had been stabilized. In cases where a second redox process was taking place before the 

first reaching the equilibrium point, the selected potential was chosen before the initiation of the 

second process. Temperature was kept constant at 0o C through a steady flow of air passed 

through a coiled tube immersed in liquid nitrogen.  

All porphyrins had a very high extinction coefficient in the order of 200,000-300,000 M-1cm-1 at 

the 400-500 nm region. The UV/Vis spectrum of a porphyrin is characterized by a very sharp 

high-intensity band in the 400-500 nm region called the Soret peak82 and a number of smaller 

intensity bands in the 600-800 nm region called Q-bands. In 1960 Gouterman proposed the ‘four 

orbital’ model83 in order to explain the absorption spectra of porphyrins. According to his theory, 

the absorption bands arise from transitions between two HOMOs and two LUMOs and the 

relative energies of these orbitals is affected by the central metal ion and the substituents at the 

periphery of the porphyrin.  Figure 3.18  shows a simplified version of the four orbital model for  
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Figure 3.18. Gouterman’s four orbital model for metallated porphyrins having a D4h 

symmetry (top) and for metal-free porphyrins having a D2h symmetry (bottom). 

 

metallated and non-metallated porphyrins and gives the energy levels and the transitions 

responsible for the Sorret and Q bands. 

In Figure 3.19 (a) and (b) the spectrum of (4) and (6) are shown as representatives of the spectra 

of a free base and a metallated porphyrin. The first oxidation and the first reduction proved to be 

completely reversible at the longer timescales of the spectroelectrochemistry experiments. When 

going to more positive/negative potentials the original spectrum could  not  be  regenerated  upon 

zeroing the applied voltage. Figures 3.19 (c) and (e) shows typical spectra obtained after 

oxidizing or reducing, respectively, one of the porphyrins (6) selected from this project. Figures 

3.19 (d) and (f) show the full oxidation and reduction processes as they proceeded through the 

timescale of the experiments. 

 



109 
 

 

Figure 3.19. UV/Vis Spectrum of a) neutral species of (4) at -0.52 Vb) neutral species of (6) 

at -0.52 V c) oxidized species of (6) at 0.33 V. e) reduced species of (6) at -1.97 V. Time 

evolution of the UV/Vis spectrum of (6) during d) the first oxidation process at 0.33 V f) the 

first  reduction process at -1.97 V.  
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3.5     Surface deposition 

 

STM images were acquired with an Agilent Technologies 4500 PicoPlus STM using a PicoScan 

controller and STM tips formed from mechanically cut PtIr (80:20) wire. Saturated solutions of 

(5) and (16) were prepared by placing an excess of solid in the desired solvent. All solutions 

were agitated ultrasonically to ensure complete dissolution. Two attempts have been made to  

deposit the two molecules. In the first attempt, the molecules were dissolved in nonanoic acid 

and one drop was placed on HOPG. The second attempt involved the dissolution in ethanol 

which was placed on Au(111) and allowed to evaporate.  

The images obtained from the STM did not reveal the formation of an ordered structure in any of 

the cases. It is not to be concluded though that these molecules cannot form a stable network. As 

shown from the NMR experiments, the solubility of these compounds was extremely low and 

only hot DMSO could dissolve enough material (and only in the case of (16)) in order to obtain a 

satisfactory NMR spectra. Although the solubility is very low, it was anticipated that a negligible 

quality needed for surface deposition would be soluble. It might be the case that no appreciable 

amount of material managed to enter the solution as it remained colourless after the attempted 

dissolution of the two porphyrins.  
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3.6     Conclusion 

 

The aims of this part of the project involved the synthesis, characterization, 

spectroelectrochemical studies and surface deposition studies of a series of porphyrin molecules. 

The porphyrins were designed to have two ferrocene units at the 5,15-positions that would act as 

‘bits’ in a molecular memory technology system and two isophthalic acid units at the 10,20-

positions that would facilitate network formation on a surface. Various analogs of this general 

structure were targeted involving the insertion of triple bonds acting as spacers between the 

porphyrin core and the aforementioned groups as well as the formation of the metallated versions 

of these porphyrins using Zn2+ and Mg2+.  

We were not able to synthesize all of the target molecules. Porphyrins with no triple bonds and 

porphyrins with triple bonds between the ferrocenes and the porphyrin ring as well as the 

metallated forms of their ester derivatives ((4), (5), (6), (7), (14), (15), (16), and (17)) were 

successfully prepared and characterized. Only the zinc-derivative (28) of the ester protected 

porphyrin bearing triple bonds between the isophthalic groups and the central ring was 

successfully synthesized. In addition, we were not able to synthesize any of the molecules 

belonging to the group of porphyrins bearing triple bonds in all four meso- positions. 

Surface deposition of porphyrins (5) and (16) was unsuccessful. It is hypothesized that the reason 

for this failure was the practically negligible solubility of the molecules in the solvents used. 

Future work employing much more polar solvents such as DMF might provide better results. 
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Electrochemical and spectroelectrochemical studies have revealed the existence of one reversible 

oxidation based at the ferrocene unit and one reversible reduction based on the porphyrin ring. 

The two ferrocenes were found to communicate in the case of (4), (6) and (7) but this 

communication seemed to be quenched when triple bonds are introduced. This is not conclusive 

though because the Epa-Epc values of some porphyrins suggest that communication might still 

happen to a lesser degree although not resolved under the experimental conditions used.  
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3.7     Experimental 

 

All reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Fischer Scientific 

UK, and used without further purification unless otherwise stated. Elemental microanalyses were 

carried out by Steven Boyer at the Microanalysis Service, London Metropolitan University, UK. 

1H and 13C NMR spectra were measured using either a Joel 270 MHz, Bruker 300 MHz, Bruker 

400 MHz, DPX 300 MHz, DPX 400 MHz or Bruker 500 MHz spectrometer. MALDI-TOF mass 

spectra were obtained using Bruker Ultraflex MALDI-TOF mass spectrometer. MALDI-TOF-

MS samples were prepared by dissolution of the compounds in CH2Cl2 (10 µL) and then mixing 

this solution with a solution of the matrix DCTB (Trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-

propenylidone]-malonitrile) in MeCN (20 µL). A sample of the resulting solution (5 µL) was 

loaded onto a plate, the solvent was removed in air, and the sample transferred to the mass 

spectrometer for analysis. Electrospray ionization mass spectra were collected using a MALDI-

TOF mass spectrometer. UV-Vis spectra were obtained using Unicam UV/Vis 2 spectrometer. 

Cyclic Voltametric studies were carried out using an Autolab PGSTAT20 potentiostat, using a 

three-electrode arrangement in a single compartment cell. A glassy carbon working electrode, a 

Pt secondary electrode and a saturated calomel reference electrode (chemically isolated for the 

test solution via a bridge tube containing electrolyte solution and fitted with a porous Vycor frit) 

were used in the cell. Experiments were performed under an atmosphere of argon. Sample 

solutions were prepared under an argon atmosphere using Schlenck line techniques. The 

supporting electrolyte employed was a 0.4M [NBu4][BF4] solution. Redox potentials were 
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referenced vs. the Fc/Fc+ couple. Decamethylferrocene was used as the internal standard. 

Compensation for internal resistance was not applied. 

UV/Vis spectroelectrochemical experiments were carried out with an optically transparent 

electrochemical (OTE) cell (modified quartz cuvette, optical path length 0.5mm). A three 

electrode configuration, consisting of a Pt/Rh gauze working electrode, a Pt wire secondary 

electrode (in a fritted PTFE sleeve) and a saturated calomel electrode (chemically isolated from 

the test solution via a bridge tube containing electrolyte solution and terminated in a porous frit) 

were used in the cell. The potential at the working electrode was controlled by a Sycopel 

Scientific Ltd. DD10M potentiostat. UV/Vis data were recorded on a Perkin Elmer Lamda 16 

spectrophotometer. The cavity was purged with N2 gas and temperature control at the sample 

was achieved by flowing cooled N2 gas across the surface of the cell.  

Sample solutions were prepared under an atmosphere of argon using Schlenk line techniques and 

consisted of a 0.4M [NBu4][BF4] solution as the supporting electrolyte and a 10-4M solution of 

the test compound. The test species in solution was oxidized at constant potential and the redox 

process was considered complete when consecutive spectra were identical. The reversibility of 

the process was investigated by applying a potential at the working electrode to re-reduce the 

electrogenerated product. This process was considered to be reversible, under the conditions of 

the experiment, if the spectral profile of the starting material was reproduced. 

STM measurements were performed by Anna Slater from the School of Chemistry at the 

University of Nottingham. 
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Crystallography 

All single-crystal X-ray experiments were performed on a Bruker SMART 1000 CCD or a 

Bruker SMART APEX CCD equipped with an Oxford Cryosystems open flow cryostat, 

[graphite monochromatic Mo-Ka radiation (λ=0.71073 Å), ω scans]. Absorption corrections, if 

necessary, were applied by a semiempirical approach. All of the single crystal structures were 

solved by direct methods using SHELXS-9784; all non-H atoms were located using subsequent 

difference-Fourier methods85. Unless otherwise stated, hydrogen atoms were placed in calculated 

positions and thereafter allow to ride on their parent atoms. 

Additional restraints were placed on thermal and geometric parameters as required and 

appropriate. All graphical representations were generated using Mercury 1.4.1 (Copyright CCDC 

2001-2005). 

 

Compound Synthesis 

 

Synthesis of 5-iodoisophthalic acid (19) 

An aqueous solution of 3,5-dimethyliodobenzene (1,010 mg, 4.358 mmol), potassium 

permanganate (5 g, 32 mmol) and pyridine (7.5 ml) was brought to reflux at 115 oC for 15 h. 

Addition of another portion of potassium permanganate (2.5 g, 16 mmol) was followed by 

another 5 h reflux. The reaction mixture was brought to room temperature and filtered to remove 

the precipitated MnO2. The volume of solvent in the filtrate was reduced in volume under 

reduced pressure to approximately 10 ml. The solution was then acidified with concentrated HCl  
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to pH 1. The white solid formed was filtered and recrystallized from boiling water to give 900 

mg (71%) of a white powder. 1H NMR (400MHz, d6-DMSO) : δ ppm = 13.54 (s br, 2H, COOH), 

8.40 (s, 3H). 13C NMR (101 MHz, CDCl3): δ ppm 92.72, 129.59, 132.93, 142.06, 165.80. ESI-

MS (m/z) : 290.9160 [M-H]-. Elemental Analysis (%) Calculated for C8H5IO4: C, 32.9; H, 1.73; 

Found: C, 33.04; H, 1.70. 

 

Synthesis of diethyl-5-iodoisophthaloate (20) 

5-Iodosophthalic acid (1000 mg, 3.42 mmol) was dissolved in absolute ethanol (10 ml). Thionyl 

chloride (800 µl, 7.18 mmol) was added at 0 oC and the reaction mixture was brought to reflux 

under inert atmosphere for a period of 5 h. Ethanol was evaporated in reduced pressure and the 

residue was dissolved in ethyl acetate. The mixture was washed with a saturated solution of 

sodium bicarbonate. The organic phase was dried with magnesium sulfate and evaporated under 

reduced pressure. Chromatography on silica [CH2Cl2/Hexane (70:30)] afforded diethyl 5-

iodoisophthalate as a white solid (81%). 1H NMR (400 MHz, CDCl3) : δ ppm = 8.62 (at, J = 1.4 

Hz, 1H), 8.53 (d, J = 1.4 Hz, 2H), 4.40 (q, J = 7.1 Hz, 4H), 1.41 (t, J = 7.1 Hz, 6H). 13C NMR 

(101 MHz, CDCl3): δ ppm 14.30, 61.76, 93.39, 129.83, 132.55, 142.33, 164.41. ESI-MS (m/z) : 

348.9914 (M+H)+. Elemental Analysis (%) Calculated for C12H13IO4: C, 41.4; H, 3.76; Found C, 

41.52; H, 3.78. 
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Synthesis of ethynyl-ferrocene (9) 

The compound was synthesized as described previously86 using slight modifications. A solution 

of acetylferrocene (14 g, 61 mmol) in THF (50 ml) was purged with nitrogen for 20 min. The 

solution was brought to -78oC and a solution of 2.5M LDA in THF (26.8 ml) was added. Stirring 

was continued for 45 min after which, 1.05 equiv (9.3 ml, 64 mmol) of diethylchlorophosphate 

was added. The reaction mixture was stirred for an additional 1 hour at -78oC and then allowed 

to warm to room temperature. An additional 56.1 ml of 2.5M LDA solution in THF were added 

at -78oC. The solution was allowed to warm to room temperature and poured over 500 ml of an 

ice-water mixture containing 50 ml of concentrated HCl solution. The organic layer was 

extracted with CH2Cl2 and dried over Mg2SO4. Solvent was removed under reduced pressure and 

the residue was purified by flash chromatography using a 3:1 hexane-ether mixture as the mobile 

phase. The orange oil obtained was crystallized in the freezer from pentane (11.8 g, 91%). %). 

1H NMR (400 MHz, CDCl3) : δ ppm =  4.49 (t, J = 1.9 Hz, 2H), 4.25 (s, 5H), 4.23 (t, J = 1.8 Hz, 

2H), 2.75 (s, 1H). 13C NMR (101 MHz, CDCl3): δ ppm 63.87, 68.74, , 70.07, 71.78, 73.52, 

82.62. ESI-MS (m/z) : 210.0130 (M)+. Elemental Analysis (%) Calculated for C12H10Fe: C, 

68.62; H, 4.80; Found C, 68.77; H, 4.80. 

 

Synthesis of diethyl-5-(formyl)-isophthalate (2)  

Diethyl-5-(hydroxymethyl)-isophthalate (1.5 g, 6 mmol) was dissolved in 30 ml of dichloro-

methane and pyridinium chlorochromate (1.94 g, 9.02 mmol) was slowly added to the solution 

over the course of 10 min. The reaction mixture was left stirring at room temperature for a period 
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of two hours. After confirmation of completion of the reaction by TLC, the black reaction 

mixture was diluted with diethyl ether (120 ml). The solvent was decanted and the black 

remaining tar was washed several times with diethyl ether and scraped continually with a spatula 

until it became granular. The original filtrate and the ether washings were combined and the 

solvent was evaporated under reduced pressure. The residue was purified on silica gel with 

dichloromethane/hexane 2:1 as the elution solvent to give 1.37g (92%) of diethyl-5-(formyl)-

isophthalate. 1H NMR (400 MHz, CDCl3) : δ ppm =  10.17 (s, 1H), 8.95 (at, J=1.6 Hz, 1H), 8.74 

(d, J=1.8 Hz, 1H), 4.48 (q, J=7.2 Hz, 4H) ), 1.47 (t, J = 7.2 Hz, 6H). 13C NMR (101 MHz, 

CDCl3): δ ppm 14.38, 61.98, 132.24, 134.28, 135.80, 136.86, 164.84, 190.63. ESI-MS (m/z) : 

273.0722 (M+Na)+. Elemental Analysis (%) Calculated for C21H18FeN2: C, 62.39; H, 5.64; 

Found C, 62.50; H, 5.58. 

 

Synthesis of 5-(diethyl-isopthalato)-dipyrromethane (3) 

Diethyl-5-(formyl)-isopthalate (1.371 g, 3.74 mmol) was dissolved in of pyrrole (37.5 ml, 2.43 

mol). The solution was flushed with nitrogen for 15 min. Indium trichloride (115.3 mg, 0.52 

mmol) was added and the reaction was allowed to proceed for three hours. Sodium hydroxide 

(625.3 mg, 15.5 mmol) was added to quench the reaction and the reaction mixture was stirred for 

45 min. The mixture was filtered and the filtrate was concentrated at reduced pressure. The 

residue was subjected to chromatography on silica with a dichloromethane/ethylacetate 98.5:1.5 

solvent mixture as the mobile phase. 1.766 g of a pale yellow solid was recovered in 87.9% 

yield. 1H NMR (400 MHz, CDCl3) : δ ppm =  8.59 (at, J=1.6Hz, 1H), 8.12 (d, J=1.6 Hz, 2H), 

8.02 (br, 2H), 6.75 (m, 2H) ), 6.18 (m, 2H), 5.90 (m, 2H), 5.60 (s, 1H), 4.40 (q, J=7.1Hz, 4H), 
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1.41 (t, J=7.2Hz, 6H). 13C NMR (101 MHz, CDCl3): δ ppm 14.31, 43.87, 61.41, 107.70, 108.69, 

117.82, 129.30, 131.32, 131.33, 133.54, 143.28, 165.73. ESI-MS (m/z): 367.1633 (M+H)+. 

Elemental Analysis (%) Calculated for C21H22N2O4: C, 68.84; H, 6.05; N, 7.65; Found C, 68.79; 

H, 6.15; N, 7.57. 

 

Synthesis of meso-5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl)-porphy-

rin (4) 

5-(Diethyl-isopthalato)-dipyrromethane (2.788 g, 7.611 mmol), and ferrocenylcarboxaldehyde 

(1629 mg, 7.61 mmol) were dissolved in dichloromethane (760 ml). The solution was de-aerated 

by purging with nitrogen for 15 min. Trifluoroacetic acid (175 µL, 2.28 mmol) was added and 

the reaction mixture was left stirring at room temperature overnight under a nitrogen atmosphere. 

DDQ (2.591 g, 11.4 mmol) was added and stirring was continued for a further 30 min. The 

solution was filtered and evaporated under reduced pressure. The residue was dissolved in 

dichloromethane and passed through a short pad of silica to remove most of the formed black tar. 

The material collected was subjected to chromatography on deactivated neutral alumina 

(Brockmann III) using dichloromethane/hexane (1:1) as a solvent system. The dark green band 

was collected and the solvent was removed under vacuum. Recrystallization from 

dichloromethane/methanol afforded 1.786 g (41%) of a purple solid. 1H NMR (400 MHz, 

CDCl3) : δ ppm =  9.89 (d, J=4.7Hz, 4H), 9.17 (at, J=1.7 Hz, 2H), 9.05 (d, J=1.7Hz, 4H), 8.57 (d, 

J= 4.9 Hz, 4H), 5.54 (t, J=1.8Hz, 4H), 4.86 (t, J=1.8Hz, 4H), 4.54 (q, J=7.2Hz, 8H), 4.16 (s, 

10H), 1.47 (t, J= 7.1Hz, 12H). 13C NMR (101 MHz, CDCl3): δ ppm 14.40, 61.72, 69.43, 70.68, 

77.23, 88.73, 117.86, 118.83, 129.56, 130.09, 130.22, 131.38, 138.27, 143.35, 144.52, 148.14,  
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166.13. MALDI-TOF MS (m/z)  1117.921 (M)+. Elemental Analysis (%) Calculated for 

C64H54Fe2N4O8: C, 68.70; H, 4.86; N, 5.01; Found C, 68.62; H, 4.73; N, 5.00. 

 

Synthesis of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl)-po-

rphyrinato]-zinc(II) (6) 

Meso-5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl)-porphyrin (200 mg, 

0.179 mmol) was dissolved in a mixture of dichloromethane (30 ml) and methanol (10 ml). Zinc 

acetate hydrate (160 mg, 0.716 mmol) was added and the solution was left stirring at room 

temperature for 2 h. The solution was washed with water, dried with MgSO4, filtered and the 

solvent removed under reduced pressure. The residue was subjected to chromatography on silica 

with dichloromethane containing 1% pyridine as the elution solvent. The collected green fraction 

was stripped off solvent and the residue was recrystallized from dichloromethane/methanol to 

afford 196 mg (93%) of a purple microcrystalline material. 1H NMR (400 MHz, CDCl3) : δ ppm 

=  10.01 (d, J=4.6Hz, 4H), 9.12 (at, J=1.6 Hz, 2H), 9.02 (d, J=1.6Hz, 4H), 8.58 (d, J= 4.6 Hz, 

4H), 5.54 (t, J=1.8Hz, 4H), 4.82 (t, J=1.8Hz, 4H), 4.53 (q, J=7.2Hz, 8H), 4.15 (s, 10H), 1.46 (t, 

J= 7.2Hz, 12H). 13C NMR (101 MHz, CDCl3): δ ppm 14.39, 61.57, 68.80, 70.46, 77.53, 90.67, 

118.27, 118.52, 129.11, 129.49, 130.12, 132.50, 138.28, 144.44, 148.46, 151.22, 166.35. 

MALDI-TOF MS (m/z): 1179.842 (M)+. Elemental Analysis (%) Calculated for 

C64H52Fe2N4O8Zn: C, 65.02; H, 4.43; N, 4.74; Found C, 64.95; H, 4.46; N, 4.68. 
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Synthesis of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl)-po-

rphyrinato]-magnesium(II) (7) 

Meso-5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl)-porphyrin (200 mg, 

0.179 mmol) was dissolved in a mixture of dichloromethane (20 ml) and N,N-

diisopropylethylamine (0.84 ml). MgI2 (352 mg, 0.63 mmol) was added and the suspension was 

stirred for 30 min at room temperature. The reaction mixture was diluted with dichloromethane 

(40 ml), washed with 10% NaOH (2 x 50 ml), dried over MgSO4 and filtered. The solvent was 

evaporated under reduced pressure and the residue was purified by chromatography on 

deactivated neutral alumina (Brockmann III grade). The elution solvent used was 

dichloromethane containing 1% of methanol. Recrystallization from dichloromethane/methanol 

afforded 196 mg (96%) of a purple solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  10.03 (d, 

J=4.6Hz, 4H), 9.13 (at, J=1.6 Hz, 2H), 9.04 (d, J=1.6Hz, 4H), 8.59 (d, J= 4.6 Hz, 4H), 5.58 (t, 

J=1.8Hz, 4H), 4.84 (t, J=1.8Hz, 4H), 4.53 (q, J=7.1Hz, 8H), 4.17 (s, 10H), 1.46 (t, J= 7.1Hz, 

12H). 13C NMR (101 MHz, CDCl3): δ ppm 14.41, 61.56, 68.77, 70.48, 77.67, 90.98, 119.47, 

119.63, 129.07, 129.43, 130.34, 132.66, 138.41, 144.73, 148.56, 151.33, 166.39. MALDI-TOF 

MS (m/z): 1139.905 (M)+. Elemental Analysis (%) Calculated for C64H52Fe2N4O8Mg: C, 67.36; 

H, 4.59; N, 4.91; Found C, 67.40; H, 4.50; N, 4.85. 

 

Synthesis of meso-5,15-bis-(isophthalic acid)-10,20-bis(ferrocenyl)-porphyrin (5) 

Meso-5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl)-porphyrin (107 mg, 

0.096 mmol) was dissolved in a 2:1 mixture of THF/MeOH (30 ml). The solution was brought to 
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refluxing temperature and another solution containing NaOH (2 g, 50 mmol) in a 5:2 mixture of 

MeOH/H2O (14 ml) was added dropwise and left to reflux for 2 h. The solution was left to return 

to room temperature and the solvent was removed under reduced pressure. The residue was 

dissolved in water and acidified to pH 1 using a 2 M aqueous hydrochloric acid solution. The 

greenish-purple cloudy suspension was centrifuged and the solid mass was collected and washed 

3 times with water and 2 times with acetone. The residue was redissolved in a small amount of 

pyridine. Water was added (30 ml) and the suspension was centrifuged again. The residue 

washed three times with water and once with acetone and dried to yield 89 mg (93%) of a purple 

solid. MALDI-TOF MS (m/z): 1007.5 (M)+. Elemental Analysis (%) Calculated for 

C56H38Fe2N4O8: C, 66.82; H, 3.81; N, 5.57; Found C, 66.72; H, 3.93; N, 5.50. 

 

Synthesis of 1,9-bis-(formyl)-5-(diethyl-isopthalato)-dipyrromethane (10) 

Dimethylformamide (5 ml) was degassed under argon for 10 minutes. Phosphorous oxychloride 

(0.75 ml, 8.2 mmol) was added to the dimethylformamide at 0 oC and the solution was stirred for 

10 min (Vilsmeier reagent). A solution of 5-(diethyl-isopthalato)-dipyrromethane (430 mg, 1.18 

mmol) in dimethylformamide (4 ml) was degassed under argon for 10 min. 1.8 ml of the 

Vilsmeier reagent were added to the solution at 0 oC and the reaction mixture was left to react for 

2.5 h. The reaction was quenched with the addition of saturated aqueous sodium acetate solution. 

Stirring was continued for an additional hour. The solution was extracted with ethyl acetate and 

the combined extracts were washed with brine, dried over MgSO4 and then filtered. The filtrate 

was evaporated under reduced pressure and the residue was left at high vacuum overnight. The 

brown viscous oil was separated by column chromatography on silica eluting with hexane/ethyl 
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acetate 3:1. 425.5 mg (85.4%) of 1,9-bis-(formyl)-5-(diethyl-isopthalato)-dipyrromethane were 

isolated as a white solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  10.19 (s, 2H), 9.32 (s, 2H), 8.63 

(at, J=1.4 Hz, 1H), 8.22 (d, J=1.4Hz, 2H), 6.92 (dd, J1= 2.5 Hz, J2=3.8Hz, 2H), 6.10 (m, 2H), 

5.69 (s, 1H), 4.42 (q, J=7.2Hz, 4H), 1.41 (t, J=7.1Hz, 6H). 13C NMR (101 MHz, CDCl3): δ ppm 

14.28, 44.30, 61.63, 111.61, 121.87, 130.03, 131.84, 133.07, 133.65, 139.61, 140.32, 165.37, 

179.01. ESI-MS (m/z): 423.1543 (M+H)+. Elemental Analysis (%) Calculated for C23H22N2O6: 

C, 65.39; H, 5.25; N, 6.63; Found C, 65.46; H, 5.19; N, 6.49. 

 

Synthesis of 1,9-bis-[(propylimino)methyl]-5-(diethylisopthalato)dipyrromethane (11) 

A solution of 1,9-bis-(formyl)-5-(diethyl-isopthalato)-dipyrromethane (500 mg, 1.18 mmol) and 

n-propylamine (1966 µL, 23.9 mmol) in THF (4 ml) was stirred at room temperature for a period 

of 1 h. The solvent was evaporated under reduced pressure and was left drying under high 

vacuum for the removal of the excess n-propylamine. The reaction afforded a dark-brown solid 

which was used as it is for the next step without further purification.  

 

Synthesis of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-porphyrinato]-zinc(II) (12) 

1,9-bis-[(propylimino)methyl]-5-(diethylisopthalato)dipyrromethane (264.2 mg, 0.524 mmol) 

and 5-(diethyl-isopthalato)-dipyrromethane (191.9 mg, 0.524 mmol) were dissolved in toluene 

(55 ml). Zinc acetate hydrate (1,15 g, 5.2 mmol) was added and the reaction mixture was 

refluxed for 18 h. Heating was disconnected and the solution was filtered. The organic phase was 

extracted with water and the solvent was evaporated under reduced pressure. The residue was 
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dissolved in dichloromethane containing 10% ethyl acetate and it was passed through a short pad 

of silica in order to remove a large amount of black tar. After evaporation of solvent the 

remaining solid was separated by column chromatography on silica. The mobile phase consisted 

of dichloromethane containing 0.5% of ethyl acetate which was gradually raised to 1.5% until 

the fluorescent purple band was collected. Evaporation of solvent gave 184.5 mg (43.2%) of a 

purple solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  10.40 (s, 2H), 9.51 (d, J=4.6Hz, 4H), 9.19 

(at, J=1.6 Hz, 2H), 9.12 (d, J=1.6Hz, 4H), 9.05 (d, J= 4.5 Hz, 4H), 4.53 (q, J=7.1Hz, 8H), 1.46 (t, 

J= 7.1Hz, 12H). 13C NMR (101 MHz, CDCl3): δ ppm 14.40, 61.70, 106.85, 117.74, 129.54, 

129.97, 132.23, 132.49, 138.32, 143.31, 149.80, 166.18. MALDI-TOF MS (m/z): 812.472 (M)+. 

Elemental Analysis (%) Calculated for C44H36N4O8Zn: C, 64.91; H, 4.46; N, 6.88; Found C, 

64.75; H, 4.52; N, 6.97.  

 

Synthesis of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-dibromoporphyrina-

to]-zinc(II) (13) 

A solution of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-porphyrinato]-zinc(II) (250 mg, 

0.308 mmol) in chloroform _(50 ml) containing 1 drop of pyridine, was brought to 0 oC. N-

bromosuccinimide (109.6 mg, 0.62 mmol) was added slowly and the solution was stirred for a 

period of 20 min. The reaction was quenched with the addition of acetone (5 ml). The solution 

was washed with water, dried over MgSO4 and filtered. The solvent was evaporated under 

reduced pressure and the residue was separated by column chromatography on silica. 

Dichloromethane containing 1% of ethyl acetate and 1% of pyridine was used as the elution 

solvent. Meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-dibromo-porphyrinato]-
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zinc(II) was obtained as a purple solid in 78% yield. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.72 

(d, J=4.8Hz, 4H), 9.16 (at, J=1.6 Hz, 2H), 9.01 (d, J=1.6Hz, 4H), 8.77 (d, J= 4.6 Hz, 4H), 4.55 

(q, J=7.1Hz, 8H), 1.48 (t, J= 7.1Hz, 12H). 13C NMR (101 MHz, CDCl3): δ ppm 14.41, 61.74, 

105.36, 119.42, 129.33, 129.88, 132.92, 133.58, 138.31, 143.41, 145.75, 150.49, 166.17. 

MALDI-TOF MS (m/z): 970.001 (M)+. Elemental Analysis (%) Calculated for 

C44H36Br2N4O8Zn: C, 54.37; H, 3.53; N, 5.76; Found C, 54.25; H, 3.55; N, 5.67. 

 

Synthesis of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl-ethy-

nyl)-porphyrinato]-zinc(II) (14) 

Meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-dibromo-porphyrinato]-zinc-(II) (325  

mg, 0.334 mmol), ethynylferrocene (210.6 mg, 1.002 mmol), triphenyl-phosphine (45.5 mg, 

0.173 mmol), copper iodide (16.2 mg, 0.085 mmol), triethylamine (20.8 ml) and pyridine (1,2 

ml) were disolved in toluene (97.5 ml). The solution was purged with nitrogen for 15 min. Tris-

(dibenzylidene-acetone)-dipalladium (18.7 mg, 0.032 mmol) were added to the solution which 

was left stirring overnight at 80 oC. The reaction mixture was left to warm to room temperature 

and then extracted with water. The organic phase was dried over MgSO4, filtered, and the filtrate 

was evaporated under reduced pressure. The residue was separated by column chromatography 

on silica eluting with a solvent mixture of dichloromethane/ethyl acetate/pyridine (98:1:1). The 

purple solid obtained was recrystallized from dichloromethane/methanol to afford 275 mg (67%) 

of a microcrystalline material. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.71 (d, J=4.6Hz, 4H), 

9.16 (at, J=1.6 Hz, 2H), 9.04 (d, J=1.6Hz, 4H), 8.75 (d, J= 4.6 Hz, 4H), 4.96 (t, J=1.8Hz, 4H), 

4.54 (q, J=7.2Hz, 8H), 4.50 (s, 10H), 4.49 (t, J=1.8Hz, 4H), 1.47 (t, J= 7.1Hz, 12H). 13C NMR 
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(101 MHz, CDCl3): δ ppm 14.40, 61.64, 66.27, 69.30, 70.07, 71.71, 89.10, 95.83, 102.51, 

119.83, 129.37, 129.76, 131.27, 131.95, 138.28, 143.63, 149.40, 152.38, 166.22. MALDI-TOF 

MS (m/z): 1227.826 (M)+. Elemental Analysis (%) Calculated for C68H52Fe2N4O8Zn: C, 66.39; 

H, 4.26; N, 4.55; Found C, 66.46; H, 4.20; N, 4.57. 

 

Synthesis of meso-5,15-bis-[3,5-(bis-ethoxycarbonyl)-phenyl]-10,20-bis(ferrocenyl-ethynyl)-

porphyrin (15) 

Meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferroce-nyl-ethynyl)-porphyrinato]-

zinc(II) (200 mg, 0.163 mmol) were dissolved in dichloromethane (12 ml) and the solution was 

treated with trifluoroacetic acid (60 µL, 0.815 mmol) at 0 oC. The reaction mixture was washed 

with a 10 mM aqueous NaOH solution. The organic phase was dried over MgSO4, filtered and 

evaporated under reduced pressure. The residue was separated by column chromatography on 

silica with dichloromethane/ethyl acetate/pyridine (98:1:1) as the elution solvent. Evaporation of 

the solvent and recrystallization from dichloromethane/methanol afforded 180 mg (95%) of a 

purple solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.67 (d, J=4.7Hz, 4H), 9.19 (at, J=1.6 Hz, 

2H), 9.06 (d, J=1.7Hz, 4H), 8.73 (d, J= 4.7 Hz, 4H), 4.97 (t, J=2.4Hz, 4H), 4.55 (q, J=7.2Hz, 

8H), 4.52 (t, J=1.6Hz, 4H), 4.50 (s, 10H),1.47 (t, J= 7.2Hz, 12H) -1.81 (s, 2H). 13C NMR (101 

MHz, CDCl3): δ ppm 1.03, 14.38, 29.71, 61.73, 65.54, 69.90, 70.15, 71.87, 87.92, 97.77, 102.78, 

119.23, 128.40, 128.98, 129.90, 130.30, 138.20, 142.19, 165.98. MALDI-TOF MS (m/z): 

1165.911 (M)+. Elemental Analysis (%) Calculated for C68H54Fe2N4O8: C, 69.99; H, 4.66; N, 

4.80; Found C, 70.05; H, 4.61; N, 4.78. 
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Synthesis of meso-[5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenyl-ethy-

nyl)-porphyrinato]-magnesium(II) (17) 

Meso-5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferroce-nyl-ethynyl)-porphyrin (100 

mg, 0.086 mmol) was dissolved in a mixture of dichloromethane (10 ml) and N,N-

diisopropylethylamine (0.42 ml). MgI2 (176 mg, 0.63 mmol) was added and the suspension was 

stirred for 30 min in room temperature. The reaction mixture was diluted with dichloromethane 

(20 ml), washed with 10% NaOH (2 x 20 ml), dried over MgSO4 and filtered. The solvent was 

evaporated under reduced pressure and the residue was chromatographed under deactivated 

neutral alumina (Brockmann III grade). The elution solvent was dichloromethane containing 1% 

of methanol. Recrystallization from dichloromethane/methanol afforded 95 mg (93%) of a purple 

solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.71 (d, J=4.5Hz, 4H), 9.16 (at, J=1.6 Hz, 2H), 

9.05 (d, J=1.6Hz, 4H), 8.75 (d, J= 4.4 Hz, 4H), 4.96 (t, J=1.9Hz, 4H), 4.54 (q, J=7.2Hz, 8H), 

4.51 (s, 10H), 4.49 (t, J=1.9Hz, 4H), 1.47 (t, J= 7.1Hz, 12H). 13C NMR (101 MHz, CDCl3): δ 

ppm 14.41, 61.63, 66.39, 69.28, 70.07, 71.70, 89.45, 95.74, 103.44, 120.91, 129.33, 129.69, 

131.45, 132.18, 138.37, 143.88, 149.30, 152.37, 166.25. MALDI-TOF MS (m/z): 1187.887 

(M)+. Elemental Analysis (%) Calculated for C68H52Fe2N4O8Mg: C, 68.68; H, 4.41; N, 4.71; 

Found C, 68.60; H, 4.40; N, 4.74. 

 

Synthesis of meso-5,15-bis-(isophthalic acid)-10,20-bis(ferrocenyl-ethynyl)-porphyrin (16) 

Meso-5,15-bis-(3,5-(bis-ethoxycarbonyl)-phenyl)-10,20-bis(ferrocenylethynyl)-porphyrin (101  

mg, 0.086 mmol) was dissolved in a 2:1 mixture of THF/MeOH (30 ml). The solution was 
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brought to refluxing temperature and another solution containing NaOH (2 g, 50 mmol) in a 5:2 

mixture of MeOH/H2O (14 ml) was added dropwise. The mixture was left to reflux for 2 h. The 

solution was left to return to room temperature and the solvent was removed under reduced 

pressure. The residue was dissolved in water and acidified to pH 1 using a 2 M aqueous 

hydrochloric acid solution. The greenish-purple cloudy suspension was centrifuged and the solid 

mass was collected and washed 3 times with water and 2 times with acetone. The residue was 

redissolved in a small amount of pyridine. Water was added (30 ml) and the suspension was 

centrifuged again. The residue washed 3 times with water and one time with acetone and dried to 

yield 85 mg (94%) of a purple solid. 1H NMR (400 MHz, DMSO-d6) : δ ppm =  9.64 (s, 4H), 

8.91 (m, 6H), 6.57 (s, 4H), 6.49 (d, 4H), 5.11 (s, 4H), 4.62 (s, 4H), 4.52 (s, 10H), -2.17 (s, 2H). 

MALDI-TOF MS (m/z): 1055.5 (M)+. Elemental Analysis (%) Calculated for C60H38Fe2N4O8: C, 

68.33; H, 3.63; N, 5.31; Found C, 68.22; H, 3.72; N, 5.25. 

 

Synthesis of 3-(trimethylsilyl)-1-propynal (22) 

Trimethylsilylacetylene (2.337 g, 23.8 mmol) was dissolved in anhydrous THF (150 ml) and the 

solution was bubbled with nitrogen for 15 min. A solution of 2.5 M n-BuLi in hexanes (10 ml, 

25 mmol) were added dropwise at -78o C and the reaction mixture was left to react at this 

temperature for 1 h. Dimethylformamide (2 ml) was added, the ice bath was removed and the 

solution was allowed to slowly reach room temperature. After stirring for 30 min, the solution 

was poured in 150 ml of an ice-water mixture containing 5% of HCl. The solution was 

neutralized with NaHCO3 and extracted with dichloromethane (2x100 ml). The organic phases 

were combined, dried over MgSO4, filtered and the solvent was evaporated under reduced 
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pressure. The yellow residue was separated by column chromatography on silica eluting with a 

mixture of hexane/dichloromethane (1:1) to yield 2.399 g (80%) of a pale yellow oil. 1H NMR 

(400 MHz, CDCl3) : δ ppm =  9.15 (s, 1H), 0.25 (s, 9H). 13C NMR (101 MHz, CDCl3): δ ppm 

0.88, 102.3, 103.0, 176.7. ESI-MS (m/z) 127.0578 (M+H)+. Elemental Analysis (%) Calculated 

for C12H22OSi: C, 57.09; H, 7.99; Found C, 57.16; H, 7.85. 

 

Synthesis of 5-ferrocenyldipyromethane (24) 

Ferrocenylcarboxaldehyde (4.00 g, 18.7 mmol) was dissolved in pyrrole (52 ml, 750 mmol) and 

the solution was degassed with nitrogen for 15 min. Trifluoroacetic acid (213 mg, 1.87 mmol) 

were added and the solution was stirred for 15 min at room temperature in the dark. The reaction 

mixture was diluted by the addition of 500 ml dichloromethane and washed with 0.1 M NaOH 

(200 ml). The organic phase was collected, dried with MgSO4, filtered and evaporated under 

reduced pressure. The residue was thoroughly dried under high vacuum to remove all the 

remaining pyrrole. Chromatography on silica gel eluting with dichloromethane, afforded 4.56 g 

(74%) of a yellow solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  7.98 (s, 2H), 6.69 (m, 2H), 6.18 

(m, 2H), 6.05 (br s, 2H), 5.25 (s, 1H), 4.18 (t, J=1.9Hz, 2H). 4.13 (s, 5H), 4.12 (t, J=1.8Hz, 2H). 

13C NMR (101 MHz, CDCl3): δ ppm 38.17, 67.61, 68.02, 68.93, 90.25, 106.49, 108.09, 116.76, 

133.14. ESI-MS (m/z) 330.0803 (M)+. Elemental Analysis (%) Calculated for C19H18FeN2: C, 

69.11; H, 5.49; N, 8.48; Found C, 68.99; H, 5.35 ; N, 8.39. 
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Synthesis of meso-5-15-bis(trimethylsilyl-ethynyl)-10,20-bis-ferrocenyl-porphyrin (25) 

5-Ferrocenyldipyromethane (3126 mg, 9.48 mmol) and 3-(trimethylsilyl)-1-propynal (1404 µl, 

9.58 mmol) were added in dichloromethane (560 ml). The solution was purged with nitrogen for 

15 min. BF3·Et2O (390 µl, 3.10 mmol) was added and the reaction was left stirring at room 

temperature for 30 min. p-Chloranil (3470 mg, 14.11 mmol) was added and the reaction mixture 

was stirred for 10 more min. The solution was passed through a column packed with silica in 

order to remove most of the black tar. The dark green residue left after evaporation of the solvent 

was separated by column chromatography on silica gel. The mobile phase consisted of a mixture 

of hexane/dichloromethane 50:50. The third dark-green tailing band was collected and removal 

of solvent left a purple solid which after recrystallization with dichloromethane/methanol 

afforded 1.133 g (27.4%) of a purple microcrystalline material. 1H NMR (400 MHz, CDCl3) : δ 

ppm =  9.87 (d, J=4.8Hz, 4H), 9.55 (d, J=4.8 Hz, 4H), 5.51 (t, J=1.8Hz, 4H), 4.87 (t, J= 1.8 Hz, 

4H), 4.22 (s, 10H), 0.67 (s, 18H), -1.1 (s, 2H). 13C NMR (101 MHz, CDCl3): δ ppm 0.37, 69.37, 

70.75, 88.34, 100.78, 102.03, 107.38, 119.89, 130.20, 131.38, 146.59, 148.03. MALDI-TOF MS 

(m/z): 870.964 (M)+. Elemental Analysis (%) Calculated for C50H46Fe2N4Si2: C, 68.96; H, 5.32; 

N, 6.43; Found C, 69.01; H, 5.40; N, 6.40. 

 

Synthesis of meso-[5-15-bis(trimethylsilyl-ethynyl)-10,20-bis-ferrocenyl-porpyrinato]-

zinc(II) (26) 

Meso-5-15-bis(trimethylsilyl-ethynyl)-10,20-bis-ferrocenyl-porphyrin (300 mg, 0.344 mmol) 

was dissolved in a mixture of dichloromethane (60 ml) and methanol (20 ml). Zinc acetate 
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hydrate (307.2 mg, 1.374 mmol) was added and the solution was left stirring at room temperature 

for 45 min. The solution was washed with water, dried with MgSO4, filtered and the solvent 

removed under reduced pressure. The residue was separated by column chromatography on silica 

gel eluting with a mixture of dichloromethane/hexane/ethyl acetate (50:50:1). The collected 

green fraction was stripped off solvent and the residue was recrystallized from 

dichloromethane/methanol to afford 289 mg (90%) of a purple microcrystalline material. 1H 

NMR (400 MHz, CDCl3) : δ ppm =  9.98 (d, J=4.6Hz, 4H), 9.53 (d, J=4.6 Hz, 4H), 5.51 (t, 

J=1.8Hz, 4H), 4.84 (t, J= 1.8 Hz, 4H), 4.18 (s, 10H), 0.64 (s, 18H). 13C NMR (101 MHz, 

CDCl3): δ ppm 0.47, 68.91, 70.53, 90.22, 100.28, 100.76, 108.69, 119.63, 129.76, 132.70, 

150.88, 151.06. MALDI-TOF MS (m/z): 931.891 (M)+. Elemental Analysis (%) Calculated for 

C50H44Fe2N4Si2Zn: C, 64.28; H, 4.75; N, 6.00; Found C, 64.16; H, 4.73; N, 5.90. 

 

Synthesis of meso-[5-15-bis(ethynyl)-10,20-bis-ferrocenyl-porpyrinato]-zinc(II) (27) 

A solution of meso-[5-15-bis(trimethylsilyl-ethynyl)-10,20-bis-ferrocenyl-porpyrinato]-zinc(II) 

(200 mg, 0.214 mmol) in dichloromethane (30 ml) was cooled to 0 oC. A solution of 1.0 M 

tetrabutylammonium fluoride in THF (454 µl, 0.227 mmol) was added dropwise and the reaction 

was left stirring at 0 oC for 15 min. The reaction mixture was washed with water (2 x 30 ml), the 

organic phase dried with MgSO4, filtered and the solvent evaporated under reduced pressure. 

The residue was separated by column chromatography on alumina eluting with dichloromethane 

containing 1% of pyridine. Recrystallization from dichloromethane/methanol afforded 153 mg 

(91%) of a purple solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  10.01 (d, J=4.6Hz, 4H), 9.57 (d, 

J=4.6 Hz, 4H), 5.52 (t, J=1.8Hz, 4H), 4.84 (t, J= 1.8 Hz, 4H), 4.17 (s, 10H), 4.15 (s, 2H). 13C 
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NMR (101 MHz, CDCl3): δ ppm 68.89, 70.55, 70.60, 82.86, 86.98, 90.14, 99.45, 119.63, 129.81, 

132.96, 150.92, 151.17. MALDI-TOF MS (m/z): 787.817 (M)+. Elemental Analysis (%) 

Calculated for C44H28Fe2N4Zn: C, 66.91; H, 3.57; N, 7.09; Found C, 66.82; H, 3.63 ; N, 6.97. 

 

 Synthesis of meso-[5-15-bis-[3,5-bis-(ethoxycarbonyl)-ethynyl]-10,20-bis-ferrocenyl-

porpyrinato]-zinc(II) (28) 

 Meso-[5-15-bis(ethynyl)-10,20-bis-ferrocenyl-porpyrinato]-zinc(II) (210 mg,  0.267 mmol), 

triphenylarsine (90 mg, 0.294 mmol), 3,5-diethyl-iodoisophthalate (420 mg, 1.206 mmol) and 

pyridine (1 ml) were dissolved in a mixture of  anhydrous triethylamine (43 ml) and anhydrous 

THF(90 ml). The reaction mixture was purged with nitrogen for 15 min after which, bis-

(dibenzylidene-acetone)-dipalladium (23 mg, 0.025 mmol) was added. The solution was left 

stirring overnight at room temperature. Completion of reaction was confirmed by TLC and the 

solvent was evaporated under reduced pressure. The residue was left to dry thoroughly under 

high vacuum and the solid obtained was purified by chromatography on alumina. 

Dichloromethane/hexane 2:1 containing 1% of pyridine was used as the mobile phase. The dark 

green band was collected, evaporated and the residue recrystallized from 

dichloromethane/methanol to afford 249 mg (76%) of a purple solid. 1H NMR (400 MHz, 

CDCl3): δ ppm =  10.04 (d, J=4.6Hz, 4H), 9.63 (d, J=4.6 Hz, 4H), 8.86 (d, J=1.5Hz, 4H), 8.78 

(at, J=1.6Hz, 2H), 5.54 (t, J=1.8Hz, 4H), 4.86 (t, J= 1.8 Hz, 4H), 4.56 (q, J=7.2Hz, 8H), 4.19 (s, 

10H), 1.55 (t, J=7.2Hz, 12H). 13C NMR (101 MHz, CDCl3): δ ppm14.45, 61.72, 68.97, 70.59, 

70.63, 90.07, 93.80, 95.47, 100.23, 120.44, 125.40, 129.59, 129.82, 131.61, 133.03, 136.22, 
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150.63, 151.16, 165.50. MALDI-TOF MS (m/z): 1227.808 (M)+. Elemental Analysis (%) 

Calculated for C68H52Fe2N4O8Zn: C, 66.39; H, 4.26; N, 4.55; Found C, 66.45; H, 4.22; N, 4.54. 

 

Synthesis of 3-(triisopropylsilyl)-1-propynal (31) 

Triisopropylsilylacetylene (4.11 g, 22.5 mmol) was dissolved in anhydrous diethyl ether (20 ml) 

and the solution was bubbled with nitrogen for 15 min. A solution of 2.5M n-BuLi in hexanes 

(20 ml, 25 mmol) were added dropwise at 0 oC and the reaction mixture was left to react at this 

temperature for 1 h. Dimethylformamide (5.22 ml) was added at -78 oC and the mixture was left 

to react at this temperature for 1 h. The ice bath was removed and the solution was allowed to 

slowly reach room temperature over the course of 1 h. The solution was poured in 150 ml of an 

ice-water mixture containing 5% of HCl.  Neutralization with NaHCO3 was followed by 

extraction with dichloromethane (2x100 ml). The organic phases were combined, dried over 

MgSO4, filtered and the solvent was evaporated under reduced pressure. The yellow residue was 

separated by column chromatography on silica eluting with a mixture of hexane/dichloromethane 

(9:1) to yield 4.536 g (96%) of a pale yellow oil. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.22 (s, 

1H), 1.11-1.17 (m, 21H). 13C NMR (101 MHz, CDCl3): δ ppm 10.96, 18.42, 100.82, 104.49, 

176.58. ESI-MS (m/z): 211.1514 (M+H)+. Elemental Analysis (%) Calculated for C12H22OSi: C, 

68.51; H, 10.54; Found C, 68.41; H, 10.65. 
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Synthesis of dipyrromethane (32) 

Paraformaldehyde (3.00 g, 100.0 mmol) were added into a 1 L round bottom flask containing 

pyrrole (700 ml, 10 mol). The mixture was purged with nitrogen for 15 min and the temperature 

raised to 55 oC until a clear solution was obtained. Indium trichloride (2.22 g, 10 mmol) was 

added and the reaction was left stirring at 55 oC for 2.5 h under an inert atmosphere. Heating was 

removed and NaOH (12 g, 0.30 mol) was added to quench the reaction. The mixture was stirred 

for 1 h after which it was filtered to remove any solids present. Pyrrole was removed by 

evaporation under reduced pressure and the residue was separated by column chromatography on 

silica with hexane/ethyl acetate/triethylamine (10:1:0.1) as the elution solvent. Dipyrromethane 

was obtained as a white solid in 40% yield. 1H NMR (400 MHz, CDCl3): δ ppm =  7.87 (br s, 

2H), 6.69 (ddd, J1=2.6Hz, J2=2.6Hz, J3=2.6Hz, 2H), 6.19 (m, 2H), 6.07 (m, 2H), 4.01 (s, 2H). 13C 

NMR (101 MHz, CDCl3): δ ppm 26.41, 106.40, 108.43, 117.27, 129.06. ESI-MS (m/z): 

147.0917 (M+H)+. Elemental Analysis (%) Calculated for C9H10N2: C, 73.94; H, 6.89; N, 19.16; 

Found C, 73.81; H, 6.82  ; N, 19.07 . 

 

Synthesis of meso-5,15-bis[(triisopropylsilyl)ethynyl]porphyrin (33) 

3-(triisopropylsilyl)-1-propynal (5,59 g, 26.6 mmol) and dipyrromethane (1,944 g, 13.3 mmol) 

were dissolved in dichloromethane (800 ml). The solution was degassed by purging with 

nitrogen for 20 min. BF3·Et2O (556 µl, 4.42 mmol) were added slowly at 0 oC and the reaction 

was stirred at this temperature for 45 min. DDQ (4600 mg, 20.26 mmol) was added and the 

stirring was continued for a further 10 min. The solvent volume was reduced to approximately 

100 ml and the solution was passed through a packed column of silica gel in order to remove 



135 
 

most of the black tar. The material obtained was separated by column chromatography on silica 

gel using dichloromethane as the elution solvent. The collected purple fraction was evaporated 

and the solid obtained was recrystallized from dichloromethane/methanol to afford 5,15-

bis[(triisopropylsilyl)ethynyl]porphyrin in 29% yield. 1H NMR (400 MHz, CDCl3) : δ ppm = 

10.05 (s, 2H), 9.69 (d, J=4.5Hz, 4H), 9.27 (d, 4.6Hz, 4H), 1.51-1.57 (m, 42H). 13C NMR (101 

MHz, CDCl3): δ ppm 11.93, 19.16, 99.46, 99.93, 106.66, 107.96, 130.24, 131.90, 145.18, 

149.12. MALDI-TOF MS (m/z): 670.199 (M)+. Elemental Analysis (%) Calculated for 

C42H54N4Si2: C, 75.17; H, 8.11; N, 8.35; Found C, 75.07; H, 8.11; N, 8.27. 

 

Synthesis of meso-[5,15-bis[(triisopropylsilyl)ethynyl]porphyrinato]magnesium(II) (34) 

Meso-5,15-bis[(triisopropylsilyl)ethynyl]porphyrin (200 mg, 0.398 mmol) was dissolved in a 

mixture of dichloromethane (50 ml) and N,N-diisopropylethylamine (1.87 ml). MgI2 (387.2 mg, 

1.393 mmol) was added and the suspension was stirred for 30 min at room temperature. The 

reaction mixture was diluted with dichloromethane (100 ml), washed with 10% NaOH (2 x 100 

ml), dried over MgSO4 and filtered. The solvent was evaporated under reduced pressure and the 

residue was separated by column chromatography on deactivated neutral alumina (Brockmann 

III grade). The elution solvent was dichloromethane containing 1% of methanol. 

Recrystallization from dichloromethane/methanol afforded 202 mg (97%) of a purple solid. 1H 

NMR (400 MHz, CDCl3) : δ ppm = 10.16 (s, 2H), 9.84 (d, J=4.3Hz, 4H), 9.35 (d, 4.4Hz, 4H), 

1.50-1.55 (m, 42H). 13C NMR (101 MHz, CDCl3): δ ppm. 12.03, 19.20, 97.11, 100.90, 108.48, 

110.42, 131.58, 132.36, 149.39, 152.40. MALDI-TOF MS (m/z): 692.131 (M)+. Elemental 
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Analysis (%) Calculated for C42H52N4Si2Mg: C, 72.75; H, 7.56; N, 8.08; Found C, 72.20; H, 

7.61; N, 8.02. 

 

Synthesis of meso-[5,15-bis[(triisopropylsilyl)ethynyl-10,20-dibromo]porphyrin-ato]-

magnesium(II) (35) 

Meso-[5,15-bis[(triisopropylsilyl)ethynyl]porphyrinato]magnesium(II) (950 mg, 1.81 mmol) was 

dissolved in dichloromethane containing 1% pyridine. The reaction mixture was cooled to 0 oC. 

N-bromosuccinimide (322.18 mg, 5.79 mmol) was dissolved in dichloromethane and the solution 

was transferred to an addition funnel. The NBS solution was allowed to drip into the porphyrin 

solution very slowly over the course of one hour at 0 oC. When the addition was complete, the 

cold bath was removed and the reaction was left to reach room temperature. The solution was 

washed twice with water, dried over MgSO4 and filtered. Evaporation of the solvent under 

reduced pressure gave a dark green solid. Further purification was performed with column 

chromatography on silica gel eluting with a mixture of hexane/ethyl acetate/pyridine (10:1:0.1). 

Recrystallization of the material obtained from dichloromethane/methanol afforded 715 mg 

(58%) of a purple solid. 1H NMR (400 MHz, CDCl3): δ ppm =  9.67 (d, J=4.5Hz, 4H), 9.63 (d, 

4.6Hz, 4H), 1.47-1.55 (m, 42H). 13C NMR (101 MHz, CDCl3): δ ppm.11.96, 19.15, 98.63, 

103.30, 107.64, 109.66, 132.64, 133.84, 148.86, 153.00. MALDI-TOF MS (m/z): 849.941 (M)+. 

Elemental Analysis (%) Calculated for C42H50Br2N4Si2Mg: C, 59.27; H, 5.92; N, 6.58; Found C, 

59.13; H, 6.02 ; N, 6.41. 
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 Synthesis of meso-[5,15-bis[(triisopropylsilyl)ethynyl-10,20-bis(ferrocenylethynyl)]porphy-

rinato]magnesium(II) (36) 

Meso-[5,15-bis[(triisopropylsilyl)ethynyl-10,20-dibromo]porphyrinato]magnesium(II) (486 mg, 

0.715 mmol), triphenylphosphine (112 mg, 0.42 mmol), ferrocenylacetylene (500 mg, 2.38 

mmol), copper iodide (41 mg, 0.215 mmol) and pyridine (3 ml) were dissolved in a mixture of 

toluene (242 ml) and anhydrous triethylamine (52 ml). The solution was degassed by purging 

nitrogen for 15 min. Bis-(dibenzylidene-acetone)-dipalladium (46.6 mg, 0.08 mmol) were added 

and the reaction was left to proceed at 60 oC for 2 h. Heating was removed and the reaction 

mixture was washed with water (2x100 ml), dried over MgSO4, filtered and the solvent 

evaporated under reduced pressure. The residue was left for several hours under high vacuum in 

order to remove any traces of solvent. The product was purified by chromatography on silica gel. 

The mobile phase consisted initially of dichloromethane/hexane (1:1) in order to remove some 

unwanted byproducts. After that the mobile phase was changed to dichloromethane/hexane (2:1) 

and the dark green band was collected and the solvent evaporated. The material obtained was 

purified further by recrystallization from dichloromethane/methanol affording 416 mg (62%) a 

purple microcrystalline material. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.66 (d, J=4.4Hz, 4H), 

9.63 (d, 4.4Hz, 4H), 4.98 (t, J=1.8Hz, 4H), 4.54 (s, 10H), 4.52 (t, J=1.9Hz, 4H), 1.46-1.54 (m, 

42H). 13C NMR (101 MHz, CDCl3): δ ppm. 11.98, 19.18, 66.30, 69.31, 70.13, 71.71, 103.50, 

125.42, 128.41, 128.98, 130.52, 131.54, 131.67, 143.37, 151.94, 151.96 . MALDI-TOF MS 

(m/z): 1108.056 (M)+. Elemental Analysis (%) Calculated for C66H68Fe2N4Si2Mg: C, 71.45; H, 

6.18; N, 5.05; Found C, 71.57; H, 6.15; N, 4.94. 
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Synthesis of meso-5,15-bis[(triisopropylsilyl)ethynyl-10,20-bis(ferrocenylethynyl)-porphy-

rin (37) 

Meso-[5,15-bis[(triisopropylsilyl)ethynyl-10,20-bis(ferrocenylethynyl)]porphyrinato]-magnesi-

um(II) (200 mg, 0.180 mmol) was disolved in dichloromethane (12 ml) and the solution treated 

with trifluoroacetic acid (60 µL, 0.815 mmol) at 0 oC. The reaction mixture was washed with a 

10 mM aqueous NaOH solution. The organic phase was dried over MgSO4, filtered and 

evaporated under reduced pressure. The residue was separated by column chromatography on 

silica with dichloromethane/ethyl acetate/pyridine (98:1:1) as the elution solvent. Evaporation of 

the solvent and recrystallization from dichloromethane/methanol afforded 180 mg (95%) of a 

purple solid. 1H NMR (400 MHz, CDCl3) : δ ppm =  9.70 (d, J=4.7Hz, 4H), 9.68 (d, J=4.7Hz, 

4H), 5.00 (t, J=1.8Hz, 4H), 4.54 (s, 10H), 4.52 (t, J=1.8Hz, 4H), 1.46-1.58 (m, 42H). 13C NMR 

(101 MHz, CDCl3): δ ppm 11.96, 19.20, 69.33, 70.14, 71.71, 103.46, 104.42, 125.38, 128.43, 

129.00, 130.56, 131.53, 131.66, 134.77, 143.11, 151.92. MALDI-TOF MS (m/z): 1086.115 

(M)+. Elemental Analysis (%) Calculated for C66H70Fe2N4Si2: C, 72.92; H, 6.49; N, 5.15; Found 

C, 72.93; H, 6.42; N, 5.12. 

 

Synthesis of meso-[5,15-bis(ethynyl)-10,20-bis(ferrocenylethynyl)]porphyrina-to]magne-

sium(II) (38) 

Meso-[5,15-bis[(triisopropylsilyl)ethynyl-10,20-bis(ferrocenylethynyl)]porphyrinato]magnesi-

um(II) (142 mg, 0.151 mmol) was dissolved in dichloromethane (20 ml). A solution of 1.0M 

TBAF (0.37 mmol, 2.1 equiv.) was added slowly and the reaction was left stirring at room 

temperature for 2 h. The solution was washed with water (2x10 ml), dried over MgSO4, filtered 
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and the solvent was evaporated under reduced pressure. The residue was purified by 

chromatography on deactivated alumina (Brockman III). Dichloromethane was initially used as 

the mobile phase to remove a small amount of impurities. A dark-brown band came off after 

elution with dichloromethane containing 2% of methanol. Recrystallization from 

dichloromethane/methanol afforded 108 mg (90%) of a purple solid. 1H NMR (400 MHz, 

CDCl3): δ ppm =  9.63 (s, 8H), 4.99 (t, J=1.9Hz, 4H), 4.53 (s, 10H), 4.52 (t, J=1.9Hz, 4H), 4.20 

(s, 2H). 13C NMR (101 MHz, CDCl3): δ ppm 12.17, 17.60, 19.18, 30.55, 69.38, 70.12, 71.79, 

127.78, 127.90, 129.95, 131.68, 151.72, 152.06. MALDI-TOF MS (m/z): 795.92 (M)+. 

Elemental Analysis (%) Calculated for C48H28Fe2N4Mg: C, 72.36; H, 3.54; N, 7.03; Found C, 

72.25; H, 3.51; N, 7.00. 

 

Attempted synthesis of meso-[5-15-bis-[3,5-bis-(ethynyl)]-10,20-bis-(ferrocenylethynyl)-

porphyrin (39) 

Meso-5,15-bis[(triisopropylsilyl)ethynyl-10,20-bis(ferrocenylethynyl)-porphyrin (100 mg, 0.092  

mmol) was dissolved in dichloromethane (15 ml) and the solution was cooled to 0 oC. A solution 

of 1.0M TBAF (193 µl, 0.193mmol) was added slowly and the reaction was left stirring at 0 oC 

for 4 h. The solution was washed with water (2x10 ml), dried over MgSO4, filtered and the 

solvent was passed through a deactivated alumina (Brockman III) column eluting with 

dichloromethane containing 1% methanol. After evaporation of the solvent, the purple solid 

obtained could not be redissolved in any solvent.  
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Attempted synthesis of meso-[5-15-bis-[3,5-bis-(ethoxycarbonyl)-ethynyl]-10,20-bis-

(ferrocenylethynyl)-porpyrinato]-magnesium(II) (40) 

Meso-[5,15-bis(ethynyl)-10,20-bis(ferrocenylethynyl)]porphyrinato]magnesium(II) (269 mg, 

0.338 mmol), triphenylarsine (113.4 mg, 0.370 mmol), 3,5-diethyl-iodoisophthalate (529 mg, 

1.52 mmol) and pyridine (1 ml) were dissolved in a mixture of  anhydrous triethylamine (54 ml) 

and anhydrous THF(113 ml). The reaction mixture was purged with nitrogen for 15 min after 

which, bis-(dibenzylidene-acetone)-dipalladium (29 mg, 0.0315 mmol) was added. The solution 

was left stirring overnight at room temperature. The solvent was evaporated under reduced 

pressure. The residue was left to dry thoroughly under high vacuum in order to remove every 

trace of solvent. Several attempts to purify the residue did not lead to a sufficiently pure material.   
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Design, synthesis, characterisation and 

spectroelectrochemical studies of 

homoleptic and heteroleptic dipyrrin 

metal complexes. 
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4.1     Introduction 

 

 4.1.1  Dye-Sensitized Solar Cells 

 

Global warming is a major problem that humanity faces. As years pass by and energy 

consumption rises along with population growth, an efficient solution to this problem needs to be 

found. In addition, fossil fuel exhaustion will have enormous political and social implications on 

a global scale. A new energy source needs to be found that will be renewable, abundant and 

friendly to the environment. 

The sun has been the primal source of most energy forms that have been utilized by man. It 

supplies the Earth with 3 x 1024 J per year. This equals with 104 times more energy than that of 

global human consumption1. A direct harnessing and utilization of this energy form would solve 

the aforementioned problems. Solar cells are devices that directly convert light into electricity. A 

lot of interest and an increased amount of research is directed towards this technology. It has 

been calculated that from a device that has an energy conversion efficiency of 10%, a 0.1% 

coverage of the earth’s surface would yield enough renewable energy to cover all our energy 

needs. In addition, this technology can offer great decentralization opportunities causing the 

minimization of energy losses through electric power transmission as well as big political 

changes. 
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Figure 4.1. Solar cell applications a) Futuristic house comprising a roof dressed with solar 

cells b) Photovoltaic plant in Okhotnykovo, Ukraine, capable of producing ~80 MW. 

 

Today, the most popular solar cell technology destined for light harvesting on the Earth’s surface 

consists of cells based on crystalline silicon. The crystalline silicon acts as a semiconductor 

diode which absorbs the incoming photons and transforms them into electron-hole pairs. During  

this photogeneration step, all photons whose energy is smaller than the semiconductor’s bandgap 

(Egap) do not contribute to the produced energy while all photons whose energy is larger than 

Egap,  loose this extra energy in the form of heat2. Under this principle of operation, the sun’s 

energy cannot be effectively harnessed. Another disadvantage of silicon-based solar cells is their 

manufacturing cost. While it is still one of the most cost efficient solar cells (comparing to their 

energy conversion efficiency), grid parity cannot be achieved. 

Michael Grätzel invented the dye-sensitized solar cell (DSSC) in 1991 which is a promising 

technology for the conversion of solar radiation into electrical energy on a large scale3. DSSCs 

offer many advantages. Fabrication without the use of expensive materials and energy 

demanding processes are attractive qualities which lower the manufacturing cost. Furthermore, 
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the ability to tune their absorption characteristics, as will be described later, allow for greater 

exploitation of the sun’s energy. Flexibility concerning the choice of substrate and the variety of 

their presentation and appearance make them attractive for domestic, architectural or decorative 

applications.  

A DSSC consists of several components. A sensitizer (dye), an electrolyte, a nanocrystalline, 

mesoscopic wide-bandgap semiconductor and a counter electrode need to be assembled into one 

unit with each component collaborating harmoniously with the others in order to perform the 

desired function. The dye forms a monolayer on the surface of the semiconductor material which 

is  in  contact  with one of the electrodes. A solution containing the electrolyte is in direct contact 

  

 

Figure 4.2. Schematic of a DSSC cell showing all the different materials assembled into a 

functional cell. 
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with both the semiconductor-sensitizer complex and with the second electrode. A schematic of 

the DSSC is shown in Figure 4.2. 

The principle of operation is as follows: Light hits the cell and is absorbed by the sensitizer. The 

absorption of light causes the excitation of an electron from the HOMO to the LUMO of the dye 

molecule. The electron is then injected into the conduction band of the semiconductor. Such an 

injection is possible as the dye molecules are anchored on the semiconductor’s surface mainly by 

interactions with a carboxylic acid group located on the dye-molecule. The electron reaches the 

first electrode where the semiconductor is bound. After that, the electrode is ingested into the 

circuit where it performs its function as a flow of electric charge. When the electron reaches the 

second electrode, it reduces a molecule of the oxidized form of the electrolyte which is in contact 

with that electrode. The now-reduced electrolyte migrates through a diffusion controlled process 

towards the semiconductor-dye complex. Upon contact of the electrolyte with a dye molecule 

that has previously lost its electron, dye-regeneration occurs. The now oxidized electrolyte can 

migrate again towards the second electron, acting as a hole transport material and, the dye is 

ready for a new cycle of light absorbance. The electricity that is generated, does not cause any 

overall chemical change thus, theoretically, can continue indefinitely without any chemical or 

environmental consequences. The principle of operation is illustrated in Figure 4.3. 

During the last 20 years since its first appearance, and with increased understanding of the 

chemistry and device physics1,4-8 scientists are trying to improve the efficiency and working 

characteristics of DSSCs. The Shockley Queisser limit9, which is the maximum theoretical 

power conversion efficiency, is around 32%. The current maximum efficiency of DSSCs are a 

little above 12%10. Many investigations in search of the most appropriate combination of 

semiconductors,  electrolytes   and   sensitizers   have   been  undertaken.   Many   semiconductor  
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Figure 4.3. Energetic diagram showing electron generation and dye regeneration of a DSSC 

 

materials have been tested including ZnO, TiO2, Nb2O5 and NiO. DSSCs made of porous 

nanocrystalline TiO2 has been shown to achieve the highest efficiencies. The nanoparticles are 

multiplying the surface area by a fraction of 1000 thus, allowing a much higher amount of the 

sensitizer to be absorbed11-15. As a result, light is absorbed more efficiently. The porous structure 

of the TiO2 nanocrystals also permits the more efficient diffusion of the electrolyte. In addition to 

its high efficiency, TiO2 is very inexpensive, non toxic and chemically stable under light 

irradiation. All these factors contribute to its monopoly as the semiconductor of choice.  
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The optimization of the sensitizer is an area of on-going investigation. Usually, the sensitizer is a 

coordination compound but purely organic dyes have been employed as well16,17. But despite 

their chemical classification, for any dye to be considered suitable for DSSCs must possess 

certain characteristics. These characteristics are: a) the ability to bind strongly at the TiO2 

semiconductor interface. The most common way is the utilization of carboxylic acid groups 

which form strong bonds with the TiO2. Carboxylic acids also provide strong electronic 

coupling. b) the ability to absorb radiation strongly and in the widest range possible c) the 

possession of a high redox potential. The dye must have a high enough LUMO for efficient 

electron injection but a low enough HOMO for efficient regeneration by the electrolyte. d) 

Electron injection to the TiO2 should happen considerably faster than the decay of the excited 

state back to the ground state. e) the ability to remain stable and chemically inert over many 

years of exposure to sunlight. 

An optimum combination of all the characteristics described above is very difficult. Ruthenium 

complexes coordinated with polypyridyl derivatives have shown excellent results in all of the 

above criteria giving efficiencies greater that 10%. N719 (commonly known as “the black dye”), 

N3 and the unnamed thiocyanate dye shown in Figure 4.4 are commercially manufactured and 

used by scientists as standards to which spectroscopic properties and efficiencies of newly 

synthesized dyes are compared. 

The iodide/triiodide system has been the most efficient electrolyte for DSSCs. The slow kinetics 

of the transference of the injected electron from the TiO2 to the oxidized electrolyte 

(recombination rate) and the fast regeneration of the oxidized species from the second electrode 

are key factors for its success18-20. Another important aspect is its small size which makes it 

diffuse  quickly  from  the  semiconductor’s  surface  to  the second electrode and vice versa. The  
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Figure 4.4. Ruthenium-polypyridyl based dyes that are being manufactured commercially. 

 

iodide/triiodide system has disadvantages as well. One of them is that it is very corrosive and 

causes dissolution of commonly used sealants and metal interconnections such as silver, copper, 

aluminium and gold. Another disadvantage is that it regenerates itself via a two-step process 

which results in a loss in potential in the order of 300 mV19,21. This makes the efficiency of the 

cell drop.  

Although scientists have discovered redox couples which are less corrosive than the 

iodide/triiodide system, their extremely fast recombination rates gave poor efficiencies (<5%). 

More recently though there have been advances in using molecules which utilize redox systems 

such as the Co(III)/Co(II) couple22-25, Fc(III) /Fc(II) couple26,27 and the Cu(II)/Cu(I) couple28,29 

with promising results. These systems offer space for experimentation and fine tuning of 

properties. For example, in the Co(III) /Co(II) system various ligands can be incorporated with 

effects that vary from tuning the redox potential to providing effective protection from the fast 

recombination process between the electrolyte and the TiO2.    
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4.1.2  Dipyrrins 

 

Dipyrrins are a group of molecules that consist of two pyrrolic units fused together through a 

methine group (-CH=) at the 2,2’ positions. Dipyrrins in the literature have been named in many 

different ways such as 4,6-dipyrrin, dipyrromethene, 4,6-dipyrromethene, dipyrrylmethene, 

pyrrylmethene, pyrromethene, 2,2′dipyrrolylmethene, dipyrrolemethene, diaza-s-indacene, 2-

pyrrol-2-ylmethylene-2H-pyrrolenine and 2-(2H-pyrrol-2-ylidenemethyl)-pyrrole. Figure 4.5 

shows the general structure of a dipyrrin along with the numbering system used for their 

systematic naming30. Freebase dipyrrins exist as tautomers and are essentially planar with the 

nitrogen atoms adopting a syn-conformation with respect to each other. They are considered to 

be relatively strong bases31. However, they can be deprotonated under the appropriate conditions 

in order to form the monoanionic species which can act as a bidentate ligand in metal-complex 

formation.  

 

 

Figure 4.5. General molecular structure of a dipyrrin along with the numbering scheme 

used in its nomenclature. 
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A dipyrrin can be considered as a “half porphyrin” and historically their synthesis was intended 

to help in porphyrin synthesis. The stability of the dipyrrins depends on their substitution. 

Substituents can be placed both at the meso-position and at the α,β pyrrolic positions with the 

most common being the meso-substitution due to the ease of synthesis. The totally unsubstituted 

dipyrrin is the least stable because the ring is susceptible to electrophilic and nucleophilic 

attack32. The stability of the dipyrrins is greatly increased upon complexation with a metal 

center.  

Dipyyrins have an extended π-system which gives them interesting optical properties. Boron 

dipyrrinato complexes for example, have been extensively studied due to their intense 

fluorescence with tunable emission maxima allowing for their use in a variety of applications 

such as biological staining and dye laser applications33. A number of homoleptic and heteroleptic 

dipyrinnato transition metal complexes have been prepared in the past and they show very strong 

light absorption in the visual region of the electromagnetic radiation36. In addition, it has been 

demonstrated that bis-(5-phenyl-dippyrinato)zinc(II) chromophore when covalently linked to a 

porphyrin can transfer energy to the porphyrin from a photoexcited electronic state34. The same 

was found to be true in another study where electron transfer was observed when the same 

dipyrrin chromophore was linked to a fullerene35. Owing to these properties, dipyrrins can find 

potential use in the design of chromophores that would act as dyes in DSSCs. However, there has 

only been one study36 so far which considers this possibility and has shown promising results. 

The aim of this project was to develop and prepare a series of dipyrrin complexes and study their 

properties with the prospect of using them, or modified versions of them, either as dyes or as 

electrolytes in DSSCs.  
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Since the best dyes contain an electron rich (donor) and an electron poor (acceptor) section37, we 

incorporated the ferrocene group in the 5-position of the dipyrrin. Ferrocene acts as a strong 

electron donor38 and by placing an acetylene spacer between the ferrocene and the dipyrrin we 

anticipated that electronic communication will be more pronounced and the whole dipyrrin 

ligand would possess better electron donor properties. Figure 4.6 shows the molecular formula 5-

ethynylferrocenyldipyrrin. 

 

 

Figure 4.6. Molecular structure of 5-ethynylferrocenyl-dipyrrin. 

 

Through preparation of ruthenium(II) complexes of the 5-ethynylferrocenyldipyrrin ligand with 

varying degrees of substitution  (with the other co-ligand being the unsubstituted bipyridine 

ligand), we would anticipate an increase in the absorption coefficient of the dye due to the very 

high absorption coefficients that metallated dipyrrins show36,40. This would be of great advantage 

since smaller quantities of dye would be needed for complete light absorption (within the λmax 

region of the dye).  This  corresponds  to  smaller  manufacturing  costs  of  the  solar cell.  It also  
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Figure 4.7. Structure of molecules synthesized or discussed in this project. 
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translates to thinner semiconductor films which decreases the required electrolyte diffusion 

distance thus indirectly increasing the efficiency10.  

Another feature of the dipyrrin ligand complexes is the red-shift of the characteristic MLCT 

absorption maxima in comparison to the Ru(II)/bipyridine complexes, the transition that is 

responsible for the charge transfer qualities of these complexes. The shift of this transition to 

longer wavelengths39,40 is beneficial as it provides an increase in the overall efficiency of the 

DSSCs. Also, by creating a set of compounds that absorb at different wavelengths, a larger part 

of the visible radiation is exploited and the possibility of the manufacturing of a mixed dye 

DSSC is clear.  

Complexes of the above ligands with various other metals such as Fe(III), Cu(II) and Co(III) 

were prepared. Their preparation allowed greater insight into the optical and electrochemical 

properties of the dipyrrin ligand. In addition, Cu(II) and Co(III) complexes could be used as 

electrolyte couples in DSSCs. The structures synthesized or discussed in this Chapter are 

depicted in Figure 4.7.   

Unfortunately the Ru(II) complexes could not be obtained for reasons explained below. For the 

rest of the compounds, electrochemical and spectroelectrochemical studies have been performed. 

 

4.2     Synthesis  

 

Traditionally dipyrrins have been synthesized through the acid catalyzed condensation of 2-

formyl pyrrole with a pyrrole that is unsubstituted in the 2-position31. This reaction is usually 
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referred as the McDonald coupling41. The limitation of this procedure is that it is mainly used for 

the preparation of dipyrrins that have no functionality in the 5-position. It is also more suitable 

for the preparation of asymmetric dypyrrins. If a symmetric 5-substituted dipyrrin  is required 

then an alternative synthetic route can be employed which allows the condensation of two 

equivalents of a 2-unsubstituted pyrrole with a carboxylic acid or acid halide that carries the 

group that is desired to be placed in the 5-position of the final product. Scheme 4.1 offers a better 

understanding of the capabilities and limitations of each method.   

 

 

 

 

Scheme 4.1. Traditional routes for the synthesis of asymmetric 5-unsubstituted and 

symmetric 5-substituted dipyrrins. The scheme illustrates a general case where R1-

R6 could be all different R-groups. 
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Although the previous methods are high yielding and offer great flexibility for the desired 

outcome, they are less suitable as a synthetic route when a simple dipyrrin substituted only in the 

5-position is desired. In this case, the oxidation of the corresponding dipyrromethane has been 

proven an efficient and simple method. (Scheme 4.2).  

 

  

Scheme 4.2. Dypyrrin synthesis by oxidation of dipyrromethane. 

 

The use of base is essential and serves as a trap for the hydrogen cations formed after the 

oxidation of dipyrromethane. An oxidant that was commonly used in the past is elemental 

bromine, the reaction taking place in CCl4
42. Recently, more sophisticated oxidants belonging to 

the quinone family have been successfully employed. The most commonly used oxidant is 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) because of its selectivity, ease of handling and 

very short reaction times43.  

5-substituted dipyrromethanes are routinely prepared through the treatment of an appropriate 

aldehyde with 100 equivalents of pyrrole with the aid of an acid catalyst, (Scheme 4.3). This 

reaction is well studied44 and is often used during the synthesis of porphyrins.  
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Scheme 4.3. Synthesis of 5-substituted dipyrromethanes. 

 

For the synthesis of 5-ethynylferrocenyl-dipyrrin, the route with the dipyrromethane intermediate 

was chosen. A full illustration of the synthetic route used is shown in Scheme 4.4.  For the 

formation of 5-ethynylferrocenyl-dipyromethane (4), ferrocenyl(formyl)acetylene (3) needed to 

be synthesized first. This molecule has been prepared in the past and literature procedures45 with 

modifications in reaction times and purification technique were effectively used. 

The synthesis of (3) starts from acetyl-ferrocene (1), a commercially available starting material. 

The formation of ethynyl-ferrocene is a two-step one-flask reaction type. The first step is the 

formation of the enol-phosphate intermediate. LDA is used in order to remove one of the α-

hydrogens of the methyl ketone and thus, aid in the formation of the ketone-enol tautomer. The 

later, reacts with the chlorophosphate reagent in order to give the enol-phosphate intermediate. 

LDA is again introduced as the second step of the reaction, and acts as a base in the β-

elimination reaction taking place. The reaction mixture is poured into acidified water in order to 

eliminate the excess of base and complete the reaction. Purification is achieved with 

chromatography and subsequent crystallization of the oil obtained from hexanes. 

The next step is the formation of ferrocenyl(formyl)acetylene (3). Ethynylferrocene is a terminal 

alkyne  and  the  acidic  proton  is easily removed with n-butyl-lithium in order to form a lithium-  
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Scheme 4.4. Synthetic route of 5-ethynylferrocenyl-dipyrrin. 
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acetylidide intermediate. Hydrolysis in acidic water and purification with chromatography 

affords (3) in a very good yield.  

The formation of dipyrromethane (4) is accomplished through the reaction of (3) with an excess 

of pyrrole (100 eq). The reaction takes place in an inert atmosphere and care is taken in order to 

exclude light. Boron trifluoride is used as the acid catalyst. The intermediates formed are very 

reactive and the temperature was kept at -23o C with a reaction time of 15 minutes.  Addition  of 

base was used in order to quench the reaction. Purification by column chromatography on silica 

was very difficult as this reaction had a lot of side products having similar elution times. A 

solvent system consisting of hexane/ethyl acetate/triethylamine was employed and a product of 

sufficient purity was obtained. The product was obtained as thick brown oil with some minor 

impurities believed to inhibiting its solidification. 5-Ethynyl-dipyrromethane had to be stored in 

the fridge because it degraded slowly with time.  

The final step is the oxidation of (4) to the dipyrrin derivative. During the first trials of this 

reaction, DDQ was used as the oxidant as described earlier. After addition of DDQ, a deep blue 

coloration was observed but TLC experiments showed that this blue compound was very polar. It 

was hypothesized then that DDQ was a very strong oxidant that was causing the oxidation of 

ferrocene into ferrocenium. Previous experiments of oxidizing 5-ferrocenyl-dipyromethane with 

DDQ were successful so it was deduced that the triple bond must have facilitated better 

communication between the ferrocene and the dipyrrin unit causing an increase of its reduction 

potential. This hypothesis was verified through the use of p-chloranil (2,3,5,6-

tetrachlorocyclohexa-2,5-diene-1,4-dione) as a milder oxidant. The starting material was 

consumed within 2 minutes and a deep red-brown solution was formed.  
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The problems with this synthesis continued through to purification stage, with the compound 

showing unusual behavior on silica substrates. TLC experiments using dichloromethane as the 

mobile phase showed good separation; however, using the same conditions on a preparative scale 

resulted in an almost complete decomposition of the product. If the reaction was performed in 

THF and the product was loaded and eluted in a THF-containing solvent system, no 

decomposition was observed. The drawback was that any solvent combination with THF was too 

polar for the effective separation of (5) and the chloro-substituted hydroquinone formed as a 

sideproduct. In addition when solutions containing (5) were evaporated to dryness the product 

fully decomposed leading to a material that was insoluble in all solvents tried. Changes in 

evaporation temperature and light conditions did not improve results. The only occasion that the 

product survived solvent evaporation was when solutions contained a very low concentration of 

the product. The possibility of the product reacting with the hydroquinone, formed in the 

reaction, upon concentration of the solution was excluded as hydroquinone-free solutions were 

re-tested with no success in isolating a product. It is hypothesized that when (5) starts packing 

during the transition to the solid state, some form of polymerization involving the triple bond 

spacer is favoured. Identification of (5) was achieved only by MALTI-TOF spectrometry where 

a valid mass was observed. Further indirect identification was achieved as, upon metal 

complexation, stability was restored. Successful identification of its metal complexes provides 

proof for the existence of (5). In order to proceed further in the synthesis of homoleptic and 

heteroleptic metal complexes of (5), two approaches were followed. Firstly, (5) was obtained 

directly from the column chromatography and evaporated partially until a solution of known 

volume was formed. A quantitative conversion was assumed and a final yield was calculated 

after metallation. The second approach was to add the oxidant in the presence of the metal and 
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allow both oxidation and metallation to happen in the same flask. The drawback of this method 

was that metals such as iron(II) could compete with the dipyrromethane in the redox process.  

 

Synthesis of metallated dipyrrinato complexes 

Bis-(5-ethynylferrocenyl-dipyrromethene) copper(II) was synthesized in two steps. 5-ethynyl-

ferrocenyl-dipyrromethane was oxidized with p-chloranil in dichloromethane at 0o C followed by 

the addition of Cu(OAc)2 and triethylamine. The solution was purified by column 

chromatography on silica affording a pure product. Slow evaporation of a concentrated solution 

of (6) in dichloromethane afforded crystals of an appropriate quality sufficient for X-Ray 

crystallography. The structure of (6) was also confirmed through MALDI-TOF MS and 

elemental analysis. A schematic of the synthesis of (6) is shown in Scheme 4.5. The NMR 

spectrum could not provide any structural identification because the complex is paramagnetic 

and the peaks were broadened and shifted in a way that peak overlaps were not uncommon. 

 

 

 

Scheme 4.5. Synthesis of bis-(5-ethynylferrocenyl-dipyrromethene) copper(II) 
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We were unable to synthesize the Fe(II) complex with any of the methods used. Various solvents 

and methods were tried but the outcome was always a green insoluble tar precipitating 

immediately after the addition of the iron(II) salt. A variety of iron(II) salts were tried and 

variables such as reaction temperature and the type of base used were explored, however, the 

iron(II) complex was never detected. It has been suggested that iron(II) complexes of dipyrrins 

form only oxidatively unstable products and in the presence of excess ligand iron(III) complexes 

are formed. These observations agree with our experimental results, indeed, a small amount of 

the iron(III) complex was been isolated from the above reactions. 

Tris-(5-ethynylferrocenyl-dipyrromethene) iron(III) (7) was successfully synthesized. Very polar 

solvents such as ethanol, methanol and THF were unsuitable for this reaction. Even addition of 

small amounts of polar solvent to make the iron(III) starting material more soluble had a great 

impact on the course of the reaction and no product could be isolated. Dichloromethane was 

found to be the most appropriate solvent and after the addition of iron(III) chloride it was 

necessary to raise the temperature to 40o C for efficient conversion. This is probably due to the 

insolubility of iron(III) chloride in dichloromethane rather than any difficulty of the iron(III) 

cation reacting with the dipyrrin ligand. An octahedral complex was obtained (Scheme 4.6) and 

the molecular structure was successfully characterized with X-Ray crystallography, MALDI-

TOF MS, elemental analysis and NMR spectroscopy. Although the complex is paramagnetic, the 

peaks in the NMR spectrum were only slightly broadened. Big negative shifts were observed, 

especially for the dipyrrin-based protons, but it was not possible to unambiguously assign all the 

peaks.  
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We were not able to synthesize any of the ruthenium(II) complexes. Scheme 4.7 shows the 

attempted synthetic routes. Although the intermediate species were successfully synthesized 

according to literature procedures, any attempt of coordinating the dipyrrin ligand (5) was not 

successful despite the variety of conditions used. A review of the literature will reveal that 

ruthenium chemistry needs elevated temperatures and prolonged reaction times. All reactions 

involving molecule (5), independent  of  conditions  and  starting  materials,  when  performed  at 

 

Scheme 4.6. Synthetic route to tris-(5-ethynylferrocenyl-dipyrromethene) iron(III) 

 

elevated temperatures gave a consistent reaction mixture consisting of decomposition products. It 

was found that (5) was unstable at high temperatures and the highest approximate temperature 

that it could survive was 40o C. This temperature was not high enough to promote the reaction 

between the dipyrrin ligand and the Ru(II) metal center and even after prolonged stirring, starting 

material was found to be intact and no detectable product could be obtained.  
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One of the most challenging tasks of this project was the synthesis and identification of 

homoleptic and heteroleptic dipyrrin complexes of cobalt. One reason for this was that the data 

were inconclusive for the exact molecular structure and the products decomposed upon contact 

with silica or alumina. 

Preliminary reactions involved the addition of cobalt(II) acetate to a solution containing a crude 

mixture of previously  oxidized  5-ethynylferrocenyl-dipyrromethane. The  solution  was  turning 

 

 

 

Scheme 4.7. Synthetic route of Ru(II) heteroleptic dipyrrin complexes. 
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into a deep violet colour but the main product could not be isolated because of its sensitivity to 

silica/alumina as mentioned above. We were able to obtain a sufficiently pure product forcing a 

quick elution through silica with a mobile phase consisting of a mixture of dichloromethane and 

5% triethylamine. The product’s MALDI-TOF MS spectrum showed a major peak at 761.1 

which corresponds to the mass of two dipyrrins and a cobalt atom. While this shows the possible 

existence of a tetrahedral Co(II) homoleptic complex, the NMR spectrum had two rather 

unconvincing characteristics. First of all the spectrum showed no broadened or shifted peaks 

expected for a paramagnetic Co(II) complex, suggesting that the Co(II) had been oxidized to 

Co(III). The second observation was that six peaks corresponding to the hydrogens of the 

dipyrrin rings were observed instead of three expected from the assumed molecular structure. 

The possibilities that either all six hydrogens of each dipyrrin unit had a different chemical 

environment or the two ligands adopted distinct environments, influenced differently by the 

metal center were disregarded as literature NMR data69 indicated that each dipyrrin unit would 

be expected to be symmetric and no configuration that would allow the two ligands to be in 

different environment could be envisaged.  

All the synthesized complexes of Co(III) appeared to have this same NMR pattern. In one of the 

by-products, we were able to perform X-Ray crystallography but the data obtained were still not 

supporting this NMR spectrum. A possible explanation arises if we assume that there is an 

extended π-system formed between the cyclopentadienyl ring, the triple bond and the dipyrrin 

unit which prevents the rotation of the ferrocene in respect to the dipyrrin. With such a fixed 

stereochemistry, upon formation of the complex, the ferrocenes could adopt a syn- or anti- 

configuration towards each other as shown in Figure 4.8. These two complexes would provide a 
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slightly different NMR spectrum and because our samples would contain both of them, a 

combined spectrum explains our observations.  

  

 

 

Figure 4.8. Compound (13) having the ferrocene groups in two different orientations. 

 

A second explanation arises if we examine the stereogenic centers of the proposed structure. The 

complex belongs to the general formula cis-M(A-A)2(B-B) which has two optical isomers as 

shown in Figure 4.9a. In addition, if we maintain the assumption that the ferrocene unit connot 

rotate around the triple bond, then two more optically active compounds can be generated. This 

is illustrated in Figure 4.9b where the molecule on the left is reflected at a mirror plane that is 

parallel to the page and so the molecule on the right is produced. These two drawings are 

simplified versions of (13) that help visualize the chirality produced due to the ferrocene units. 

What we have is a molecule with two optically active sites. One of the prerequisites for a 
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diastereoisomer formation is the simultaneous formation of both chiral centers with a 

configurational preference. In our case we can see that the ligand field stabilization energy is 

very high (2.4Δο – 3P). This makes the ligands very strongly attached to the metal centers. As a 

consequence, upon formation, the ligands are not labile enough to de-complex and re-complex 

thus creating a complex with a different stereochemistry. So if the reaction is selective, we would 

expect the Δ- and Λ- configurations to be diastereoisomers. The two compounds will have 

different physical properties and consequently a different NMR spectrum.  

 

Figure 4.9. a) Δ- and Λ configurations of a cis-M(A-A)2(B-B) type complex. b) simplified 

drawing of (13) showing the enantiomeric relationship of the two configurations.  

 



173 
 

Subsequent reactions also involved the removal of the reduced form of p-chloranil by the 

extraction of the reaction mixture with 0.1 M aqueous NaOH solution. Applying this technique 

before the addition of the Co(II) species lead to reaction mixtures with  less side products and 

increased yields.  

Cobalt acetate was added to a dichloromethane solution containing (5) and the mixture turned to 

a deep violet colour. The primary product was very unstable in contact with silica or alumina and  

 

 

Scheme 4.8. Synthetic route of bis-(5-ethynyl-ferrocenyl)-acetato-cobalt(III). 

 

is hypothesized that it is the same product formed as before even with the presence of 2,3,5,6-  

tetrachloro-benzene-1,4-diol. Separation was achieved by eluting with dichloromethane 

containing 5% of Et3N. The synthetic route is shown in Scheme 4.8.  
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Characterization of the exact structure of this compound proved difficult and only assumptions 

derived from the available data can be made. MALDI-TOF MS gave two peaks. The major peak 

at 761.1 corresponds to an ion consisting of a cobalt atom and two deprotonated molecules of 

(5). Another peak with a much smaller intensity at 820 is attributed to a species consisting of one 

cobalt atom, two deprotonated molecules of (5) and an acetate ion. The formal charge of a 

complexed dipyrrin unit is -1 and in our case cobalt has a +3 charge. One more negatively 

charged ion is needed to provide a neutral complex and acetate seems to serve this purpose. As 

encountered above, the major peak at 761.1 arises from the (5-ethynylferrocenyl)2Co(III)+ ion.  

The 1H-NMR spectrum of this product also shows a peak related to the acetate ion at 1.67 ppm 

with integration corresponding to 3 hydrogens. It is unclear whether the acetate ion is 

coordinated or not, however the rarity of tetrahedral Co(III) complexes supports a neutral 

octahedral configuration, while electrochemical data discussed later supports a tetrahedral 

cationic configuration. Elemental analysis gave unsatisfactory results which may be accounted 

for by additional coordinated or guest solvent molecules.  

A heteroleptic complex of cobalt(III) with bipyridine as a co-ligand has been successfully 

synthesized. The same procedure as that followed for complex (13) was used, but using CoCl2 

instead of Co(OAc)2. Addition of half an equivalent of 2,2’-bipyridine preceded the addition of 

the metal. The crude product could only be purified using preparative TLC.  

Column chromatography proved inadequate due to the co-elution of many byproducts. A mobile 

phase consisting of a mixture of dichloromethane/methanol 85:15 had to be used due to the high 

polarity of the complex. Elemental analysis of the purple solid obtained was unsatisfactory. 

Again, minor impurities or trapped solvent molecules could have accounted for this. The 1H 

NMR spectrum showed the characteristic pattern of the two complexed molecules of (5) to a 
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cobalt(III) ion, as well as signals corresponding to the bipyridine hydrogens. Further 

characterization was performed with 13C NMR and MALDI-TOF MS. The MALDI spectrum 

showed a mass of 916.98 which corresponds to the bis-[(5-ethynyl-ferrocenyl)-bipyridine-

cobalt(III)]+ cation. In negative ion detection mode, a small peak at 951.98 was detected which 

corresponds to a negative ion of molecule (14). The chloride counterion was also detected 

indirectly upon addition of a methanolic solution of AgNO3 to a methanolic solution of (15). A 

white suspension formed immediately. The synthetic route is shown in Scheme 4.9. 

 

 

 

Scheme 4.9. Synthetic route to bis-[(5-ethynyl-ferrocenyl)-bipyridine-cobalt(III)] chloride. 
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4.3     Crystallographic analysis 

 

Crystal structure of (7). 

 

Single crystals suitable for X-Ray structure analysis of (7) were obtained by slow evaporation of 

a chloroform/hexane (50:50) saturated solution of the complex. A perspective view of the 

molecular structure of (7) and the atom numbering scheme is illustrated in Figure 4.10. The 

molecule crystallizes with three molecules of chloroform in the monoclinic space group P21/c 

(Table 4.1). Owing to weak data all non-metal atoms were refined with isotropic displacement 

parameters. The four Fe atoms were modelled with anisotropic displacement parameters which 

have all be restrained to isotropic character (ISOR). Geometric similarity restraints (SAME) 

were applied to the 1,2 and1,3 bond lengths of the dipyrromethene and alkyne units of the three 

ligands. The cyclopentadienyl rings of all the ferrocene moieties were constrained to have 

regular pentagonal geometry (AFIX 56) and geometric similarity restraints (SAME) were 

applied to the 1,2 and 1,3 bond lengths of the three dichloromethane solvent molecules. Three of 

the chlorine atoms had their isotropic displacement parameters fixed at values of 0.15. PLATON 

SQUEEZE was applied to the data to remove the scattering contribution from disordered solvent 

moieties and produce a set of solvent-free diffraction intensities for the final cycles of 

refinement. A total of 379 electrons were removed from the unit cell equating to 1.5 chloroform 

molecules per asymmetric unit which have been included in the unit cell contents.  
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Figure 4.10. Crystal structure of (7) showing the atom labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level. 

 

 

The aromatic region of the dipyrrin backbone is planar. The angle formed between the mean 

plane of the dipyrrin unit and the cyclopentadienyl ring is different in every ligand and it varies 

between 8.9(4)o and 49.6(2)o  The Cp rings of each ferrocenyl unit are eclipsed, forming an angle 

that ranges between 1.2(3)o and 3.01(13)o with respect to each other. The ethynyl linkages are 

essentially linear. The ligands adopt an almost perfect octahedral arrangement around the central 

iron(III) center.  
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Table 4.1. Crystal data and structure refinement parameters for compound (7). 

Compound (7) 

Empirical formula C130.50H94.50Cl13.50Fe8N12 

Formula weight 2756.06 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system 
Monoclinic 

Space group 
P2(1)/c 

Unit cell dimensions a = 25.25(10) Å   α= 90°. 

 b = 30.41(11) Å         β= 97.56(9)°. 

 c = 15.22(5) Å    γ = 90°. 

Volume 11583(73) Å3 

Z 4 

Density (calculated) 1.580 mg/m3 

Absorption coefficient 1.342 mm-1 

F(000) 5596 

Crystal size 0.49 x 0.08 x 0.01 mm3 

Theta range for data collection 1.05 to 20.00° 

Index ranges 
-24<=h<=24, -29<=k<=29, -

14<=l<=14 

Reflections collected 41125 

Independent reflections 10816 [R(int) = 0.2847] 

Completeness to theta = 20.00° 0.999 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10816 / 645 / 562 

Goodness-of-fit on F2 1.028 

Final R indices [I>2sigma(I)] R1 = 0.1314, wR2 = 0.3076 

R indices (all data) R1 = 0.2137, wR2 = 0.3596 

Largest diff. peak and hole 1.867 and -1.554 e·Å-3 
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Figure 4.11. Crystal packing of (7). C-H…π interactions are represented as black dashed 

lines. Hydrogens are coloured yellow for clarity. 

 

 

 

The molecules are packed into a crystal mainly through C-H…π interactions between a) the 

hydrogens of a dipyrrin ring and the π system of an adjacent molecule’s dipyrrin ring and b) 

between the Cp ring’s hydrogens and a neighboring Cp ring’s π system. Selected interactions are 

highlighted in Figure 4.11 with dashed black lines. 
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Crystal structure of (6). 

 

Single crystals of (6) suitable for X-ray structure analysis were obtained by slow evaporation of a 

saturated dichloromethane/methanol (50:50) solution of (6). A perspective view of the molecular 

structure of (6) and the atom numbering scheme is illustrated in Figure 4.12. The molecule 

crystallizes in the orthorhombic Pca21 spacegroup (Table 4.2). Rigid bond and similarity 

restraints (DELU, SIMU) were applied to the anisotropic displacement parameters of all the 

cyclopentadienyl rings. The highest peak of 1.51 e/A3 in the difference Fourier synthesis lies 

0.92 A from Cu1 and is of no chemical significance. 

 

 

Figure 4.12. Crystal structure of (6) showing the atom labeling scheme. Displacement 

ellipsoids are drawn at the 50% probability level. 
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Table 4.2. Crystal data and structure refinement parameters for compound 

Compound (6) 

Empirical formula  C42H30CuFe2N4 

Formula weight  765.94 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P c a 21 

Unit cell dimensions a = 20.0347(8) Å   α= 90°. 

 b = 21.5255(8) Å   β= 90°. 

 c = 7.6334(3) Å      γ = 90°. 

Volume 3292.0(2) Å3 

Z 4 

Density (calculated) 1.545 mg/m3 

Absorption coefficient 1.548 mm-1 

F(000) 1564 

Crystal size 0.59 x 0.19 x 0.05 mm3 

Theta range for data collection 2.15 to 27.37° 

Index ranges -25<=h<=25, -27<=k<=26, -9<=l<=9 

Reflections collected 38566 

Independent reflections 7406 [R(int) = 0.0642] 

Completeness to theta = 20.00° 0.999 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7406 / 161 / 442 

Goodness-of-fit on F2 1.283 

Final R indices [I>2sigma(I)] R1 = 0.0763, wR2 = 0.1701 

R indices (all data) R1 = 0.0824, wR2 = 0.1728 

Largest diff. peak and hole 1.512 and -0.984 e·Å-3 
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The aromatic region of the dipyrrin backbone is planar. The angle formed between the 

cyclopentadienyl rings and the mean dipyrrin plane is different in the two ligands with the one 

being 25.5(2)o  and the other 22.8(2)o .. The Cp rings of each ferrocenyl unit are eclipsed and they 

form an angle of 1.2(3)o with respect to each other. The iron atom on one ligand lies at 1.639(3) 

Å from both the Cp rings centroids while on the other ligand the iron-Cp centroid distance is 

1.654(4) Å. The ethynyl linkages are essentially linear with angles being 177.7 Å and 178.1(8) Å 

at C32A and C33A respectively. The coordination geometry lies between that of a tetrahedral 

and a square planar complex. The angle formed between the mean planes of the two dipyrrin 

subunits being 50.85(9)o.  

 

 
 

Figure 4.13. Crystal packing of (6). C-H…π interactions are represented as black dashed 

lines. Hydrogens are coloured yellow for clarity. 
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4.4     Cyclic voltammetry measurements 

 

Borondifluoride dipyrrins are the only class of dipyrrin derivatives for which the 

electrochemistry has been extensively studied46 and has provided information regarding their 

electrochemical HOMO-LUMO levels of these compounds47,48. Generally, these compounds 

show a reversible one-electron oxidation and a reversible one-electron reduction49. The 

electrochemistry of free-base dipyrrins show the same behavior as that of their protonated 

analogs although the latter are harder to oxidize and easier to reduce due to the extra positive 

charge50. Substitution of the 5-position of the dipyrrin effects the electrochemistry of the species 

and indicating a direct correlation between the Hammet constants and the redox potentials48. 

However, later studies have shown that the site of substitution does not affect the redox 

potentials51. On the other hand, reports of electrochemical characterization of metallated 

dipyrrins have been rare. Ni(II)48, Cu(II)52,53, Pd(II),53 Fe(III)54 and Zn(II)55 complexes show one 

or two redox waves with various degrees of reversibility depending on the substitution of the 

dipyrrin as well as the metal center.    

Cyclic voltammetry (CV) measurements were carried out on (6), (7), (13) and (14). Different 

scan rates were applied (20, 50 100, 200 and 300 mV/sec) in order to probe the nature of the 

electrochemical processes studied. The solvent used in all experiments was dichloromethane 

containing 0.4M of [NBu4][BF4] salt as the supporting electrolyte. A three electrode system was 

used with glassy carbon being the working electrode, a Pt wire being the secondary electrode and 

a saturated calomel electrode acting as a reference electrode.  
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Cited potentials are corrected to be referenced against Fc/Fc+ 56 unless otherwise stated. 

Experimentally, in order to avoid the ferrocene wave overlapping with the oxidation waves due 

to the ferrocene groups present in the molecules studied, decamethylferrocene (Fc*) was used as 

an internal standard. Under the conditions of our experiments the Fc*/Fc*+ couple was found to 

be at -0.52 mV versus Fc/Fc+. Theoretically, for an electrochemical process to be reversible, the 

peak potential difference Epa – Epc = ΔEp must be 59/n mV at 25o C (where n = the number of 

electrons involved in the process) and is independent of the scan rate57. In our experimental 

conditions, decamethylferrocene, which is a known one-electron reversible couple, exhibited a 

mean ΔEp value of 72 mV. Taken this into account, every couple having a ΔEp value less than 90 

mV was considered to imply an electrochemically reversible behavior while larger ΔEp values 

were considered to imply electrochemically quasi-reversible behavior. 

All electrochemical couples were subjected to several tests in order to verify their 

electrochemical reversibility. In some cases we were not able to calculate the Ipa/Ipc or plot the 

Ipa, Ipc versus the square root of the scan rate in order to check for reversibility by comparing the 

two slopes. This was because the reverse current could not be accurately measured due to 

overlap of the second and second oxidation or reduction waves. To avoid generating irreversible 

products from the following processes, we had to set the return point just before the first process 

was completed. As an alternative test we adopted the Nicholson equation58 : 

Ipc/Ipa = (Ipc)o/Ιpa + (Iλ)ο*0.485/Ipa + 0.086 

with (Iλ)ο being the current at the point of the end potential of the voltammorgam and (Ipc)o being 

the maximum value of I in the return wave.   
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Figure 4.14. Cyclic voltammograms of a) (7) over a wide potential range. b) first oxidation 

of (7) at various scan rates c) first reduction of (7) at various scan rates d) (6) over a wide 

potential range e) first oxidation of (6) at various scan rates f) first reduction of (6) at 

various scan rates. The displayed potentials are versus SCE. Correlation of colour and scan 

rate is as follows: 20 mV/sec-Magenta, 50 mV/sec-Green, 100 mV/sec-Dark grey, 200 

mV/sec-Red, 300 mV/sec-Blue.    

 

Cyclic voltammograms of complexes (6) and (7) revealed similar behavior for the two 

complexes. Both complexes show three reduction and three oxidation waves (Figure 4.14a,d). 

The first oxidation seems to be a reversible process for both complexes. At the scan rate of 

100mV/s we can see that for the Cu(II) complex ΔEp = 79 mV and for the Fe(III) complex ΔEp = 

86 mV. Both values are below 90 mV which signifies a reversible behavior. Ipa/Ipc calculated 
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from the Nicholson equation gave a value very close to 1 for both complexes and for all the scan 

rates. The values of E1/2 are 0.23 and 0.20 V for (6) and (7) respectively. This wave is assigned to 

the oxidation of the ferrocene units. These potentials are very similar to values reported in the 

literature59-64 and are more anodic due to the electron withdrawing effect of the ethylene and 

dipyrrin groups. Every complex has more than one ferrocene unit. The value of ΔEp shows that 

the process is a 1-electron 2-step oxidation for (6) and an 1-electron 3-step oxidation for (7). This 

is evident from the excessively large size of these peaks compared to the reduction waves. The 

fact that we can only see one peak is an indication that the oxidations of the ferrocene units are 

independent and, upon the oxidation of one ferrocene unit, the change in the electronic properties 

of one ligand do not affect the others.   

The second and third oxidations are irreversible and they are believed to be dipyrrin-centered 

oxidation processes. In the literature, the irreversibility of these oxidations is attributed to the 

demetallation of the complex upon formation of the mono- or dications55. For the Cu(II) complex 

the Epa values of the oxidations are 0.70 and 0.83 V and for the Fe(III) complex the Epa values 

are 0.62 and 0.80 V. Although the presence of ferrocene is expected to act as an electron donor, 

stabilizing the oxidized species, the order of the oxidative processes means that the ferrocene 

groups have already been oxidized into ferrocenium cations, prior to dipyrrin oxidation. 

Ferrocenium has a group electronegativity χFc+ = 2.82 which makes it electron withdrawing65,66, 

comparable to the CF3 group (χCF3 = 3.01)65,67, explaining the relatively high oxidation potentials 

for the two complexes. 

The first reduction has an E1/2 value of -1.18 for the Cu(II) complex and -0.96 for the Fe(III) 

complex. The ΔΕp is 70mV for both complexes and the Ipa, Ipc versus the square root of the scan 

rate plot gives two straight lines with almost equal gradients (Figure 4.15). These processes are 
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one electron reversible reductions and are attributed to the reduction of the central metal cation; 

Cu(II) is reduced to Cu(I) and Fe(III) is reduced to Fe(II).  

The Cu(II) complex shows a second irreversible reduction at -1.83 V while the Fe(III) complex 

shows two very close irreversible waves at -1.98 and -2.12 V. These reductions are believed to 

be dipyrrin centered. This assumption comes on the basis of previous studies46 indicating that 

metallated dipyrrins can exhibit up to two reductions. Cyclic voltammograms of compounds (6) 

and (7) as well as the first oxidation and first reduction wave of each compound are shown in 

Figure 4.14. 

 

 

Figure 4.15. Plot of Ipa,Ipc versus the square root of scan rate for the first reduction wave of 

Cu(II) (blue) and Fe(III) (red) complexes. The R factors are almost 1 and the slopes are 

almost equal indicating a reversible process. 
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The cobalt(III) complexes (13) and (14) show an oxidation wave at 0.21 and 0.22 V respectively, 

attributed, as above, to the ferrocene moieties. While the waves seem reversible upon first visual 

inspection, the Nicholson equation for (14) gives a value of 0.74 at a scan rate of 20 mV/s while 

it progressively increases until it reaches the value of 0.999 at 300 mV/s. This does not 

necessarily imply that the process is quasi-reversible because as will be seen later, during 

spectroelectrochemistry experiments where the timescales are much longer, full chemical 

reversibility is observed. A possible explanation of the above observation is the deposition of the 

oxidized species upon the electrode. Thus, at slow scan rates, upon reduction there is not enough 

time for the deposited compound to be reduced and enter the solution again, a feature that has 

been observed previously for ferrocene containing compounds68.  

A second oxidation is observed at 0.74 V for (13) and at 0.75 V for (14) which is attributed to a 

dipyrrin centered oxidation. As in the cases of the other metal complexes, these oxidations are 

irreversible.  

 The reduction waves differ from the Cu(II) and Fe(III) complexes. (13) shows two waves very 

close to each other at E1/2 values of -1.45 and -1.60 V. The ΔEp values are 100 mV for the first 

reduction and 84 mV for the second. These values are consistent across the spectrum of the scan 

rates used but the value of 100 mV signifies a quasi-reversible process. On the other hand, (14) 

shows a reduction wave at -0.97 V with quasi-reversible characteristics and two more reduction 

waves at -1.44 and -1.59 V which have a similar appearance to the two reduction waves of (13) 

both in appearance and properties (Figures 4.16 and 4.17). The reduction at -0.97 mV is 

attributed to the reduction of Co(III) to Co(II). The peculiarity lies upon the fact that such a wave 

was absent for in the case of (13). The two waves shown in Figures 4.16c and 4.17d are 

attributed to dipyrrin centered reductions. It is not clear if the second reduction is found at a more 
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negative potential due to the electronic influence of the first reduction to the rest of the molecule 

or if the two complexed dipyrrins differ as discussed above.   

Table 4.3 shows a summary of the redox potentials of all four synthesized complexes. From the 

table we can see that the dipyrrin centered reductions of the cobalt(III) complexes take place at a 

less negative potential than those of the Fe(III) and Cu(II) complexes. This indicates a decreased 

electron density of the neutral species. In the case of (14) the active species that is being reduced 

is the [(dpr)2bipyCo(III)]+ cation, the positive charge possibly affecting the reduction potential of 

the dipyrrin ring. The fact that the reductions of (13) and (14) come at the same potentials is an 

indication that the acetate in (13) may be a counterion and not directly linked to the metal.   

 

 

Table 4.3. Summary of redox potentials (E1/2) of compounds (6), (7), (13) and (14) 

Compound Ox1 Ox2 Ox3 Red1 Red2 Red3 

       

Cu(II)(dpr)2  (6) 0.23 0.7 0.83 -1.18 -1.83 - 

Fe(III) (dpr)3  (7) 0.2 0.62 0.8 -0.96 -1.98 -2.12 

 Co(III) (OAc) (dpr)2  (13) 0.21 0.74 - - -1.45 -1.6 

[Co(III) (dpr)2bipy]Cl  (14) 0.22 0.75 - -0.97 -1.44 -1.59 

              

 

dpr = 5-ethynylferrocenyldipyrrin, bipy = bipyridine 

Potentials reported in blue represent either the Epa or Epc due to irreversibility  
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Figure 4.16. Cyclic voltammograms of a) (13) over a wide potential range. b) first oxidation 

of (13) at various scan rates c) first and second reduction of (13) d) first reduction of (13) at 

various scan rates e) second reduction of (13) at various scan rates. The displayed 

potentials are versus SCE. The quasi-reversible characteristics of the reductions are 

apparent from the dependence of current on the scan rate as shown in the coloured graphs. 

Correlation of colour and scan rate is as follows: 20 mV/sec-Magenta, 50 mV/sec-Green, 

100 mV/sec-Dark grey, 200 mV/sec-Red, 300 mV/sec-Blue.    
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Figure 4.17. Cyclic voltammograms of a) (14) over a wide potential range. b) first oxidation 

of (14) at various scan rates c) first reduction of (14) at various scan rates d) second and 

third reduction of (14) e) second reduction of (14) at various scan rates e) third reduction of 

(14) at various scan rates. The displayed potentials are versus SCE. The quasi-reversible 

characteristics of the reductions are apparent from the dependence of current on the scan 

rate as shown in the coloured graphs. Correlation of colour and scan rate is as follows: 20 

mV/sec-Magenta, 50 mV/sec-Green, 100 mV/sec-Dark grey, 200 mV/sec-Red, 300 mV/sec-

Blue.    
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4.5     UV-Vis Spectroelectrochemistry 

 

To ensure the chemical reversibility of the redox processes observed during the cyclic 

voltammetry experiments, UV/Vis spectroelectrochemistry was performed on compounds (6), 

(7), (13) and (14). The compounds were oxidized in situ at the pre-determined appropriate 

potentials in an optically transparent electrode UV/Vis cell (OTE) in CH2Cl2. The temperature 

was kept constant at 0o C through a steady flow of air passed through a coiled tube immersed in 

liquid nitrogen. Figure 4.18 shows the recorded UV/Vis spectra of the neutral species.  

The spectra in Figure 4.18 are typical of other metallated dipyrrin compounds. In the literature 

there have been different opinions as to the correct assignment of the peaks. Some authors69,70 

conclude that the peak between 300 and 400 nm is a π-π* transition localized on the ligand while 

the peak between 400-600 nm is a metal to ligand charge transfer (MLCT). More recently though 

the opinion that both peaks arise from π-π* transitions occurring within orbitals located on the 

dipyrrin site is more accepted71,72. Dipyrrins have very high absorption coefficients (20,000-

80,000 M-1cm-1 at the 400-600 nm region) which is attributed to the extended π-system and the 

planarity of the molecule. Sometimes (as is the case in all the complexes studied in this project) 

the lower energy peak is split in two or a shoulder is evident on the left or the right side of the 

main peak. This splitting is attributed to the exciton effect73. The highest  energy  transition  

located  below 270 nm has been attributed to transitions occurring at the group attached at the 5-

position54,74. 
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Figure 4.18. UV/Vis absorption spectra of the neutral species of (6), (7), (13) and (14). 

 

The UV/Vis spectrum of ethynylferrocene shows a transition at 236 nm75 which leads us to 

assume that the transition at 219 nm which is evident in all our complexes is based on the 

ethynylferrocene group. (14) shows an extra peak at 309 nm which is assigned to the bipyridine 

ligand. 
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The first oxidative process gives mixed results. For the Cu(II) and Fe(III) based complexes (6) 

and (7) the process is irreversible while for the cobalt(III) based complexes (13) and (14) the 

process is fully reversible. All the spectra from the oxidized species show a marked decrease of 

the intensity of the peak attributed to the transition based on the ethynylferrocene unit (Figure 

4.19a), further establishing that this oxidation is ferrocene centered. On the other hand, all the 

reductions of the cobalt complex are irreversible processes while for the reductions of (6) and 

(7), which were attributed to metal centered reductions, the processes are completely reversible. 

Figure 4.19b shows the spectra of the neutral and the reduced form of (6). There are no 

significant changes regarding the positions and intensities of the peaks of the redox couples, an 

indication that the reduction is taking place at the metal center. Figure 4.20 shows the time 

evolution of the UV/Vis spectrum of all the reverible processes of complexes (6), (7), (13), (14). 

 

 

Figure 4.19. UV/Vis spectrum of a) the neutral species of (7) (black line) and the species 

produced after the first oxidation (red line) b) the neutral species of (6) (black line) and the 

species produced after the first reduction (red line).  
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Figure 4.20. Time evolution of the UV/Vis spectrum of a) (6) during the first reduction 

process at -1.50 V b) (7) during the first reduction process at 1.29 V c) (13) during the first 

oxidation process at 0.50 V d) (14) during the first oxidation process at 0.56 V.   
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4.6     Conclusion 

 

The aims of the present project involved the synthesis and characterization of 5-

ethynylferrocenyl-dipyrrin and a series of homoleptic and heteroleptic dipyrrinato complexes of 

Ru(II), Co(II), Co(III), Fe(II), Fe(III) and Cu(II) followed by spectroelectrochemical studies. Not 

all of these aims were achieved. 5-ethynylferrocenyl-dipyrrin was effectively synthesized 

although full characterization has not been possible due to decomposition.  

Homoleptic 5-ethynylferrocenyl-dipyrrinato complexes of Fe(III) and Cu(II) have been 

successfully prepared and characterized. We were unable to prepare the corresponding Fe(II) 

complex. The series of Ru(II) heteroleptic complexes with dipyrrin and bipyridine ligands was 

not successful either, probably due to the thermal instability of the dipyrrin ligand at the elevated 

temperatures needed for the ruthenium chemistry. As a result we were not able to study these 

compounds and make direct comparisons on the effect of the dipyrrin ligands on the light 

absorption characteristics and on the characteristic MLCT band of these complexes.  

The synthesis of the Co(II) complexes were unsuccessful, but a molecule with properties 

resembling those of Co(III) complexes was isolated. The available data supported the presence of 

two dipyrrin and one acetate ligands, but it was not possible to confirm that the acetate molecule 

was directly bound to the cobalt(III) center or if it was acting as a counterion. The rarity of 

tetrahedral Co(III) complexes supported the former possibility while electrochemical data 

showing the electron density around the cobalt(III) center of (13) being roughly the same as that 
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of (14) supported the latter possibility.  Addition of bipyridine to the reaction mixture afforded 

the octahedral [(bis-5-ferrocenylethynyldipyrrin)-bipyridine-Co(III)] chloride complex.  

Cyclic voltammetry revealed rich electrochemistry with all compounds showing reversible one 

electron oxidative processes assigned to the ferrocene units and further non reversible oxidation 

waves assigned to the dipyrrin rings. Demetallation was assumed during the ring-centered 

oxidations. For the Fe(III), Cu(II) and the heteroleptic Co(III) complexes reversible reduction 

waves were recorded and assigned to metal-centered reductions. For the Cu(II) and Fe(III) 

complexes further non-reversible reductions were observed that were attributed to ring-centered 

processes, but the Co(III) reductions were found to be quasi-reversible. Spectroelectrochemical 

data showed that for the Cu(II) and Fe(III) complexes the ferrocene based oxidations were not 

chemically reversible.  

All complexes had very high extinction coefficients (90,000-150,000 M-1cm-1 at the 480-570 nm 

range) indicating that the dipyrrin ligand used has the potential to be a very efficient light 

absorbing unit. The electrochemistry has shown that all the complexes were able to be oxidized 

and reduced, indicating that they would all be able to be regenerated by the I-/I3
- redox couple. 

The Co(III) complexes could also, in principle, be used as electrolytes to replace the I-/I3
- couple 

however, further research is needed. The presence of high redox potentials is a desirable property 

for a compound to be used as a dye in DSSCs and the ability to tune the redox potentials and the 

stability of the generated species gives more flexibility for the fine tuning of desired properties. 

Future work including the synthesis and study of more metal complexes of this kind and the 

incorporation of carboxylic acid groups for TiO2 binding capabilities could provide efficient dyes 

for further research in solar energy conversion. 
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4.7     Experimental 

 

All reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, Fischer Scientific 

UK, and used without further purification unless otherwise stated. Elemental microanalyses were 

carried out by Steven Boyer at the Microanalysis Service, London Metropolitan University, UK. 

1H and 13C NMR spectra were measured using either a Joel 270 MHz, Bruker 300 MHz, Bruker 

400 MHz, DPX 300 MHz, DPX 400 MHz or Bruker 500 MHz spectrometer. MALDI-TOF mass 

spectra were obtained using Bruker Ultraflex MALDI-TOF mass spectrometer. MALDI-TOF-

MS samples were prepared by dissolution of the compounds in CH2Cl2 (10 µL) and then mixing 

this solution with a solution of the matrix DCTB (trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-

propenylidone]-malonitrile) in MeCN (20 µL). A sample of the resulting solution (5 µL) was 

loaded onto a plate, the solvent was removed in air, and the sample transferred to the mass 

spectrometer for analysis. Electrospray ionization mass spectra were collected using a MALDI-

TOF mass spectrometer. UV-Vis spectra were obtained using Unicam UV/Vis 2 spectrometer. 

Cyclic Voltametric studies were carried out using an Autolab PGSTAT20 potentiostat, using a 

three-electrode arrangement in a single compartment cell. A glassy carbon working electrode, a 

Pt secondary electrode and a saturated calomel reference electrode (chemically isolated for the 

test solution via a bridge tube containing electrolyte solution and fitted with a porous vycor frit) 

were used in the cell. Experiments were performed under an atmosphere of argon. Sample 

solutions were prepared under an argon atmosphere using Schlenck line techniques. The 

supporting electrolyte employed was a 0.4M [NBu4][BF4] solution. Redox potentials were 
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referenced vs. the Fc/Fc+ couple. Decamethylferrocene was used as the internal standard. 

Compensation for internal resistance was not applied. 

UV/Vis spectroelectrochemical experiments were carried out with an optically transparent 

electrochemical (OTE) cell (modified quartz cuvette, optical path length 0.5mm). A three 

electrode configuration, consisting of a Pt/Rh gauze working electrode, a Pt wire secondary 

electrode (in a fritted PTFE sleeve) and a saturated calomel electrode (chemically isolated from 

the test solution via a bridge tube containing electrolyte solution and terminated in a porous frit) 

were used in the cell. The potential at the working electrode was controlled by a Sycopel 

Scientific Ltd. DD10M potentiostat. UV/Vis data were recorded on a Perkin Elmer Lamda 16 

spectrophotometer. The cavity was purged with N2 gas and temperature control at the sample 

was achieved by flowing cooled N2 gas across the surface of the cell.  

Sample solutions were prepared under an atmosphere of argon using Schlenk line techniques and 

consisted of a 0.4M [NBu4][BF4] solution as the supporting electrolyte and a 10-4M solution of 

the test compound. The test species in solution was oxidized at constant potential and the redox 

process was considered complete when consecutive spectra were identical. The reversibility of 

the process was investigated by applying a potential at the working electrode to re-reduce the 

electrogenerated product. This process was considered to be reversible, under the conditions of 

the experiment, if the spectral profile of the starting material was reproduced. 

 

Crystallography 

All single-crystal X-ray experiments were performed on a Bruker SMART 1000 CCD or a 

Bruker SMART APEX CCD equipped with an Oxford Cryosystems open flow cryostat, 
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[graphite monochromatic Mo-Ka radiation (λ=0.71073 Å), ω scans]. Absorption corrections, if 

necessary, were applied by a semi-empirical approach. All of the single crystal structures were 

solved by direct methods using SHELXS-9774; all non-hydrogen atoms were located using 

subsequent difference-Fourier methods75. Unless otherwise stated, hydrogen atoms were placed 

in calculated positions and thereafter allowed to ride on their parent atoms. 

Additional restraints were placed on thermal and geometric parameters as required and 

appropriate. All graphical representations were generated using Mercury 1.4.1 (Copyright CCDC 

2001-2005). 

 

Compound synthesis 

 

Synthesis of ethynyl-ferrocene (2) 

The compound was synthesized as described previously45 using slight modifications. A solution 

of acetylferrocene (14 g, 61 mmol) in THF (50 ml) was purged with nitrogen for 20 min. The 

solution was brought to -78 oC and a solution of 2.5M LDA in THF (26.8 ml) was added. 

Stirring was continued for 45 min after which, 1.05 equiv (9.3 ml, 64 mmol) of 

diethylchlorophosphate was added. The reaction mixture was stirred for an additional 1 h at -78 

oC and then brought to room temperature. An additional 56.1 ml of 2.5M LDA solution in THF 

were added at -78 oC. The solution was allowed to warm to room temperature and poured over 

500 ml of an ice-water mixture containing concentrated HCl solution (50 ml). The organic layer 

was extracted with CH2Cl2 and dried over Mg2SO4. Solvent was removed under reduced pressure 
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and the residue was purified by flash chromatography on silica using a 3:1 hexane-ether mixture 

as the mobile phase. The orange oil obtained was crystallized in the freezer from pentane (11.8 g, 

91%). %). 1H NMR (400 MHz, CDCl3) : δ ppm =  4.49 (t, J = 1.9 Hz, 2H), 4.25 (s, 5H), 4.23 (t, J 

= 1.8 Hz, 2H), 2.75 (s, 1H). 13C NMR (101 MHz, CDCl3): δ ppm 63.87, 68.74, , 70.07, 71.78, 

73.52, 82.62. ESI-MS (m/z): 210.0130 (M)+. Elemental Analysis (%) Calculated for C12H10Fe: 

C, 68.62; H, 4.80; Found C, 68.77; H, 4.80. 

 

Synthesis of ferrocenyl(formyl)acetylene (3) 

The compound was synthesized as described previously45 using slight modifications. A solution 

of 2.5 M nBuLi in hexanes (9.6 ml, 25 mmol) was added to a solution of ethynylferrocene (5 g, 

24 mmol) in THF (50 ml) at -78 oC. The solution was stirred for 30 min after which anhydrous 

DMF (5 ml) was added. Stirring was continued for 1 h at -78 oC. The reaction mixture was 

brought to room temperature and then poured over 250 ml of an ice-water mixture containing 

concentrated HCl solution (25 ml). The solution was neutralized with NHCO3 after which its 

colour turned from deep violet to red. The organic phase was extracted with dichloromethane 

and dried over MgSO4. Solvent was removed under reduced pressure and the residue was 

purified by flash chromatography using a 2:1 dichloromethane/hexane mixture as the mobile 

phase. A red solid was obtained at 91% yield. 1H NMR (400 MHz, CDCl3): δ ppm =  9.32 (s, 

1H), 4.65 (t, J = 1.9 Hz, 2H), 4.46 (t, J = 1.9 Hz, 2H), 4.30 (s, 5H). 13C NMR (101 MHz, CDCl3): 

δ ppm 59.31, 70.62, 71.25, 73.35, 76.72, 87.70, 99.48, 176.25. ESI-MS (m/z): 239.0151 (M+H)+. 

Elemental Analysis (%) Calculated for C13H10FeO: C, 65.59; H, 4.23; Found C, 65.61; H, 4.20. 
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Synthesis of 5-ethynylferrocenyl-dipyrromethane (4) 

A solution of ferrocenyl(formyl)acetylene (4 g, 17 mmol) in pyrrole (60 ml) was cooled to -23 

oC and nitrogen was bubbled through the solution for 15 min to remove oxygen. Boron 

trifluoride diethyl etherate (616 µL) was added and the reaction mixture was stirred at -23 oC for 

15 min. The solution was removed from the ice bath, diluted with DCM (200) ml and extracted 

immediately with 100 ml of 0.1 M NaOH. The organic phase was collected, dried over MgSO4 

and the solvent was removed under reduced pressure. The residue was purified by column 

chromatography on silica. An 86:13:1 mixture of hexane/ethyl acetate/triethylamine was used as 

the mobile phase. 5-ethynylferrocenyl-dipyrromethane was obtained as a dark-brown viscous oil 

in 84% yield. 1H NMR (400 MHz, CDCl3): δ ppm = 8.21 (s, 2H), 6.76 (m, 2H), 6.21 (m, 4H), 

5.32 (s, 1H) ), 4.46 (t, J = 1.8 Hz, 2H), 4.24 (s, 5H), 4.23 (t, J = 1.8 Hz, 2H). 13C NMR (101 

MHz, CDCl3): δ ppm 30.95, 64.99, 68.61, 69.85, 71.44, 81.84, 83.02, 106.18, 108.68, 117.49, 

129.29. ESI-MS (m/z): 377.0705 (M+Na)+. Elemental Analysis (%) Calculated for C21H18FeN2: 

C, 71.20; H, 5.12; N, 7.91; Found C, 71.23; H, 5.13; N, 7.82. 

 

Synthesis of bis-(5-ethynylferrocenyl-dipyrromethene) copper(II) (6) 

p-Chloranil (35 mg, 0.141 mmol) was added to a solution of 5-ethynylferrocenyl-dipyrromethane 

(50 mg, 0.141 mmol) in dichloromethane (10 ml) at 0 oC. The reaction mixture was stirred for 5 

min at room temperature followed by the addition of one drop of triethylamine and copper 

acetate monohydrate (28 mg, 0.141 mmol). The colour of the solution changed to a deep violet. 

The solvent was removed under vacuum and the residue was purified by column 

chromatography on silica with a mixture of dichloromethane/hexane (50/50) as the elution 
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solvent. The purple solid obtained was recrystallized from dichloromethane/hexane affording 30 

mg (55.8%) of a golden coloured crystalline material. 1H NMR (400 MHz, CDCl3) : δ ppm =  

4.46 (br s, 4H), 4.34 (br s, 4H), 4.23 (br s, 10H), 1.58 (br s, 12H). 13C NMR (101 MHz, CDCl3): 

δ ppm 29.73, 53.47, 62.14, 70.04, 70.21, 72.22, 97.93, 140.82, 169.59, 171.77, 172.71. MALDI-

TOF MS (m/z): 764.988 (M)+. Elemental Analysis (%) Calculated for C42H30CuFe2N4: C, 65.86; 

H, 3.95; N, 7.31; Found C, 65.92; H, 3.89; N, 7.29.  

 

Synthesis of bis-(5-ethynylferrocenyl-dipyrromethene) iron(III) (7) 

p-Chloranil (35 mg, 0.141 mmol) was added to a solution of 5-ethynylferrocenyl-dipyrromethane 

(50 mg, 0.141 mmol) in dichloromethane (10 ml) at 0 oC. The reaction mixture was stirred for 5 

min at room temperature followed by extraction with aqueous 0.1M NaOH solution (10 ml). One 

drop of triethylamine and anhydrous iron(III) chloride (7.6 mg, 0.047 mmol) was added to the 

organic layer and the mixture was left stirring for  an additional one hour at 40 oC. The solvent 

was evaporated under reduced pressure and the residue was purified by column chromatography 

on silica eluting with a mixture of dichloromethane/hexane (1:1). The purple solid obtained was 

recrystallized with dichloromethane/hexane to afford 7 mg (13%) of a golden-coloured 

crystalline material. 1H NMR (400 MHz, CDCl3) : δ ppm =  5.86 (d, J=9.9 Hz, 6H), 5.10 (s, 

15H), 4.98 (s, 6H), -5.33 (s, 6H), -6.30 (s, J = 6H), -29.27 (s, 6H). 13C NMR (101 MHz, CDCl3): 

δ ppm 29.73, 46.93, 67.73, 70.67, 70.95, 72.24, 94.22, 100.07, 119.92, 124.92, 141.59. MALDI-

TOF (m/z): 1109.011 (M)+. Elemental Analysis (%) Calculated for C21H18FeN2: C, 71.20; H, 

5.12; N, 7.91; Found C, 71.23; H, 5.13; N, 7.82. 
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Synthesis of [bis-(5-ethynylferrocenyl-dipyrromethene)-cobalt(III)] acetate (13) 

p-Chloranil (210 mg, 0.846 mmol) was added to a solution of solution of 5-ethynylferrocenyl-

dipyrromethane (300 mg, 0.846 mmol) in dichloromethane (60 ml) at 0 oC. The reaction mixture 

was stirred for 5 min at room temperature followed by extraction with aqueous 0.1M NaOH 

solution (60 ml). Six drops of triethylamine, ethanol (60 ml) and cobalt acetate tetrahydrate (210 

mg, 0.846 mmol) were added and the reaction mixture was left stirring for 10 min.  The solution 

was extracted with water, dried with MgSO4, filtered and the solvent removed under reduced 

pressure. The residue was dissolved in a small amount of dichloromethane containing 5% 

triethylamine and passed through silica gel column with the same solvent system being used as 

the mobile phase. The collected violet solution was evaporated to dryness. The residue was 

redisolved in dichloromethane (5 ml) and a purple solid was precipitated by the addition of 

hexane. Filtration and drying afforded 207 mg  (64%) of [bis-(5-ethynylferrocenyl-

dipyrromethene)-cobalt(III)] acetate. 1H NMR (400 MHz, CDCl3): δ ppm =  7.95 (t, J=1.5Hz, 

2H), 7.86 (dd, J1=4.2 Hz, J2=1.4Hz, 2H), 7.47 (dd, J1=4.3 Hz, J2=1.5Hz, 2H), 6.85 (dd, J1=4.3 

Hz, J2=1.6Hz, 2H), 6.44 (t, J=1.6Hz, 2H), 6.27 (dd, J1=4.3 Hz, J2=1.7Hz, 2H), 4.7 (t, J=1.9Hz, 

4H), 4.44 (t, 1.9Hz, 4H). 4.36 (s, 10H), 1.67 (s, 3H). 13C NMR (101 MHz, CDCl3): δ ppm = 

23.94, 63.45, 70.17, 70.27, 70.26, 84.11, 101.71, 119.06, 119.45, 127.51, 130.94, 133.21, 137.10, 

137.76, 149.76, 154.85, 192.24. MALDI-TOF MS (m/z): 820 (M)+.  

 

Synthesis of [bis-(5-ethynylferrocenyl-dipyrromethene)-bipyridine-cobalt(III)]chloride (14) 

p-Chloranil (210 mg, 0.846 mmol) was added to a solution of solution of 5-ethynylferrocenyl-

dipyrromethane (300 mg, 0.846 mmol) in dichloromethane (60 ml) at 0 oC. The reaction mixture 
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was stirred for 5 min at room temperature followed by extraction with aqueous 0.1M NaOH 

solution (60 ml). Six drops of triethylamine, ethanol (60 ml), bipyridine (60 mg, 0.423 mmol) 

and cobalt(II) chloride (109.8 mg, 0.823 mmol) were added and the reaction mixture was left 

stirring for 10 min. The solution was extracted with water, the organic phase was dried with 

MgSO4, filtered and the solvent was evaporated under reduced pressure. The residue was 

purified by preparative TLC on silica. The mobile phase consisted of a mixture of 

dichloromethane/methanol (85:15). The intensely purple band was scraped off the plate and 

placed in a column. Passing a mixture of dichloromethane/methanol through the material and 

evaporating the resulting solution afforded 156 mg  (40.2%) of a purple solid. 1H NMR (400 

MHz, CDCl3) : δ ppm = 10.05 (s, 2H), 8.44 (s, 2H), 7.67 (dd, J1=4.3Hz, J2=1.4Hz, 2H), 7.59, (d, 

J=4.3Hz, 2H), 7.53 (m, 2H), 7.4 (d, J=5.5Hz, 2H), 6.52 (dd, J1=4.4Hz, J2=1.6Hz, 2H), 6.41 (m, 

2H), 6.16 (s, 2H), 5.86 (s, 2H), 4.69 (m, 4H), 4.49 (m, 4H), 4.36 (s, 10H). 13C NMR (101 MHz, 

CDCl3): δ ppm = 62.52, 70.37, 70.71, 72.38, 72.42, 83.88, 104.40, 120.24, 120.71, 128.06, 

128.37, 132.37, 133.34, 136.15, 136.29, 142.33, 147.45, 149.63, 152.21, 156.63.  MALDI-TOF 

MS (m/z): 951.98 (M)-. 
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Appendix 1. Crystallographic data of structures discussed in Chapter 3 

 

A1.1. Table of selected bond lengths [Å] and angles [o] for (7) · 2MeOH 

___________________________________________________________________________    

Mg(1)-N(21)#1  2.0675(13) 

Mg(1)-N(21)  2.0675(13) 

Mg(1)-N(22)  2.0829(13) 

Mg(1)-N(22)#1  2.0829(13) 

Mg(1)-O(1A)#1  2.1876(12) 

Mg(1)-O(1A)  2.1876(12) 

Fe(2)-C(78)  2.0323(17) 

Fe(2)-C(73)  2.0364(17) 

Fe(2)-C(72)  2.0375(16) 

Fe(2)-C(77)  2.0402(17) 

Fe(2)-C(74)  2.0441(16) 

Fe(2)-C(79)  2.0460(17) 

Fe(2)-C(76)  2.0579(17) 

Fe(2)-C(71)  2.0636(16) 

Fe(2)-C(75)  2.0645(17) 

Fe(2)-C(70)  2.1023(15) 

O(1A)-C(2A)  1.430(2) 

O(1A)-H(1A)  0.855(9) 

C(2A)-H(2AA)  0.9800 

C(2A)-H(2AB)  0.9800 

C(2A)-H(2AC)  0.9800 

C(1)-N(21)  1.3726(19) 

C(1)-C(10)#1  1.421(2) 

C(1)-C(2)  1.442(2) 

C(2)-C(3)  1.356(2) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.446(2) 

C(3)-H(3)  0.9500 

C(4)-N(21)  1.3683(19) 

C(4)-C(5)  1.411(2) 

C(5)-C(6)  1.410(2) 

C(5)-C(31)  1.494(2) 

C(6)-N(22)  1.3698(19) 

C(6)-C(7)  1.448(2) 

C(7)-C(8)  1.354(2) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.454(2) 

C(8)-H(8)  0.9500 

C(9)-N(22)  1.3726(19) 

C(9)-C(10)  1.419(2) 

C(10)-C(1)#1  1.421(2) 

C(10)-C(70)  1.489(2) 

C(31)-C(36)  1.392(2) 

C(31)-C(32)  1.392(2) 

C(32)-C(33)  1.398(2) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.391(2) 

C(33)-C(40)  1.494(2) 

C(34)-C(35)  1.391(2) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.393(2) 

C(35)-C(45)  1.490(2) 

C(36)-H(36)  0.9500 

C(40)-O(41)  1.205(2) 
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C(40)-O(42)  1.3415(19) 

O(42)-C(43)  1.4540(19) 

C(43)-C(44)  1.503(2) 

C(43)-H(43A)  0.9900 

C(43)-H(43B)  0.9900 

C(44)-H(44A)  0.9800 

C(44)-H(44B)  0.9800 

C(44)-H(44C)  0.9800 

C(45)-O(46)  1.210(2) 

C(45)-O(47)  1.3412(19) 

O(47)-C(48)  1.456(2) 

C(48)-C(49)  1.512(3) 

C(48)-H(48A)  0.9900 

C(48)-H(48B)  0.9900 

C(49)-H(49A)  0.9800 

C(49)-H(49B)  0.9800 

C(49)-H(49C)  0.9800 

C(70)-C(71)  1.435(2) 

C(70)-C(74)  1.436(2) 

C(71)-C(72)  1.423(2) 

C(71)-H(71)  0.9500 

C(72)-C(73)  1.422(2) 

C(72)-H(72)  0.9500 

C(73)-C(74)  1.429(2) 

C(73)-H(73)  0.9500 

C(74)-H(74)  0.9500 

C(75)-C(76)  1.423(2) 

C(75)-C(79)  1.425(3) 

C(75)-H(75)  0.9500 

C(76)-C(77)  1.426(3) 

C(76)-H(76)  0.9500 

C(77)-C(78)  1.422(3) 

C(77)-H(77)  0.9500 

C(78)-C(79)  1.427(2) 

C(78)-H(78)  0.9500 

C(79)-H(79)  0.9500 

 

N(21)#1-Mg(1)-N(21) 180.000(1) 

N(21)#1-Mg(1)-N(22) 88.61(5) 

N(21)-Mg(1)-N(22) 91.39(5) 

N(21)#1-Mg(1)-N(22)#1 91.39(5) 

N(21)-Mg(1)-N(22)#1 88.61(5) 

N(22)-Mg(1)-N(22)#1 180.000(1) 

N(21)#1-Mg(1)-O(1A)#1 90.10(5) 

N(21)-Mg(1)-O(1A)#1 89.90(5) 

N(22)-Mg(1)-O(1A)#1 88.69(5) 

N(22)#1-Mg(1)-O(1A)#1 91.31(5) 

N(21)#1-Mg(1)-O(1A) 89.90(5) 

N(21)-Mg(1)-O(1A) 90.10(5) 

N(22)-Mg(1)-O(1A) 91.31(5) 

N(22)#1-Mg(1)-O(1A) 88.69(5) 

O(1A)#1-Mg(1)-O(1A) 180.00(7) 

C(78)-Fe(2)-C(73) 101.10(7) 

C(78)-Fe(2)-C(72) 117.11(7) 

C(73)-Fe(2)-C(72) 40.85(7) 

C(78)-Fe(2)-C(77) 40.86(7) 

C(73)-Fe(2)-C(77) 117.73(7) 

C(72)-Fe(2)-C(77) 103.98(7) 

C(78)-Fe(2)-C(74) 119.30(7) 

C(73)-Fe(2)-C(74) 41.00(6) 

C(72)-Fe(2)-C(74) 68.65(7) 

C(77)-Fe(2)-C(74) 154.69(7) 

C(78)-Fe(2)-C(79) 40.97(7) 

C(73)-Fe(2)-C(79) 118.61(7) 

C(72)-Fe(2)-C(79) 153.73(7) 

C(77)-Fe(2)-C(79) 68.68(7) 

C(74)-Fe(2)-C(79) 106.70(7) 

C(78)-Fe(2)-C(76) 68.56(7) 

C(73)-Fe(2)-C(76) 156.18(7) 

C(72)-Fe(2)-C(76) 123.35(7) 

C(77)-Fe(2)-C(76) 40.71(7) 

C(74)-Fe(2)-C(76) 162.71(7) 
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C(79)-Fe(2)-C(76) 68.32(7) 

C(78)-Fe(2)-C(71) 155.26(7) 

C(73)-Fe(2)-C(71) 68.43(7) 

C(72)-Fe(2)-C(71) 40.60(6) 

C(77)-Fe(2)-C(71) 122.77(7) 

C(74)-Fe(2)-C(71) 68.18(7) 

C(79)-Fe(2)-C(71) 163.68(7) 

C(76)-Fe(2)-C(71) 111.70(7) 

C(78)-Fe(2)-C(75) 68.51(7) 

C(73)-Fe(2)-C(75) 157.24(7) 

C(72)-Fe(2)-C(75) 161.91(7) 

C(77)-Fe(2)-C(75) 68.33(7) 

C(74)-Fe(2)-C(75) 125.26(7) 

C(79)-Fe(2)-C(75) 40.56(7) 

C(76)-Fe(2)-C(75) 40.40(7) 

C(71)-Fe(2)-C(75) 128.84(7) 

C(78)-Fe(2)-C(70) 158.13(7) 

C(73)-Fe(2)-C(70) 68.44(6) 

C(72)-Fe(2)-C(70) 68.20(6) 

C(77)-Fe(2)-C(70) 160.99(7) 

C(74)-Fe(2)-C(70) 40.49(6) 

C(79)-Fe(2)-C(70) 125.97(7) 

C(76)-Fe(2)-C(70) 128.16(7) 

C(71)-Fe(2)-C(70) 40.28(6) 

C(75)-Fe(2)-C(70) 113.58(6) 

C(2A)-O(1A)-Mg(1) 123.64(10) 

C(2A)-O(1A)-H(1A) 109.7(12) 

Mg(1)-O(1A)-H(1A) 112.8(13) 

O(1A)-C(2A)-H(2AA) 109.5 

O(1A)-C(2A)-H(2AB) 109.5 

H(2AA)-C(2A)-H(2AB) 109.5 

O(1A)-C(2A)-H(2AC) 109.5 

H(2AA)-C(2A)-H(2AC) 109.5 

H(2AB)-C(2A)-H(2AC) 109.5 

N(21)-C(1)-C(10)#1 125.33(14) 

N(21)-C(1)-C(2) 109.25(13) 

C(10)#1-C(1)-C(2) 125.42(14) 

C(3)-C(2)-C(1) 107.46(13) 

C(3)-C(2)-H(2) 126.3 

C(1)-C(2)-H(2) 126.3 

C(2)-C(3)-C(4) 106.63(14) 

C(2)-C(3)-H(3) 126.7 

C(4)-C(3)-H(3) 126.7 

N(21)-C(4)-C(5) 125.64(14) 

N(21)-C(4)-C(3) 109.70(13) 

C(5)-C(4)-C(3) 124.66(14) 

C(6)-C(5)-C(4) 127.26(14) 

C(6)-C(5)-C(31) 116.72(13) 

C(4)-C(5)-C(31) 115.98(13) 

N(22)-C(6)-C(5) 125.31(14) 

N(22)-C(6)-C(7) 109.81(13) 

C(5)-C(6)-C(7) 124.88(14) 

C(8)-C(7)-C(6) 106.78(14) 

C(8)-C(7)-H(7) 126.6 

C(6)-C(7)-H(7) 126.6 

C(7)-C(8)-C(9) 107.30(13) 

C(7)-C(8)-H(8) 126.3 

C(9)-C(8)-H(8) 126.3 

N(22)-C(9)-C(10) 125.24(14) 

N(22)-C(9)-C(8) 109.12(13) 

C(10)-C(9)-C(8) 125.50(14) 

C(9)-C(10)-C(1)#1 125.11(14) 

C(9)-C(10)-C(70) 115.07(13) 

C(1)#1-C(10)-C(70) 119.57(13) 

C(4)-N(21)-C(1) 106.95(12) 

C(4)-N(21)-Mg(1) 124.96(10) 

C(1)-N(21)-Mg(1) 127.64(10) 

C(6)-N(22)-C(9) 106.99(12) 

C(6)-N(22)-Mg(1) 124.66(10) 

C(9)-N(22)-Mg(1) 127.40(10) 

C(36)-C(31)-C(32) 118.99(14) 

C(36)-C(31)-C(5) 119.34(14) 
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C(32)-C(31)-C(5) 121.64(14) 

C(31)-C(32)-C(33) 120.38(14) 

C(31)-C(32)-H(32) 119.8 

C(33)-C(32)-H(32) 119.8 

C(34)-C(33)-C(32) 120.29(14) 

C(34)-C(33)-C(40) 121.77(14) 

C(32)-C(33)-C(40) 117.94(14) 

C(33)-C(34)-C(35) 119.37(14) 

C(33)-C(34)-H(34) 120.3 

C(35)-C(34)-H(34) 120.3 

C(34)-C(35)-C(36) 120.24(14) 

C(34)-C(35)-C(45) 118.67(14) 

C(36)-C(35)-C(45) 121.09(14) 

C(31)-C(36)-C(35) 120.67(14) 

C(31)-C(36)-H(36) 119.7 

C(35)-C(36)-H(36) 119.7 

O(41)-C(40)-O(42) 124.11(15) 

O(41)-C(40)-C(33) 124.37(15) 

O(42)-C(40)-C(33) 111.51(14) 

C(40)-O(42)-C(43) 115.70(13) 

O(42)-C(43)-C(44) 107.21(14) 

O(42)-C(43)-H(43A) 110.3 

C(44)-C(43)-H(43A) 110.3 

O(42)-C(43)-H(43B) 110.3 

C(44)-C(43)-H(43B) 110.3 

H(43A)-C(43)-H(43B) 108.5 

C(43)-C(44)-H(44A) 109.5 

C(43)-C(44)-H(44B) 109.5 

H(44A)-C(44)-H(44B) 109.5 

C(43)-C(44)-H(44C) 109.5 

H(44A)-C(44)-H(44C) 109.5 

H(44B)-C(44)-H(44C) 109.5 

O(46)-C(45)-O(47) 124.03(15) 

O(46)-C(45)-C(35) 124.09(15) 

O(47)-C(45)-C(35) 111.87(13) 

C(45)-O(47)-C(48) 115.93(13) 

O(47)-C(48)-C(49) 111.03(14) 

O(47)-C(48)-H(48A) 109.4 

C(49)-C(48)-H(48A) 109.4 

O(47)-C(48)-H(48B) 109.4 

C(49)-C(48)-H(48B) 109.4 

H(48A)-C(48)-H(48B) 108.0 

C(48)-C(49)-H(49A) 109.5 

C(48)-C(49)-H(49B) 109.5 

H(49A)-C(49)-H(49B) 109.5 

C(48)-C(49)-H(49C) 109.5 

H(49A)-C(49)-H(49C) 109.5 

H(49B)-C(49)-H(49C) 109.5 

C(71)-C(70)-C(74) 106.64(13) 

C(71)-C(70)-C(10) 126.39(14) 

C(74)-C(70)-C(10) 125.78(14) 

C(71)-C(70)-Fe(2) 68.40(9) 

C(74)-C(70)-Fe(2) 67.57(9) 

C(10)-C(70)-Fe(2) 138.47(11) 

C(72)-C(71)-C(70) 108.64(14) 

C(72)-C(71)-Fe(2) 68.71(9) 

C(70)-C(71)-Fe(2) 71.31(9) 

C(72)-C(71)-H(71) 125.7 

C(70)-C(71)-H(71) 125.7 

Fe(2)-C(71)-H(71) 125.9 

C(73)-C(72)-C(71) 108.29(14) 

C(73)-C(72)-Fe(2) 69.53(9) 

C(71)-C(72)-Fe(2) 70.69(9) 

C(73)-C(72)-H(72) 125.9 

C(71)-C(72)-H(72) 125.9 

Fe(2)-C(72)-H(72) 125.5 

C(72)-C(73)-C(74) 107.68(14) 

C(72)-C(73)-Fe(2) 69.62(9) 

C(74)-C(73)-Fe(2) 69.79(9) 

C(72)-C(73)-H(73) 126.2 

C(74)-C(73)-H(73) 126.2 

Fe(2)-C(73)-H(73) 126.0 
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C(73)-C(74)-C(70) 108.70(14) 

C(73)-C(74)-Fe(2) 69.21(9) 

C(70)-C(74)-Fe(2) 71.94(9) 

C(73)-C(74)-H(74) 125.7 

C(70)-C(74)-H(74) 125.7 

Fe(2)-C(74)-H(74) 124.8 

C(76)-C(75)-C(79) 108.01(15) 

C(76)-C(75)-Fe(2) 69.55(10) 

C(79)-C(75)-Fe(2) 69.02(10) 

C(76)-C(75)-H(75) 126.0 

C(79)-C(75)-H(75) 126.0 

Fe(2)-C(75)-H(75) 127.0 

C(75)-C(76)-C(77) 108.02(16) 

C(75)-C(76)-Fe(2) 70.05(10) 

C(77)-C(76)-Fe(2) 68.98(10) 

C(75)-C(76)-H(76) 126.0 

C(77)-C(76)-H(76) 126.0 

Fe(2)-C(76)-H(76) 126.5 

C(78)-C(77)-C(76) 108.04(16) 

C(78)-C(77)-Fe(2) 69.27(10) 

C(76)-C(77)-Fe(2) 70.31(10) 

C(78)-C(77)-H(77) 126.0 

C(76)-C(77)-H(77) 126.0 

Fe(2)-C(77)-H(77) 126.0 

C(77)-C(78)-C(79) 108.01(16) 

C(77)-C(78)-Fe(2) 69.87(10) 

C(79)-C(78)-Fe(2) 70.03(10) 

C(77)-C(78)-H(78) 126.0 

C(79)-C(78)-H(78) 126.0 

Fe(2)-C(78)-H(78) 125.7 

C(75)-C(79)-C(78) 107.91(16) 

C(75)-C(79)-Fe(2) 70.42(10) 

C(78)-C(79)-Fe(2) 69.00(10) 

C(75)-C(79)-H(79) 126.0 

C(78)-C(79)-H(79) 126.0 

Fe(2)-C(79)-H(79) 126.1 

_________________________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y+1,-z+1       
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A1.2. Table of selected bond lengths [Å] and angles [o] for (17) · 6MeOH 

________________________________________________________________________________________  

Mg(1)-N(22)#1  2.075(7) 

Mg(1)-N(22)  2.075(7) 

Mg(1)-N(21)#1  2.084(7) 

Mg(1)-N(21)  2.084(7) 

Mg(1)-O(1A)  2.204(7) 

Mg(1)-O(1A)#1  2.204(7) 

Fe(2)-C(74)  2.021(10) 

Fe(2)-C(72)  2.022(9) 

Fe(2)-C(71)  2.030(10) 

Fe(2)-C(76)  2.035(10) 

Fe(2)-C(79)  2.043(10) 

Fe(2)-C(70)  2.049(10) 

Fe(2)-C(77)  2.061(12) 

Fe(2)-C(78)  2.065(11) 

Fe(2)-C(75)  2.065(8) 

Fe(2)-C(73)  2.066(9) 

O(1A)-C(2A)  1.459(12) 

O(1A)-H(1A)  0.85(2) 

C(2A)-H(2AA)  0.9800 

C(2A)-H(2AB)  0.9800 

C(2A)-H(2AC)  0.9800 

O(1B)-C(2B)  1.378(13) 

O(1B)-H(1B)  0.84(2) 

C(2B)-H(2BA)  0.9800 

C(2B)-H(2BB)  0.9800 

C(2B)-H(2BC)  0.9800 

O(1C)-C(2C)  1.426(13) 

O(1C)-H(1C)  0.85(2) 

C(2C)-H(2CA)  0.9800 

C(2C)-H(2CB)  0.9800 

C(2C)-H(2CC)  0.9800 

C(1)-N(21)  1.376(10) 

C(1)-C(10)#1  1.414(12) 

C(1)-C(2)  1.442(12) 

C(2)-C(3)  1.374(13) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.448(12) 

C(3)-H(3)  0.9500 

C(4)-N(21)  1.382(10) 

C(4)-C(5)  1.416(12) 

C(5)-C(6)  1.414(11) 

C(5)-C(31)  1.523(11) 

O(5)-C(41)  1.335(11) 

O(5)-C(43)  1.464(10) 

C(6)-N(22)  1.382(10) 

C(6)-C(7)  1.421(12) 

C(7)-C(8)  1.343(12) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.477(12) 

C(8)-H(8)  0.9500 

C(9)-N(22)  1.351(11) 

C(9)-C(10)  1.420(12) 

C(10)-C(1)#1  1.414(12) 

C(10)-C(25)  1.463(13) 

C(25)-C(26)  1.183(13) 

C(26)-C(70)  1.439(13) 

C(31)-C(32)  1.378(13) 

C(31)-C(36)  1.379(11) 

C(32)-C(33)  1.425(12) 

C(32)-H(32)  0.9500 
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C(33)-C(34)  1.383(12) 

C(33)-C(45)  1.481(13) 

C(34)-C(35)  1.371(12) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.403(11) 

C(35)-C(41)  1.501(12) 

C(36)-H(36)  0.9500 

C(41)-O(42)  1.206(11) 

C(43)-C(44)  1.505(13) 

C(43)-H(43A)  0.9900 

C(43)-H(43B)  0.9900 

C(44)-H(44A)  0.9800 

C(44)-H(44B)  0.9800 

C(44)-H(44C)  0.9800 

C(45)-O(46)  1.226(11) 

C(45)-O(47B)  1.352(14) 

C(45)-O(47A)  1.354(14) 

O(47A)-C(48A)  1.464(17) 

C(48A)-C(49A)  1.504(17) 

C(48A)-H(48A)  0.9900 

C(48A)-H(48B)  0.9900 

C(49A)-H(49A)  0.9800 

C(49A)-H(49B)  0.9800 

C(49A)-H(49C)  0.9800 

O(47B)-C(48B)  1.428(16) 

C(48B)-C(49B)  1.498(17) 

C(48B)-H(48C)  0.9900 

C(48B)-H(48D)  0.9900 

C(49B)-H(49D)  0.9800 

C(49B)-H(49E)  0.9800 

C(49B)-H(49F)  0.9800 

C(70)-C(71)  1.439(14) 

C(70)-C(74)  1.440(12) 

C(71)-C(72)  1.396(13) 

C(71)-H(71)  0.9500 

C(72)-C(73)  1.416(13) 

C(72)-H(72)  0.9500 

C(73)-C(74)  1.403(14) 

C(73)-H(73)  0.9500 

C(74)-H(74)  0.9500 

C(75)-C(79)  1.399(13) 

C(75)-C(76)  1.423(14) 

C(75)-H(75)  0.9500 

C(76)-C(77)  1.442(14) 

C(76)-H(76)  0.9500 

C(77)-C(78)  1.397(14) 

C(77)-H(77)  0.9500 

C(78)-C(79)  1.454(15) 

C(78)-H(78)  0.9500 

C(79)-H(79)  0.9500 

 

N(22)#1-Mg(1)-N(22) 180.0(5) 

N(22)#1-Mg(1)-N(21)#1 90.0(3) 

N(22)-Mg(1)-N(21)#1 90.0(3) 

N(22)#1-Mg(1)-N(21) 90.0(3) 

N(22)-Mg(1)-N(21) 90.0(3) 

N(21)#1-Mg(1)-N(21) 180.0(5) 

N(22)#1-Mg(1)-O(1A) 91.4(3) 

N(22)-Mg(1)-O(1A) 88.6(3) 

N(21)#1-Mg(1)-O(1A) 90.4(3) 

N(21)-Mg(1)-O(1A) 89.6(3) 

N(22)#1-Mg(1)-O(1A)#1 88.6(3) 

N(22)-Mg(1)-O(1A)#1 91.4(3) 

N(21)#1-Mg(1)-O(1A)#1 89.6(3) 

N(21)-Mg(1)-O(1A)#1 90.4(3) 

O(1A)-Mg(1)-O(1A)#1 180.0(3) 

C(74)-Fe(2)-C(72) 67.4(4) 

C(74)-Fe(2)-C(71) 69.3(4) 

C(72)-Fe(2)-C(71) 40.3(4) 

C(74)-Fe(2)-C(76) 156.2(4) 

C(72)-Fe(2)-C(76) 126.1(4) 

C(71)-Fe(2)-C(76) 107.3(4) 
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C(74)-Fe(2)-C(79) 107.9(4) 

C(72)-Fe(2)-C(79) 155.5(4) 

C(71)-Fe(2)-C(79) 162.9(4) 

C(76)-Fe(2)-C(79) 68.1(4) 

C(74)-Fe(2)-C(70) 41.4(4) 

C(72)-Fe(2)-C(70) 67.9(4) 

C(71)-Fe(2)-C(70) 41.3(4) 

C(76)-Fe(2)-C(70) 120.5(4) 

C(79)-Fe(2)-C(70) 125.6(4) 

C(74)-Fe(2)-C(77) 161.2(4) 

C(72)-Fe(2)-C(77) 108.0(5) 

C(71)-Fe(2)-C(77) 119.9(5) 

C(76)-Fe(2)-C(77) 41.2(4) 

C(79)-Fe(2)-C(77) 68.3(5) 

C(70)-Fe(2)-C(77) 155.7(4) 

C(74)-Fe(2)-C(78) 125.5(4) 

C(72)-Fe(2)-C(78) 120.2(4) 

C(71)-Fe(2)-C(78) 153.8(5) 

C(76)-Fe(2)-C(78) 68.0(4) 

C(79)-Fe(2)-C(78) 41.5(4) 

C(70)-Fe(2)-C(78) 163.5(4) 

C(77)-Fe(2)-C(78) 39.6(4) 

C(74)-Fe(2)-C(75) 121.2(4) 

C(72)-Fe(2)-C(75) 163.4(4) 

C(71)-Fe(2)-C(75) 126.2(4) 

C(76)-Fe(2)-C(75) 40.6(4) 

C(79)-Fe(2)-C(75) 39.8(4) 

C(70)-Fe(2)-C(75) 108.3(4) 

C(77)-Fe(2)-C(75) 68.4(4) 

C(78)-Fe(2)-C(75) 68.1(4) 

C(74)-Fe(2)-C(73) 40.1(4) 

C(72)-Fe(2)-C(73) 40.5(4) 

C(71)-Fe(2)-C(73) 69.2(4) 

C(76)-Fe(2)-C(73) 162.6(4) 

C(79)-Fe(2)-C(73) 120.2(4) 

C(70)-Fe(2)-C(73) 68.9(4) 

C(77)-Fe(2)-C(73) 124.6(4) 

C(78)-Fe(2)-C(73) 107.2(4) 

C(75)-Fe(2)-C(73) 154.9(4) 

C(2A)-O(1A)-Mg(1) 127.7(5) 

C(2A)-O(1A)-H(1A) 102(8) 

Mg(1)-O(1A)-H(1A) 124(8) 

O(1A)-C(2A)-H(2AA) 109.5 

O(1A)-C(2A)-H(2AB) 109.5 

H(2AA)-C(2A)-H(2AB) 109.5 

O(1A)-C(2A)-H(2AC) 109.5 

H(2AA)-C(2A)-H(2AC) 109.5 

H(2AB)-C(2A)-H(2AC) 109.5 

C(2B)-O(1B)-H(1B) 120(10) 

O(1B)-C(2B)-H(2BA) 109.5 

O(1B)-C(2B)-H(2BB) 109.5 

H(2BA)-C(2B)-H(2BB) 109.5 

O(1B)-C(2B)-H(2BC) 109.5 

H(2BA)-C(2B)-H(2BC) 109.5 

H(2BB)-C(2B)-H(2BC) 109.5 

C(2C)-O(1C)-H(1C) 108(10) 

O(1C)-C(2C)-H(2CA) 109.5 

O(1C)-C(2C)-H(2CB) 109.5 

H(2CA)-C(2C)-H(2CB) 109.5 

O(1C)-C(2C)-H(2CC) 109.5 

H(2CA)-C(2C)-H(2CC) 109.5 

H(2CB)-C(2C)-H(2CC) 109.5 

N(21)-C(1)-C(10)#1 124.4(8) 

N(21)-C(1)-C(2) 109.6(8) 

C(10)#1-C(1)-C(2) 126.0(8) 

C(3)-C(2)-C(1) 107.7(8) 

C(3)-C(2)-H(2) 126.1 

C(1)-C(2)-H(2) 126.1 

C(2)-C(3)-C(4) 106.0(8) 

C(2)-C(3)-H(3) 127.0 

C(4)-C(3)-H(3) 127.0 

N(21)-C(4)-C(5) 123.7(8) 
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N(21)-C(4)-C(3) 110.2(8) 

C(5)-C(4)-C(3) 126.1(8) 

C(4)-C(5)-C(6) 128.6(8) 

C(4)-C(5)-C(31) 115.3(8) 

C(6)-C(5)-C(31) 116.1(8) 

C(41)-O(5)-C(43) 116.2(7) 

N(22)-C(6)-C(5) 124.0(8) 

N(22)-C(6)-C(7) 109.6(7) 

C(5)-C(6)-C(7) 126.4(8) 

C(8)-C(7)-C(6) 108.1(8) 

C(8)-C(7)-H(7) 125.9 

C(6)-C(7)-H(7) 125.9 

C(7)-C(8)-C(9) 106.1(8) 

C(7)-C(8)-H(8) 126.9 

C(9)-C(8)-H(8) 126.9 

N(22)-C(9)-C(10) 126.3(8) 

N(22)-C(9)-C(8) 109.0(7) 

C(10)-C(9)-C(8) 124.6(8) 

C(1)#1-C(10)-C(9) 126.5(9) 

C(1)#1-C(10)-C(25) 115.1(8) 

C(9)-C(10)-C(25) 118.4(8) 

C(1)-N(21)-C(4) 106.6(7) 

C(1)-N(21)-Mg(1) 126.6(6) 

C(4)-N(21)-Mg(1) 126.8(6) 

C(9)-N(22)-C(6) 107.0(7) 

C(9)-N(22)-Mg(1) 126.1(6) 

C(6)-N(22)-Mg(1) 126.8(6) 

C(26)-C(25)-C(10) 177.6(10) 

C(25)-C(26)-C(70) 177.3(10) 

C(32)-C(31)-C(36) 120.1(8) 

C(32)-C(31)-C(5) 120.5(7) 

C(36)-C(31)-C(5) 119.3(8) 

C(31)-C(32)-C(33) 119.9(8) 

C(31)-C(32)-H(32) 120.0 

C(33)-C(32)-H(32) 120.0 

C(34)-C(33)-C(32) 119.1(8) 

C(34)-C(33)-C(45) 123.0(8) 

C(32)-C(33)-C(45) 117.9(8) 

C(35)-C(34)-C(33) 120.6(8) 

C(35)-C(34)-H(34) 119.7 

C(33)-C(34)-H(34) 119.7 

C(34)-C(35)-C(36) 120.1(8) 

C(34)-C(35)-C(41) 122.1(8) 

C(36)-C(35)-C(41) 117.8(8) 

C(31)-C(36)-C(35) 120.2(8) 

C(31)-C(36)-H(36) 119.9 

C(35)-C(36)-H(36) 119.9 

O(42)-C(41)-O(5) 123.1(8) 

O(42)-C(41)-C(35) 125.5(8) 

O(5)-C(41)-C(35) 111.3(8) 

O(5)-C(43)-C(44) 105.9(7) 

O(5)-C(43)-H(43A) 110.6 

C(44)-C(43)-H(43A) 110.6 

O(5)-C(43)-H(43B) 110.6 

C(44)-C(43)-H(43B) 110.6 

H(43A)-C(43)-H(43B) 108.7 

C(43)-C(44)-H(44A) 109.5 

C(43)-C(44)-H(44B) 109.5 

H(44A)-C(44)-H(44B) 109.5 

C(43)-C(44)-H(44C) 109.5 

H(44A)-C(44)-H(44C) 109.5 

H(44B)-C(44)-H(44C) 109.5 

O(46)-C(45)-O(47B) 125.1(11) 

O(46)-C(45)-O(47A) 117.8(10) 

O(47B)-C(45)-O(47A) 30.8(7) 

O(46)-C(45)-C(33) 125.3(9) 

O(47B)-C(45)-C(33) 107.9(9) 

O(47A)-C(45)-C(33) 114.5(10) 

C(45)-O(47A)-C(48A) 121.2(13) 

O(47A)-C(48A)-C(49A) 109.2(17) 

O(47A)-C(48A)-H(48A) 109.8 

C(49A)-C(48A)-H(48A) 109.8 
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O(47A)-C(48A)-H(48B) 109.8 

C(49A)-C(48A)-H(48B) 109.8 

H(48A)-C(48A)-H(48B) 108.3 

C(45)-O(47B)-C(48B) 117.9(14) 

O(47B)-C(48B)-C(49B) 108.5(19) 

O(47B)-C(48B)-H(48C) 110.0 

C(49B)-C(48B)-H(48C) 110.0 

O(47B)-C(48B)-H(48D) 110.0 

C(49B)-C(48B)-H(48D) 110.0 

H(48C)-C(48B)-H(48D) 108.4 

C(48B)-C(49B)-H(49D) 109.5 

C(48B)-C(49B)-H(49E) 109.5 

H(49D)-C(49B)-H(49E) 109.5 

C(48B)-C(49B)-H(49F) 109.5 

H(49D)-C(49B)-H(49F) 109.5 

H(49E)-C(49B)-H(49F) 109.5 

C(71)-C(70)-C(74) 106.3(8) 

C(71)-C(70)-C(26) 125.6(9) 

C(74)-C(70)-C(26) 128.0(10) 

C(71)-C(70)-Fe(2) 68.6(6) 

C(74)-C(70)-Fe(2) 68.2(6) 

C(26)-C(70)-Fe(2) 126.9(6) 

C(72)-C(71)-C(70) 106.6(9) 

C(72)-C(71)-Fe(2) 69.5(6) 

C(70)-C(71)-Fe(2) 70.1(5) 

C(72)-C(71)-H(71) 126.7 

C(70)-C(71)-H(71) 126.7 

Fe(2)-C(71)-H(71) 125.3 

C(71)-C(72)-C(73) 111.5(10) 

C(71)-C(72)-Fe(2) 70.2(5) 

C(73)-C(72)-Fe(2) 71.4(5) 

C(71)-C(72)-H(72) 124.2 

C(73)-C(72)-H(72) 124.2 

Fe(2)-C(72)-H(72) 125.8 

C(74)-C(73)-C(72) 105.5(9) 

C(74)-C(73)-Fe(2) 68.2(5) 

C(72)-C(73)-Fe(2) 68.1(5) 

C(74)-C(73)-H(73) 127.2 

C(72)-C(73)-H(73) 127.2 

Fe(2)-C(73)-H(73) 128.0 

C(73)-C(74)-C(70) 110.0(9) 

C(73)-C(74)-Fe(2) 71.7(6) 

C(70)-C(74)-Fe(2) 70.3(6) 

C(73)-C(74)-H(74) 125.0 

C(70)-C(74)-H(74) 125.0 

Fe(2)-C(74)-H(74) 124.5 

C(79)-C(75)-C(76) 107.9(9) 

C(79)-C(75)-Fe(2) 69.2(5) 

C(76)-C(75)-Fe(2) 68.6(5) 

C(79)-C(75)-H(75) 126.0 

C(76)-C(75)-H(75) 126.0 

Fe(2)-C(75)-H(75) 127.7 

C(75)-C(76)-C(77) 108.1(9) 

C(75)-C(76)-Fe(2) 70.8(6) 

C(77)-C(76)-Fe(2) 70.4(6) 

C(75)-C(76)-H(76) 125.9 

C(77)-C(76)-H(76) 125.9 

Fe(2)-C(76)-H(76) 124.5 

C(78)-C(77)-C(76) 107.8(10) 

C(78)-C(77)-Fe(2) 70.3(7) 

C(76)-C(77)-Fe(2) 68.4(6) 

C(78)-C(77)-H(77) 126.1 

C(76)-C(77)-H(77) 126.1 

Fe(2)-C(77)-H(77) 126.7 

C(77)-C(78)-C(79) 107.8(9) 

C(77)-C(78)-Fe(2) 70.1(6) 

C(79)-C(78)-Fe(2) 68.5(6) 

C(77)-C(78)-H(78) 126.1 

C(79)-C(78)-H(78) 126.1 

Fe(2)-C(78)-H(78) 126.9 

C(75)-C(79)-C(78) 108.3(10) 

C(75)-C(79)-Fe(2) 70.9(5) 
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C(78)-C(79)-Fe(2) 70.1(6) 

C(75)-C(79)-H(79) 125.9 

C(78)-C(79)-H(79) 125.9 

Fe(2)-C(79)-H(79) 124.7 

_______________________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1/2,-y+1/2,-z       
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A1.3. Table of selected bond lengths [Å] and angles [o] for (14). 

________________________________________________________________________________________  

Zn(1A)-N(23A)  2.034(3) 

Zn(1A)-N(22A)  2.039(4) 

Zn(1A)-N(24A)  2.062(4) 

Zn(1A)-N(21A)  2.065(3) 

Fe(2A)-C(73A)  2.013(7) 

Fe(2A)-C(71A)  2.015(5) 

Fe(2A)-C(74A)  2.017(5) 

Fe(2A)-C(78A)  2.027(9) 

Fe(2A)-C(79A)  2.033(10) 

Fe(2A)-C(75A)  2.037(8) 

Fe(2A)-C(70A)  2.041(6) 

Fe(2A)-C(77A)  2.048(9) 

Fe(2A)-C(72A)  2.052(8) 

Fe(2A)-C(76A)  2.114(8) 

Fe(3A)-C(89A)  1.990(9) 

Fe(3A)-C(85A)  1.998(8) 

Fe(3A)-C(88A)  2.001(8) 

Fe(3A)-C(84A)  2.030(6) 

Fe(3A)-C(83A)  2.033(8) 

Fe(3A)-C(86A)  2.048(9) 

Fe(3A)-C(82A)  2.049(7) 

Fe(3A)-C(81A)  2.054(6) 

Fe(3A)-C(87A)  2.056(8) 

Fe(3A)-C(80A)  2.059(5) 

C(1A)-N(21A)  1.337(5) 

C(1A)-C(20A)  1.404(7) 

C(1A)-C(2A)  1.469(5) 

C(2A)-C(3A)  1.377(7) 

C(2A)-H(2A)  0.9500 

C(3A)-C(4A)  1.462(6) 

C(3A)-H(3A)  0.9500 

C(4A)-N(21A)  1.339(6) 

C(4A)-C(5A)  1.401(6) 

C(5A)-C(6A)  1.445(5) 

C(5A)-C(31A)  1.474(6) 

C(6A)-N(22A)  1.372(6) 

C(6A)-C(7A)  1.423(7) 

C(7A)-C(8A)  1.383(6) 

C(7A)-H(7A)  0.9500 

C(8A)-C(9A)  1.408(6) 

C(8A)-H(8A)  0.9500 

C(9A)-C(10A)  1.390(5) 

C(9A)-N(22A)  1.402(5) 

C(10A)-C(25A)  1.422(6) 

C(10A)-C(11A)  1.439(7) 

C(11A)-C(12A)  1.392(6) 

C(11A)-N(23A)  1.395(6) 

C(12A)-C(13A)  1.331(6) 

C(12A)-H(12A)  0.9500 

C(13A)-C(14A)  1.438(5) 

C(13A)-H(13A)  0.9500 

C(14A)-N(23A)  1.390(6) 

C(14A)-C(15A)  1.421(7) 

C(15A)-C(16A)  1.359(6) 

C(15A)-C(51A)  1.511(6) 

C(16A)-N(24A)  1.384(5) 

C(16A)-C(17A)  1.455(7) 

C(17A)-C(18A)  1.348(6) 

C(17A)-H(17A)  0.9500 

C(18A)-C(19A)  1.408(7) 

C(18A)-H(18A)  0.9500 

C(19A)-N(24A)  1.358(5) 

C(19A)-C(20A)  1.393(6) 

C(20A)-C(27A)  1.483(6) 
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C(25A)-C(26A)  1.204(7) 

C(26A)-C(70A)  1.451(7) 

C(27A)-C(28A)  1.175(6) 

C(28A)-C(80A)  1.434(7) 

C(31A)-C(36A)  1.383(8) 

C(31A)-C(32A)  1.470(7) 

C(32A)-C(33A)  1.372(6) 

C(32A)-H(32A)  0.9500 

C(33A)-C(34A)  1.367(8) 

C(33A)-C(40A)  1.483(7) 

C(34A)-C(35A)  1.384(7) 

C(34A)-H(34A)  0.9500 

C(35A)-C(36A)  1.428(6) 

C(35A)-C(45A)  1.478(8) 

C(36A)-H(36A)  0.9500 

C(40A)-O(41A)  1.220(7) 

C(40A)-O(42A)  1.353(5) 

O(42A)-C(43A)  1.443(6) 

C(43A)-C(44A)  1.496(8) 

C(43A)-H(43A)  0.9900 

C(43A)-H(43B)  0.9900 

C(44A)-H(44A)  0.9800 

C(44A)-H(44B)  0.9800 

C(44A)-H(44C)  0.9800 

C(45A)-O(46A)  1.226(5) 

C(45A)-O(47A)  1.327(5) 

O(47A)-C(48A)  1.457(7) 

C(48A)-C(49A)  1.520(8) 

C(48A)-H(48A)  0.9900 

C(48A)-H(48B)  0.9900 

C(49A)-H(49A)  0.9800 

C(49A)-H(49B)  0.9800 

C(49A)-H(49C)  0.9800 

C(51A)-C(56A)  1.342(8) 

C(51A)-C(52A)  1.406(7) 

C(52A)-C(53A)  1.460(6) 

C(52A)-H(52A)  0.9500 

C(53A)-C(54A)  1.391(7) 

C(53A)-C(60A)  1.515(7) 

C(54A)-C(55A)  1.376(7) 

C(54A)-H(54A)  0.9500 

C(55A)-C(56A)  1.382(6) 

C(55A)-C(65A)  1.482(8) 

C(56A)-H(56A)  0.9500 

C(60A)-O(61A)  1.214(7) 

C(60A)-O(62A)  1.308(5) 

O(62A)-C(63A)  1.457(6) 

C(63A)-C(64A)  1.524(8) 

C(63A)-H(63A)  0.9900 

C(63A)-H(63B)  0.9900 

C(64A)-H(64A)  0.9800 

C(64A)-H(64B)  0.9800 

C(64A)-H(64C)  0.9800 

C(65A)-O(66A)  1.199(5) 

C(65A)-O(67A)  1.348(6) 

O(67A)-C(68A)  1.473(8) 

C(68A)-C(69A)  1.414(7) 

C(68A)-H(68A)  0.9900 

C(68A)-H(68B)  0.9900 

C(69A)-H(69A)  0.9800 

C(69A)-H(69B)  0.9800 

C(69A)-H(69C)  0.9800 

C(70A)-C(74A)  1.373(6) 

C(70A)-C(71A)  1.412(7) 

C(71A)-C(72A)  1.383(7) 

C(71A)-H(71A)  0.9500 

C(72A)-C(73A)  1.421(9) 

C(72A)-H(72A)  0.9500 

C(73A)-C(74A)  1.463(9) 

C(73A)-H(73A)  0.9500 

C(74A)-H(74A)  0.9500 

C(75A)-C(79A)  1.293(10) 
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C(75A)-C(76A)  1.397(12) 

C(75A)-H(75A)  0.9500 

C(76A)-C(77A)  1.499(11) 

C(76A)-H(76A)  0.9500 

C(77A)-C(78A)  1.388(12) 

C(77A)-H(77A)  0.9500 

C(78A)-C(79A)  1.415(12) 

C(78A)-H(78A)  0.9500 

C(79A)-H(79A)  0.9500 

C(80A)-C(84A)  1.446(7) 

C(80A)-C(81A)  1.485(7) 

C(81A)-C(82A)  1.368(9) 

C(81A)-H(81A)  0.9500 

C(82A)-C(83A)  1.377(9) 

C(82A)-H(82A)  0.9500 

C(83A)-C(84A)  1.447(7) 

C(83A)-H(83A)  0.9500 

C(84A)-H(84A)  0.9500 

C(85A)-C(86A)  1.403(10) 

C(85A)-C(89A)  1.447(12) 

C(85A)-H(85A)  1.0000 

C(86A)-C(87A)  1.373(11) 

C(86A)-H(86A)  0.9500 

C(87A)-C(88A)  1.341(11) 

C(87A)-H(87A)  0.9500 

C(88A)-C(89A)  1.464(10) 

C(88A)-H(88A)  1.0000 

C(89A)-H(89A)  0.9500 

 

N(23A)-Zn(1A)-N(22A) 90.11(15) 

N(23A)-Zn(1A)-N(24A) 89.35(14) 

N(22A)-Zn(1A)-N(24A) 179.41(15) 

N(23A)-Zn(1A)-N(21A) 179.67(18) 

N(22A)-Zn(1A)-N(21A) 89.95(15) 

N(24A)-Zn(1A)-N(21A) 90.58(14) 

C(73A)-Fe(2A)-C(71A) 67.3(2) 

C(73A)-Fe(2A)-C(74A) 42.6(3) 

C(71A)-Fe(2A)-C(74A) 66.6(2) 

C(73A)-Fe(2A)-C(78A) 112.6(3) 

C(71A)-Fe(2A)-C(78A) 165.4(3) 

C(74A)-Fe(2A)-C(78A) 123.9(3) 

C(73A)-Fe(2A)-C(79A) 131.8(3) 

C(71A)-Fe(2A)-C(79A) 150.1(3) 

C(74A)-Fe(2A)-C(79A) 110.0(3) 

C(78A)-Fe(2A)-C(79A) 40.8(3) 

C(73A)-Fe(2A)-C(75A) 167.0(3) 

C(71A)-Fe(2A)-C(75A) 119.6(2) 

C(74A)-Fe(2A)-C(75A) 127.6(3) 

C(78A)-Fe(2A)-C(75A) 63.8(3) 

C(79A)-Fe(2A)-C(75A) 37.1(3) 

C(73A)-Fe(2A)-C(70A) 69.6(2) 

C(71A)-Fe(2A)-C(70A) 40.7(2) 

C(74A)-Fe(2A)-C(70A) 39.55(18) 

C(78A)-Fe(2A)-C(70A) 153.8(3) 

C(79A)-Fe(2A)-C(70A) 117.1(3) 

C(75A)-Fe(2A)-C(70A) 107.8(3) 

C(73A)-Fe(2A)-C(77A) 121.4(3) 

C(71A)-Fe(2A)-C(77A) 126.7(3) 

C(74A)-Fe(2A)-C(77A) 157.9(2) 

C(78A)-Fe(2A)-C(77A) 39.8(3) 

C(79A)-Fe(2A)-C(77A) 67.8(4) 

C(75A)-Fe(2A)-C(77A) 64.7(3) 

C(70A)-Fe(2A)-C(77A) 162.0(2) 

C(73A)-Fe(2A)-C(72A) 40.9(3) 

C(71A)-Fe(2A)-C(72A) 39.7(2) 

C(74A)-Fe(2A)-C(72A) 69.3(2) 

C(78A)-Fe(2A)-C(72A) 130.5(3) 

C(79A)-Fe(2A)-C(72A) 169.7(3) 

C(75A)-Fe(2A)-C(72A) 151.3(3) 

C(70A)-Fe(2A)-C(72A) 69.4(3) 

C(77A)-Fe(2A)-C(72A) 108.7(3) 

C(73A)-Fe(2A)-C(76A) 153.1(3) 
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C(71A)-Fe(2A)-C(76A) 104.0(3) 

C(74A)-Fe(2A)-C(76A) 159.3(3) 

C(78A)-Fe(2A)-C(76A) 69.2(3) 

C(79A)-Fe(2A)-C(76A) 68.2(3) 

C(75A)-Fe(2A)-C(76A) 39.3(3) 

C(70A)-Fe(2A)-C(76A) 121.4(3) 

C(77A)-Fe(2A)-C(76A) 42.2(3) 

C(72A)-Fe(2A)-C(76A) 116.2(3) 

C(89A)-Fe(3A)-C(85A) 42.6(4) 

C(89A)-Fe(3A)-C(88A) 43.0(3) 

C(85A)-Fe(3A)-C(88A) 68.4(3) 

C(89A)-Fe(3A)-C(84A) 107.4(3) 

C(85A)-Fe(3A)-C(84A) 118.9(2) 

C(88A)-Fe(3A)-C(84A) 132.4(3) 

C(89A)-Fe(3A)-C(83A) 119.1(3) 

C(85A)-Fe(3A)-C(83A) 154.9(3) 

C(88A)-Fe(3A)-C(83A) 111.1(3) 

C(84A)-Fe(3A)-C(83A) 41.7(2) 

C(89A)-Fe(3A)-C(86A) 71.4(4) 

C(85A)-Fe(3A)-C(86A) 40.6(3) 

C(88A)-Fe(3A)-C(86A) 67.5(3) 

C(84A)-Fe(3A)-C(86A) 150.5(2) 

C(83A)-Fe(3A)-C(86A) 164.2(2) 

C(89A)-Fe(3A)-C(82A) 150.8(3) 

C(85A)-Fe(3A)-C(82A) 164.7(3) 

C(88A)-Fe(3A)-C(82A) 116.6(3) 

C(84A)-Fe(3A)-C(82A) 69.6(2) 

C(83A)-Fe(3A)-C(82A) 39.4(3) 

C(86A)-Fe(3A)-C(82A) 125.9(3) 

C(89A)-Fe(3A)-C(81A) 169.7(3) 

C(85A)-Fe(3A)-C(81A) 128.7(3) 

C(88A)-Fe(3A)-C(81A) 145.1(2) 

C(84A)-Fe(3A)-C(81A) 71.0(2) 

C(83A)-Fe(3A)-C(81A) 66.9(3) 

C(86A)-Fe(3A)-C(81A) 104.7(3) 

C(82A)-Fe(3A)-C(81A) 39.0(3) 

C(89A)-Fe(3A)-C(87A) 69.2(3) 

C(85A)-Fe(3A)-C(87A) 65.9(3) 

C(88A)-Fe(3A)-C(87A) 38.6(3) 

C(84A)-Fe(3A)-C(87A) 169.4(3) 

C(83A)-Fe(3A)-C(87A) 130.3(3) 

C(86A)-Fe(3A)-C(87A) 39.1(3) 

C(82A)-Fe(3A)-C(87A) 108.2(3) 

C(81A)-Fe(3A)-C(87A) 114.2(3) 

C(89A)-Fe(3A)-C(80A) 130.1(3) 

C(85A)-Fe(3A)-C(80A) 109.2(3) 

C(88A)-Fe(3A)-C(80A) 172.1(2) 

C(84A)-Fe(3A)-C(80A) 41.4(2) 

C(83A)-Fe(3A)-C(80A) 67.6(2) 

C(86A)-Fe(3A)-C(80A) 116.0(3) 

C(82A)-Fe(3A)-C(80A) 67.8(2) 

C(81A)-Fe(3A)-C(80A) 42.33(19) 

C(87A)-Fe(3A)-C(80A) 148.2(3) 

N(21A)-C(1A)-C(20A) 126.9(3) 

N(21A)-C(1A)-C(2A) 109.4(4) 

C(20A)-C(1A)-C(2A) 123.5(4) 

C(3A)-C(2A)-C(1A) 105.7(4) 

C(3A)-C(2A)-H(2A) 127.1 

C(1A)-C(2A)-H(2A) 127.2 

C(2A)-C(3A)-C(4A) 106.0(4) 

C(2A)-C(3A)-H(3A) 127.0 

C(4A)-C(3A)-H(3A) 127.0 

N(21A)-C(4A)-C(5A) 127.7(4) 

N(21A)-C(4A)-C(3A) 109.5(4) 

C(5A)-C(4A)-C(3A) 122.8(4) 

C(4A)-C(5A)-C(6A) 124.8(4) 

C(4A)-C(5A)-C(31A) 118.5(3) 

C(6A)-C(5A)-C(31A) 116.5(4) 

N(22A)-C(6A)-C(7A) 111.3(3) 

N(22A)-C(6A)-C(5A) 123.5(4) 

C(7A)-C(6A)-C(5A) 125.1(4) 

C(8A)-C(7A)-C(6A) 106.8(4) 
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C(8A)-C(7A)-H(7A) 126.6 

C(6A)-C(7A)-H(7A) 126.6 

C(7A)-C(8A)-C(9A) 106.2(4) 

C(7A)-C(8A)-H(8A) 126.9 

C(9A)-C(8A)-H(8A) 126.9 

C(10A)-C(9A)-N(22A) 123.1(4) 

C(10A)-C(9A)-C(8A) 125.4(4) 

N(22A)-C(9A)-C(8A) 111.5(3) 

C(9A)-C(10A)-C(25A) 114.5(4) 

C(9A)-C(10A)-C(11A) 128.9(4) 

C(25A)-C(10A)-C(11A) 116.5(3) 

C(12A)-C(11A)-N(23A) 112.1(4) 

C(12A)-C(11A)-C(10A) 126.5(4) 

N(23A)-C(11A)-C(10A) 121.4(4) 

C(13A)-C(12A)-C(11A) 107.0(4) 

C(13A)-C(12A)-H(12A) 126.5 

C(11A)-C(12A)-H(12A) 126.5 

C(12A)-C(13A)-C(14A) 108.2(3) 

C(12A)-C(13A)-H(13A) 125.9 

C(14A)-C(13A)-H(13A) 125.9 

N(23A)-C(14A)-C(15A) 123.7(3) 

N(23A)-C(14A)-C(13A) 109.2(4) 

C(15A)-C(14A)-C(13A) 127.2(4) 

C(16A)-C(15A)-C(14A) 126.7(4) 

C(16A)-C(15A)-C(51A) 118.9(4) 

C(14A)-C(15A)-C(51A) 114.3(3) 

C(15A)-C(16A)-N(24A) 125.7(5) 

C(15A)-C(16A)-C(17A) 125.7(4) 

N(24A)-C(16A)-C(17A) 108.0(3) 

C(18A)-C(17A)-C(16A) 105.5(4) 

C(18A)-C(17A)-H(17A) 127.3 

C(16A)-C(17A)-H(17A) 127.3 

C(17A)-C(18A)-C(19A) 109.9(4) 

C(17A)-C(18A)-H(18A) 125.1 

C(19A)-C(18A)-H(18A) 125.1 

N(24A)-C(19A)-C(20A) 125.8(4) 

N(24A)-C(19A)-C(18A) 108.5(3) 

C(20A)-C(19A)-C(18A) 125.7(4) 

C(19A)-C(20A)-C(1A) 126.1(4) 

C(19A)-C(20A)-C(27A) 118.3(4) 

C(1A)-C(20A)-C(27A) 115.7(4) 

C(1A)-N(21A)-C(4A) 109.0(3) 

C(1A)-N(21A)-Zn(1A) 125.1(3) 

C(4A)-N(21A)-Zn(1A) 125.8(3) 

C(6A)-N(22A)-C(9A) 104.2(4) 

C(6A)-N(22A)-Zn(1A) 127.9(3) 

C(9A)-N(22A)-Zn(1A) 127.6(3) 

C(14A)-N(23A)-C(11A) 103.5(3) 

C(14A)-N(23A)-Zn(1A) 127.8(3) 

C(11A)-N(23A)-Zn(1A) 128.7(3) 

C(19A)-N(24A)-C(16A) 108.0(4) 

C(19A)-N(24A)-Zn(1A) 125.5(3) 

C(16A)-N(24A)-Zn(1A) 126.5(3) 

C(26A)-C(25A)-C(10A) 178.5(6) 

C(25A)-C(26A)-C(70A) 172.7(6) 

C(28A)-C(27A)-C(20A) 173.1(5) 

C(27A)-C(28A)-C(80A) 177.6(5) 

C(36A)-C(31A)-C(32A) 116.3(4) 

C(36A)-C(31A)-C(5A) 123.0(4) 

C(32A)-C(31A)-C(5A) 120.6(5) 

C(33A)-C(32A)-C(31A) 120.3(5) 

C(33A)-C(32A)-H(32A) 119.8 

C(31A)-C(32A)-H(32A) 119.8 

C(34A)-C(33A)-C(32A) 122.3(5) 

C(34A)-C(33A)-C(40A) 122.2(4) 

C(32A)-C(33A)-C(40A) 115.5(5) 

C(33A)-C(34A)-C(35A) 119.2(4) 

C(33A)-C(34A)-H(34A) 120.4 

C(35A)-C(34A)-H(34A) 120.4 

C(34A)-C(35A)-C(36A) 120.6(5) 

C(34A)-C(35A)-C(45A) 119.7(4) 

C(36A)-C(35A)-C(45A) 119.6(4) 
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C(31A)-C(36A)-C(35A) 121.1(4) 

C(31A)-C(36A)-H(36A) 119.4 

C(35A)-C(36A)-H(36A) 119.4 

O(41A)-C(40A)-O(42A) 121.9(4) 

O(41A)-C(40A)-C(33A) 126.7(4) 

O(42A)-C(40A)-C(33A) 111.4(4) 

C(40A)-O(42A)-C(43A) 117.9(4) 

O(42A)-C(43A)-C(44A) 108.3(5) 

O(42A)-C(43A)-H(43A) 110.0 

C(44A)-C(43A)-H(43A) 110.0 

O(42A)-C(43A)-H(43B) 110.0 

C(44A)-C(43A)-H(43B) 110.0 

H(43A)-C(43A)-H(43B) 108.4 

C(43A)-C(44A)-H(44A) 109.5 

C(43A)-C(44A)-H(44B) 109.5 

H(44A)-C(44A)-H(44B) 109.5 

C(43A)-C(44A)-H(44C) 109.5 

H(44A)-C(44A)-H(44C) 109.5 

H(44B)-C(44A)-H(44C) 109.5 

O(46A)-C(45A)-O(47A) 124.0(5) 

O(46A)-C(45A)-C(35A) 121.8(4) 

O(47A)-C(45A)-C(35A) 114.2(4) 

C(45A)-O(47A)-C(48A) 116.6(3) 

O(47A)-C(48A)-C(49A) 106.2(4) 

O(47A)-C(48A)-H(48A) 110.5 

C(49A)-C(48A)-H(48A) 110.5 

O(47A)-C(48A)-H(48B) 110.5 

C(49A)-C(48A)-H(48B) 110.5 

H(48A)-C(48A)-H(48B) 108.7 

C(48A)-C(49A)-H(49A) 109.5 

C(48A)-C(49A)-H(49B) 109.5 

H(49A)-C(49A)-H(49B) 109.5 

C(48A)-C(49A)-H(49C) 109.5 

H(49A)-C(49A)-H(49C) 109.5 

H(49B)-C(49A)-H(49C) 109.5 

C(56A)-C(51A)-C(52A) 119.1(4) 

C(56A)-C(51A)-C(15A) 123.7(4) 

C(52A)-C(51A)-C(15A) 117.1(5) 

C(51A)-C(52A)-C(53A) 119.0(5) 

C(51A)-C(52A)-H(52A) 120.5 

C(53A)-C(52A)-H(52A) 120.5 

C(54A)-C(53A)-C(52A) 117.6(4) 

C(54A)-C(53A)-C(60A) 123.7(4) 

C(52A)-C(53A)-C(60A) 118.8(5) 

C(55A)-C(54A)-C(53A) 122.0(4) 

C(55A)-C(54A)-H(54A) 119.0 

C(53A)-C(54A)-H(54A) 119.0 

C(54A)-C(55A)-C(56A) 118.4(5) 

C(54A)-C(55A)-C(65A) 118.5(4) 

C(56A)-C(55A)-C(65A) 123.1(4) 

C(51A)-C(56A)-C(55A) 123.9(5) 

C(51A)-C(56A)-H(56A) 118.1 

C(55A)-C(56A)-H(56A) 118.1 

O(61A)-C(60A)-O(62A) 125.7(4) 

O(61A)-C(60A)-C(53A) 122.0(4) 

O(62A)-C(60A)-C(53A) 112.3(4) 

C(60A)-O(62A)-C(63A) 116.1(4) 

O(62A)-C(63A)-C(64A) 105.8(5) 

O(62A)-C(63A)-H(63A) 110.6 

C(64A)-C(63A)-H(63A) 110.6 

O(62A)-C(63A)-H(63B) 110.6 

C(64A)-C(63A)-H(63B) 110.6 

H(63A)-C(63A)-H(63B) 108.7 

C(63A)-C(64A)-H(64A) 109.5 

C(63A)-C(64A)-H(64B) 109.5 

H(64A)-C(64A)-H(64B) 109.5 

C(63A)-C(64A)-H(64C) 109.5 

H(64A)-C(64A)-H(64C) 109.5 

H(64B)-C(64A)-H(64C) 109.5 

O(66A)-C(65A)-O(67A) 123.9(5) 

O(66A)-C(65A)-C(55A) 123.9(4) 

O(67A)-C(65A)-C(55A) 112.3(4) 
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C(65A)-O(67A)-C(68A) 116.3(4) 

C(69A)-C(68A)-O(67A) 107.6(4) 

C(69A)-C(68A)-H(68A) 110.2 

O(67A)-C(68A)-H(68A) 110.2 

C(69A)-C(68A)-H(68B) 110.2 

O(67A)-C(68A)-H(68B) 110.2 

H(68A)-C(68A)-H(68B) 108.5 

C(68A)-C(69A)-H(69A) 109.5 

C(68A)-C(69A)-H(69B) 109.5 

H(69A)-C(69A)-H(69B) 109.5 

C(68A)-C(69A)-H(69C) 109.5 

H(69A)-C(69A)-H(69C) 109.5 

H(69B)-C(69A)-H(69C) 109.5 

C(74A)-C(70A)-C(71A) 105.4(4) 

C(74A)-C(70A)-C(26A) 130.7(5) 

C(71A)-C(70A)-C(26A) 123.9(4) 

C(74A)-C(70A)-Fe(2A) 69.3(3) 

C(71A)-C(70A)-Fe(2A) 68.6(3) 

C(26A)-C(70A)-Fe(2A) 123.9(4) 

C(72A)-C(71A)-C(70A) 112.9(4) 

C(72A)-C(71A)-Fe(2A) 71.6(4) 

C(70A)-C(71A)-Fe(2A) 70.6(3) 

C(72A)-C(71A)-H(71A) 123.5 

C(70A)-C(71A)-H(71A) 123.5 

Fe(2A)-C(71A)-H(71A) 125.9 

C(71A)-C(72A)-C(73A) 105.6(6) 

C(71A)-C(72A)-Fe(2A) 68.7(4) 

C(73A)-C(72A)-Fe(2A) 68.0(4) 

C(71A)-C(72A)-H(72A) 127.2 

C(73A)-C(72A)-H(72A) 127.2 

Fe(2A)-C(72A)-H(72A) 127.6 

C(72A)-C(73A)-C(74A) 106.8(5) 

C(72A)-C(73A)-Fe(2A) 71.1(4) 

C(74A)-C(73A)-Fe(2A) 68.9(4) 

C(72A)-C(73A)-H(73A) 126.6 

C(74A)-C(73A)-H(73A) 126.6 

Fe(2A)-C(73A)-H(73A) 125.0 

C(70A)-C(74A)-C(73A) 109.4(5) 

C(70A)-C(74A)-Fe(2A) 71.2(3) 

C(73A)-C(74A)-Fe(2A) 68.5(3) 

C(70A)-C(74A)-H(74A) 125.3 

C(73A)-C(74A)-H(74A) 125.3 

Fe(2A)-C(74A)-H(74A) 126.6 

C(79A)-C(75A)-C(76A) 119.7(7) 

C(79A)-C(75A)-Fe(2A) 71.3(5) 

C(76A)-C(75A)-Fe(2A) 73.3(5) 

C(79A)-C(75A)-H(75A) 120.2 

C(76A)-C(75A)-H(75A) 120.2 

Fe(2A)-C(75A)-H(75A) 127.2 

C(75A)-C(76A)-C(77A) 97.9(6) 

C(75A)-C(76A)-Fe(2A) 67.4(4) 

C(77A)-C(76A)-Fe(2A) 66.5(4) 

C(75A)-C(76A)-H(76A) 131.0 

C(77A)-C(76A)-H(76A) 131.0 

Fe(2A)-C(76A)-H(76A) 126.6 

C(78A)-C(77A)-C(76A) 109.0(8) 

C(78A)-C(77A)-Fe(2A) 69.3(5) 

C(76A)-C(77A)-Fe(2A) 71.3(5) 

C(78A)-C(77A)-H(77A) 125.5 

C(76A)-C(77A)-H(77A) 125.5 

Fe(2A)-C(77A)-H(77A) 125.6 

C(77A)-C(78A)-C(79A) 108.5(7) 

C(77A)-C(78A)-Fe(2A) 70.9(5) 

C(79A)-C(78A)-Fe(2A) 69.8(5) 

C(77A)-C(78A)-H(78A) 125.8 

C(79A)-C(78A)-H(78A) 125.8 

Fe(2A)-C(78A)-H(78A) 125.1 

C(75A)-C(79A)-C(78A) 104.7(8) 

C(75A)-C(79A)-Fe(2A) 71.6(6) 

C(78A)-C(79A)-Fe(2A) 69.4(5) 

C(75A)-C(79A)-H(79A) 127.6 

C(78A)-C(79A)-H(79A) 127.6 
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Fe(2A)-C(79A)-H(79A) 123.1 

C(28A)-C(80A)-C(84A) 126.5(4) 

C(28A)-C(80A)-C(81A) 124.8(5) 

C(84A)-C(80A)-C(81A) 108.0(4) 

C(28A)-C(80A)-Fe(3A) 121.0(4) 

C(84A)-C(80A)-Fe(3A) 68.2(3) 

C(81A)-C(80A)-Fe(3A) 68.7(3) 

C(82A)-C(81A)-C(80A) 106.7(5) 

C(82A)-C(81A)-Fe(3A) 70.3(4) 

C(80A)-C(81A)-Fe(3A) 69.0(3) 

C(82A)-C(81A)-H(81A) 126.7 

C(80A)-C(81A)-H(81A) 126.7 

Fe(3A)-C(81A)-H(81A) 125.6 

C(81A)-C(82A)-C(83A) 110.3(5) 

C(81A)-C(82A)-Fe(3A) 70.7(4) 

C(83A)-C(82A)-Fe(3A) 69.7(4) 

C(81A)-C(82A)-H(82A) 124.9 

C(83A)-C(82A)-H(82A) 124.9 

Fe(3A)-C(82A)-H(82A) 126.4 

C(82A)-C(83A)-C(84A) 111.1(6) 

C(82A)-C(83A)-Fe(3A) 70.9(4) 

C(84A)-C(83A)-Fe(3A) 69.0(4) 

C(82A)-C(83A)-H(83A) 124.5 

C(84A)-C(83A)-H(83A) 124.5 

Fe(3A)-C(83A)-H(83A) 127.2 

C(83A)-C(84A)-C(80A) 103.8(4) 

C(83A)-C(84A)-Fe(3A) 69.3(4) 

C(80A)-C(84A)-Fe(3A) 70.4(3) 

C(83A)-C(84A)-H(84A) 128.1 

C(80A)-C(84A)-H(84A) 128.1 

Fe(3A)-C(84A)-H(84A) 124.0 

C(86A)-C(85A)-C(89A) 111.5(7) 

C(86A)-C(85A)-Fe(3A) 71.7(5) 

C(89A)-C(85A)-Fe(3A) 68.4(5) 

C(86A)-C(85A)-H(85A) 124.2 

C(89A)-C(85A)-H(85A) 124.2 

Fe(3A)-C(85A)-H(85A) 124.2 

C(87A)-C(86A)-C(85A) 105.2(7) 

C(87A)-C(86A)-Fe(3A) 70.8(5) 

C(85A)-C(86A)-Fe(3A) 67.8(5) 

C(87A)-C(86A)-H(86A) 127.4 

C(85A)-C(86A)-H(86A) 127.4 

Fe(3A)-C(86A)-H(86A) 125.6 

C(88A)-C(87A)-C(86A) 112.0(6) 

C(88A)-C(87A)-Fe(3A) 68.5(5) 

C(86A)-C(87A)-Fe(3A) 70.1(5) 

C(88A)-C(87A)-H(87A) 124.0 

C(86A)-C(87A)-H(87A) 124.0 

Fe(3A)-C(87A)-H(87A) 129.2 

C(87A)-C(88A)-C(89A) 109.9(7) 

C(87A)-C(88A)-Fe(3A) 72.9(5) 

C(89A)-C(88A)-Fe(3A) 68.1(4) 

C(87A)-C(88A)-H(88A) 125.0 

C(89A)-C(88A)-H(88A) 125.0 

Fe(3A)-C(88A)-H(88A) 125.0 

C(85A)-C(89A)-C(88A) 101.2(7) 

C(85A)-C(89A)-Fe(3A) 69.0(5) 

C(88A)-C(89A)-Fe(3A) 68.9(4) 

C(85A)-C(89A)-H(89A) 129.4 

C(88A)-C(89A)-H(89A) 129.4 

Fe(3A)-C(89A)-H(89A) 124.5 

_______________________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y+1,-z+1    #2 -x,-y+1,-z+1       
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A1.4. Table of selected bond lengths [Å] and angles [o] for (4) – 2H+. 

_________________________________________________________________________________________  

Fe(1)-C(70)  2.053(5) 

Fe(1)-C(71)  2.066(7) 

Fe(1)-C(72)  2.032(7) 

Fe(1)-C(73)  1.998(7) 

Fe(1)-C(74)  2.011(7) 

Fe(1)-C(75)  2.045(17) 

Fe(1)-C(78)  2.02(2) 

Fe(1)-C(79)  1.99(2) 

Fe(1)-C(76A)  1.94(2) 

Fe(1)-C(77A)  1.94(3) 

Fe(1)-C(78B)  2.048(14) 

Fe(1)-C(79B)  2.049(15) 

C(1)-C(2)  1.434(11) 

C(1)-N(21)  1.352(10) 

C(1)-C(25)#1  1.431(10) 

C(2)-H(2)  0.9500 

C(2)-C(3)  1.343(11) 

C(3)-H(3)  0.9500 

C(3)-C(4)  1.433(12) 

C(4)-C(5)  1.420(11) 

C(4)-N(21)  1.386(11) 

C(5)-C(6)  1.398(11) 

C(5)-C(70)  1.497(9) 

C(6)-C(7)  1.435(12) 

C(6)-N(22)  1.373(10) 

C(7)-H(7)  0.9500 

C(7)-C(8)  1.365(15) 

C(8)-H(8)  0.9500 

C(8)-C(9)  1.451(13) 

C(9)-N(22)  1.365(11) 

C(9)-C(25)  1.371(12) 

C(25)-C(1)#1  1.431(10) 

C(25)-C(31)  1.498(10) 

C(31)-C(32)  1.398(12) 

C(31)-C(36)  1.389(11) 

C(32)-H(32)  0.9500 

C(32)-C(33)  1.372(11) 

C(33)-C(34)  1.391(12) 

C(33)-C(40)  1.492(13) 

C(34)-H(34)  0.9500 

C(34)-C(35)  1.350(12) 

C(35)-C(36)  1.406(11) 

C(35)-C(45)  1.517(12) 

C(36)-H(36)  0.9500 

C(40)-O(41)  1.196(11) 

C(40)-O(42)  1.364(11) 

O(42)-C(43)  1.446(11) 

C(43)-H(43a)  0.9900 

C(43)-H(43b)  0.9900 

C(43)-C(44)  1.509(12) 

C(44)-H(44a)  0.9800 

C(44)-H(44b)  0.9800 

C(44)-H(44c)  0.9800 

C(45)-O(46)  1.218(12) 

C(45)-O(47)  1.307(11) 

O(47)-C(48B)  1.476(14) 

O(47)-C(48B)  1.487(13) 

C(48B)-H(48a)  0.9900 

C(48B)-H(48b)  0.9900 

C(48B)-H(48c)  0.9900 

C(48B)-H(48d)  0.9900 

C(48B)-C(49A)  1.47(4) 

C(48B)-C(49B)  1.63(3) 

C(49A)-H(49a)  0.9800 
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C(49A)-H(49b)  0.9800 

C(49A)-H(49c)  0.9800 

C(49B)-H(49d)  0.9800 

C(49B)-H(49e)  0.9800 

C(49B)-H(49f)  0.9800 

C(70)-C(71)  1.4200 

C(70)-C(74)  1.4200 

C(71)-H(71)  0.9500 

C(71)-C(72)  1.4200 

C(72)-H(72)  0.9500 

C(72)-C(73)  1.4200 

C(73)-H(73)  0.9500 

C(73)-C(74)  1.4200 

C(74)-H(74)  0.9500 

C(75)-H(75)  0.9500 

C(75)-C(76)  1.4200 

C(75)-C(79)  1.4200 

C(76)-H(76)  0.9500 

C(76)-C(77)  1.4200 

C(77)-H(77)  0.9500 

C(77)-C(78)  1.4200 

C(78)-H(78)  0.9500 

C(78)-C(79)  1.4200 

C(79)-H(79)  0.9500 

C(75A)-H(75A)  0.9500 

C(75A)-C(76A)  1.4200 

C(75A)-C(79A)  1.4200 

C(76A)-H(76A)  0.9500 

C(76A)-C(77A)  1.4200 

C(77A)-H(77A)  0.9500 

C(77A)-C(78A)  1.4200 

C(78A)-H(78A)  0.9500 

C(78A)-C(79A)  1.4200 

C(79A)-H(79A)  0.9500 

C(75B)-H(75B)  0.9500 

C(75B)-C(76B)  1.4200 

C(75B)-C(79B)  1.4200 

C(76B)-H(76B)  0.9500 

C(76B)-C(77B)  1.4200 

C(77B)-H(77B)  0.9500 

C(77B)-C(78B)  1.4200 

C(78B)-H(78B)  0.9500 

C(78B)-C(79B)  1.4200 

C(79B)-H(79B)  0.9500 

 

C(70)-Fe(1)-C(71) 40.33(10) 

C(72)-Fe(1)-C(70) 68.44(14) 

C(72)-Fe(1)-C(71) 40.54(13) 

C(72)-Fe(1)-C(75) 156.7(12) 

C(72)-Fe(1)-C(78B) 115.9(5) 

C(72)-Fe(1)-C(79B) 137.2(6) 

C(73)-Fe(1)-C(70) 69.09(14) 

C(73)-Fe(1)-C(71) 68.84(16) 

C(73)-Fe(1)-C(72) 41.25(13) 

C(73)-Fe(1)-C(74) 41.48(13) 

C(73)-Fe(1)-C(75) 162.0(12) 

C(73)-Fe(1)-C(78) 104.2(7) 

C(73)-Fe(1)-C(78B) 117.6(5) 

C(73)-Fe(1)-C(79B) 158.1(4) 

C(74)-Fe(1)-C(70) 40.88(11) 

C(74)-Fe(1)-C(71) 68.59(13) 

C(74)-Fe(1)-C(72) 69.25(16) 

C(74)-Fe(1)-C(75) 127.3(9) 

C(74)-Fe(1)-C(78) 122.7(10) 

C(74)-Fe(1)-C(78B) 144.4(6) 

C(74)-Fe(1)-C(79B) 153.1(6) 

C(75)-Fe(1)-C(70) 111.9(4) 

C(75)-Fe(1)-C(71) 124.4(9) 

C(75)-Fe(1)-C(78B) 62.0(6) 

C(75)-Fe(1)-C(79B) 26.5(7) 

C(78)-Fe(1)-C(70) 161.2(11) 

C(78)-Fe(1)-C(71) 155.3(8) 
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C(78)-Fe(1)-C(72) 118.8(6) 

C(78)-Fe(1)-C(75) 68.9(4) 

C(78)-Fe(1)-C(78B) 22.1(8) 

C(78)-Fe(1)-C(79B) 55.3(8) 

C(79)-Fe(1)-C(70) 126.5(8) 

C(79)-Fe(1)-C(71) 161.7(6) 

C(79)-Fe(1)-C(72) 157.4(7) 

C(79)-Fe(1)-C(73) 122.8(11) 

C(79)-Fe(1)-C(74) 109.7(11) 

C(79)-Fe(1)-C(75) 41.1(3) 

C(79)-Fe(1)-C(78) 41.4(4) 

C(79)-Fe(1)-C(78B) 51.2(7) 

C(79)-Fe(1)-C(79B) 48.7(9) 

C(76A)-Fe(1)-C(70) 129.7(7) 

C(76A)-Fe(1)-C(71) 152.4(11) 

C(76A)-Fe(1)-C(72) 161.9(7) 

C(76A)-Fe(1)-C(73) 137.5(12) 

C(76A)-Fe(1)-C(74) 122.8(10) 

C(76A)-Fe(1)-C(75) 28.0(8) 

C(76A)-Fe(1)-C(78) 44.2(10) 

C(76A)-Fe(1)-C(79) 15.3(8) 

C(76A)-Fe(1)-C(78B) 46.1(8) 

C(76A)-Fe(1)-C(79B) 33.8(11) 

C(77A)-Fe(1)-C(70) 170.2(9) 

C(77A)-Fe(1)-C(71) 149.5(9) 

C(77A)-Fe(1)-C(72) 119.0(8) 

C(77A)-Fe(1)-C(73) 111.7(9) 

C(77A)-Fe(1)-C(74) 133.4(10) 

C(77A)-Fe(1)-C(75) 64.0(9) 

C(77A)-Fe(1)-C(78) 10.7(12) 

C(77A)-Fe(1)-C(79) 44.3(12) 

C(77A)-Fe(1)-C(76A) 43.0(5) 

C(77A)-Fe(1)-C(78B) 11.5(11) 

C(77A)-Fe(1)-C(79B) 46.9(9) 

C(78B)-Fe(1)-C(70) 173.3(5) 

C(78B)-Fe(1)-C(71) 139.8(6) 

C(78B)-Fe(1)-C(79B) 40.6(3) 

C(79B)-Fe(1)-C(70) 132.8(4) 

C(79B)-Fe(1)-C(71) 125.8(6) 

N(21)-C(1)-C(2) 111.9(7) 

N(21)-C(1)-C(25)#1 124.9(7) 

C(25)#1-C(1)-C(2) 123.3(7) 

C(1)-C(2)-H(2) 126.9 

C(3)-C(2)-C(1) 106.2(8) 

C(3)-C(2)-H(2) 126.9 

C(2)-C(3)-H(3) 126.5 

C(2)-C(3)-C(4) 107.0(8) 

C(4)-C(3)-H(3) 126.5 

C(5)-C(4)-C(3) 124.0(8) 

N(21)-C(4)-C(3) 110.3(7) 

N(21)-C(4)-C(5) 125.6(8) 

C(4)-C(5)-C(70) 116.9(7) 

C(6)-C(5)-C(4) 123.4(7) 

C(6)-C(5)-C(70) 119.7(6) 

C(5)-C(6)-C(7) 126.4(8) 

N(22)-C(6)-C(5) 126.5(7) 

N(22)-C(6)-C(7) 107.1(7) 

C(6)-C(7)-H(7) 126.4 

C(8)-C(7)-C(6) 107.2(9) 

C(8)-C(7)-H(7) 126.4 

C(7)-C(8)-H(8) 125.6 

C(7)-C(8)-C(9) 108.9(9) 

C(9)-C(8)-H(8) 125.6 

N(22)-C(9)-C(8) 105.6(8) 

N(22)-C(9)-C(25) 129.0(8) 

C(25)-C(9)-C(8) 125.1(8) 

C(1)-N(21)-C(4) 104.5(6) 

C(9)-N(22)-C(6) 111.1(6) 

C(1)#1-C(25)-C(31) 117.5(7) 

C(9)-C(25)-C(1)#1 126.0(7) 

C(9)-C(25)-C(31) 116.5(7) 

C(32)-C(31)-C(25) 121.1(7) 
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C(36)-C(31)-C(25) 120.8(7) 

C(36)-C(31)-C(32) 118.1(7) 

C(31)-C(32)-H(32) 119.7 

C(33)-C(32)-C(31) 120.6(8) 

C(33)-C(32)-H(32) 119.7 

C(32)-C(33)-C(34) 121.5(8) 

C(32)-C(33)-C(40) 121.6(8) 

C(34)-C(33)-C(40) 117.0(8) 

C(33)-C(34)-H(34) 121.0 

C(35)-C(34)-C(33) 118.1(8) 

C(35)-C(34)-H(34) 121.0 

C(34)-C(35)-C(36) 122.1(8) 

C(34)-C(35)-C(45) 121.5(8) 

C(36)-C(35)-C(45) 116.4(8) 

C(31)-C(36)-C(35) 119.7(8) 

C(31)-C(36)-H(36) 120.2 

C(35)-C(36)-H(36) 120.2 

O(41)-C(40)-C(33) 125.8(9) 

O(41)-C(40)-O(42) 123.5(9) 

O(42)-C(40)-C(33) 110.7(7) 

C(40)-O(42)-C(43) 115.1(7) 

O(42)-C(43)-H(43a) 110.5 

O(42)-C(43)-H(43b) 110.5 

O(42)-C(43)-C(44) 106.2(7) 

H(43a)-C(43)-H(43b) 108.7 

C(44)-C(43)-H(43a) 110.5 

C(44)-C(43)-H(43b) 110.5 

C(43)-C(44)-H(44a) 109.5 

C(43)-C(44)-H(44b) 109.5 

C(43)-C(44)-H(44c) 109.5 

H(44a)-C(44)-H(44b) 109.5 

H(44a)-C(44)-H(44c) 109.5 

H(44b)-C(44)-H(44c) 109.5 

O(46)-C(45)-C(35) 123.6(8) 

O(46)-C(45)-O(47) 124.5(9) 

O(47)-C(45)-C(35) 111.8(8) 

C(45)-O(47)-C(48B) 120.3(14) 

C(45)-O(47)-C(48B) 113.7(11) 

C(48B)-O(47)-C(48B) 13.2(16) 

O(47)-C(48B)-H(48a) 109.3 

O(47)-C(48B)-H(48b) 109.3 

O(47)-C(48B)-H(48c) 112.2 

O(47)-C(48B)-H(48d) 112.2 

O(47)-C(48B)-C(49B) 97.9(15) 

H(48a)-C(48B)-H(48b) 108.0 

H(48c)-C(48B)-H(48d) 109.8 

C(49A)-C(48B)-O(47) 111.4(19) 

C(49A)-C(48B)-H(48a) 109.3 

C(49A)-C(48B)-H(48b) 109.3 

C(49B)-C(48B)-H(48c) 112.2 

C(49B)-C(48B)-H(48d) 112.2 

C(48B)-C(49A)-H(49a) 109.5 

C(48B)-C(49A)-H(49b) 109.5 

C(48B)-C(49A)-H(49c) 109.5 

H(49a)-C(49A)-H(49b) 109.5 

H(49a)-C(49A)-H(49c) 109.5 

H(49b)-C(49A)-H(49c) 109.5 

C(48B)-C(49B)-H(49d) 109.5 

C(48B)-C(49B)-H(49e) 109.5 

C(48B)-C(49B)-H(49f) 109.5 

H(49d)-C(49B)-H(49e) 109.5 

H(49d)-C(49B)-H(49f) 109.5 

H(49e)-C(49B)-H(49f) 109.5 

C(5)-C(70)-Fe(1) 133.0(5) 

C(71)-C(70)-Fe(1) 70.3(3) 

C(71)-C(70)-C(5) 126.6(5) 

C(71)-C(70)-C(74) 108.0 

C(74)-C(70)-Fe(1) 68.0(3) 

C(74)-C(70)-C(5) 124.9(5) 

Fe(1)-C(71)-H(71) 127.8 

C(70)-C(71)-Fe(1) 69.4(2) 

C(70)-C(71)-H(71) 126.0 
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C(72)-C(71)-Fe(1) 68.5(2) 

C(72)-C(71)-C(70) 108.0 

C(72)-C(71)-H(71) 126.0 

Fe(1)-C(72)-H(72) 126.5 

C(71)-C(72)-Fe(1) 71.0(2) 

C(71)-C(72)-H(72) 126.0 

C(71)-C(72)-C(73) 108.0 

C(73)-C(72)-Fe(1) 68.1(3) 

C(73)-C(72)-H(72) 126.0 

Fe(1)-C(73)-H(73) 125.2 

C(72)-C(73)-Fe(1) 70.7(3) 

C(72)-C(73)-H(73) 126.0 

C(72)-C(73)-C(74) 108.0 

C(74)-C(73)-Fe(1) 69.8(2) 

C(74)-C(73)-H(73) 126.0 

Fe(1)-C(74)-H(74) 125.7 

C(70)-C(74)-Fe(1) 71.1(2) 

C(70)-C(74)-H(74) 126.0 

C(73)-C(74)-Fe(1) 68.8(2) 

C(73)-C(74)-C(70) 108.0 

C(73)-C(74)-H(74) 126.0 

Fe(1)-C(75)-H(75) 126.0 

C(76)-C(75)-Fe(1) 72.1(9) 

C(76)-C(75)-H(75) 126.0 

C(76)-C(75)-C(79) 108.0 

C(79)-C(75)-Fe(1) 67.5(9) 

C(79)-C(75)-H(75) 126.0 

Fe(1)-C(76)-H(76) 128.1 

C(75)-C(76)-Fe(1) 67.9(8) 

C(75)-C(76)-H(76) 126.0 

C(77)-C(76)-Fe(1) 69.6(8) 

C(77)-C(76)-C(75) 108.0 

C(77)-C(76)-H(76) 126.0 

Fe(1)-C(77)-H(77) 127.5 

C(76)-C(77)-Fe(1) 70.7(7) 

C(76)-C(77)-H(77) 126.0 

C(76)-C(77)-C(78) 108.0 

C(78)-C(77)-Fe(1) 67.3(9) 

C(78)-C(77)-H(77) 126.0 

Fe(1)-C(78)-H(78) 125.0 

C(77)-C(78)-Fe(1) 72.2(9) 

C(77)-C(78)-H(78) 126.0 

C(79)-C(78)-Fe(1) 68.3(8) 

C(79)-C(78)-C(77) 108.0 

C(79)-C(78)-H(78) 126.0 

Fe(1)-C(79)-H(79) 124.0 

C(75)-C(79)-Fe(1) 71.3(8) 

C(75)-C(79)-H(79) 126.0 

C(78)-C(79)-Fe(1) 70.2(8) 

C(78)-C(79)-C(75) 108.0 

C(78)-C(79)-H(79) 126.0 

Fe(1)-C(75A)-H(75A) 127.6 

C(76A)-C(75A)-Fe(1) 62.6(10) 

C(76A)-C(75A)-H(75A) 126.0 

C(76A)-C(75A)-C(79A) 108.0 

C(79A)-C(75A)-Fe(1) 75.1(10) 

C(79A)-C(75A)-H(75A) 126.0 

Fe(1)-C(76A)-H(76A) 120.4 

C(75A)-C(76A)-Fe(1) 76.9(11) 

C(75A)-C(76A)-H(76A) 126.0 

C(77A)-C(76A)-Fe(1) 68.4(10) 

C(77A)-C(76A)-C(75A) 108.0 

C(77A)-C(76A)-H(76A) 126.0 

Fe(1)-C(77A)-H(77A) 120.3 

C(76A)-C(77A)-Fe(1) 68.6(10) 

C(76A)-C(77A)-H(77A) 126.0 

C(78A)-C(77A)-Fe(1) 76.8(11) 

C(78A)-C(77A)-C(76A) 108.0 

C(78A)-C(77A)-H(77A) 126.0 

Fe(1)-C(78A)-H(78A) 127.4 

C(77A)-C(78A)-Fe(1) 62.6(10) 

C(77A)-C(78A)-H(78A) 126.0 
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C(77A)-C(78A)-C(79A) 108.0 

C(79A)-C(78A)-Fe(1) 75.2(9) 

C(79A)-C(78A)-H(78A) 126.0 

Fe(1)-C(79A)-H(79A) 131.8 

C(75A)-C(79A)-Fe(1) 67.0(9) 

C(75A)-C(79A)-H(79A) 126.0 

C(78A)-C(79A)-Fe(1) 66.8(9) 

C(78A)-C(79A)-C(75A) 108.0 

C(78A)-C(79A)-H(79A) 126.0 

Fe(1)-C(75B)-H(75B) 125.9 

C(76B)-C(75B)-Fe(1) 72.6(6) 

C(76B)-C(75B)-H(75B) 126.0 

C(76B)-C(75B)-C(79B) 108.0 

C(79B)-C(75B)-Fe(1) 67.0(6) 

C(79B)-C(75B)-H(75B) 126.0 

Fe(1)-C(76B)-H(76B) 127.8 

C(75B)-C(76B)-Fe(1) 68.9(5) 

C(75B)-C(76B)-H(76B) 126.0 

C(77B)-C(76B)-Fe(1) 68.8(5) 

C(77B)-C(76B)-C(75B) 108.0 

C(77B)-C(76B)-H(76B) 126.0 

Fe(1)-C(77B)-H(77B) 125.8 

C(76B)-C(77B)-Fe(1) 72.7(6) 

C(76B)-C(77B)-H(77B) 126.0 

C(78B)-C(77B)-Fe(1) 67.0(6) 

C(78B)-C(77B)-C(76B) 108.0 

C(78B)-C(77B)-H(77B) 126.0 

Fe(1)-C(78B)-H(78B) 122.6 

C(77B)-C(78B)-Fe(1) 73.3(6) 

C(77B)-C(78B)-H(78B) 126.0 

C(77B)-C(78B)-C(79B) 108.0 

C(79B)-C(78B)-Fe(1) 69.8(6) 

C(79B)-C(78B)-H(78B) 126.0 

Fe(1)-C(79B)-H(79B) 122.6 

C(75B)-C(79B)-Fe(1) 73.3(6) 

C(75B)-C(79B)-H(79B) 126.0 

C(78B)-C(79B)-Fe(1) 69.7(6) 

C(78B)-C(79B)-C(75B) 108.0 

C(78B)-C(79B)-H(79B) 126.0 

________________________________________________________________________________________  
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A1.5. Table of selected bond lengths [Å] and angles [o] for (15). 

________________________________________________________________________________________  

C(1)-N(21)  1.358(4) 

C(1)-C(25)#1  1.410(4) 

C(1)-C(2)  1.439(4) 

C(2)-C(3)  1.353(4) 

C(2)-H(2)  0.9500 

C(3)-C(4)  1.438(4) 

C(3)-H(3)  0.9500 

C(4)-N(21)  1.377(3) 

C(4)-C(5)  1.399(4) 

C(5)-C(6)  1.399(4) 

C(5)-C(31)  1.499(4) 

C(6)-N(22)  1.377(3) 

C(6)-C(7)  1.441(4) 

C(7)-C(8)  1.353(4) 

C(7)-H(7)  0.9500 

C(8)-C(9)  1.440(4) 

C(8)-H(8)  0.9500 

C(9)-N(22)  1.359(4) 

C(9)-C(25)  1.413(4) 

N(21)-H(21)  0.8800 

N(22)-H(22)  0.8800 

C(25)-C(1)#1  1.410(4) 

C(25)-C(26)  1.425(4) 

C(26)-C(27)  1.197(4) 

C(27)-C(70)  1.423(4) 

C(31)-C(36)  1.393(4) 

C(31)-C(32)  1.399(4) 

C(32)-C(33)  1.393(4) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.394(4) 

C(33)-C(40)  1.496(4) 

C(34)-C(35)  1.393(4) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.393(4) 

C(35)-C(45)  1.494(4) 

C(36)-H(36)  0.9500 

C(40)-O(41)  1.202(3) 

C(40)-O(42)  1.336(4) 

O(42)-C(43)  1.454(3) 

C(43)-C(44)  1.504(4) 

C(43)-H(43A)  0.9900 

C(43)-H(43B)  0.9900 

C(44)-H(44A)  0.9800 

C(44)-H(44B)  0.9800 

C(44)-H(44C)  0.9800 

C(45)-O(46)  1.205(4) 

C(45)-O(47)  1.333(3) 

O(47)-C(48)  1.457(4) 

C(48)-C(49)  1.507(5) 

C(48)-H(48A)  0.9900 

C(48)-H(48B)  0.9900 

C(49)-H(49A)  0.9800 

C(49)-H(49B)  0.9800 

C(49)-H(49C)  0.9800 

Fe(1)-C(79)  2.018(5) 

Fe(1)-C(75)  2.021(4) 

Fe(1)-C(78)  2.031(4) 

Fe(1)-C(70)  2.035(3) 

Fe(1)-C(74)  2.035(3) 

Fe(1)-C(72)  2.038(4) 

Fe(1)-C(73)  2.041(3) 

Fe(1)-C(77)  2.041(4) 

Fe(1)-C(71)  2.044(4) 

Fe(1)-C(76)  2.046(4) 

C(70)-C(71)  1.429(4) 

C(70)-C(74)  1.432(4) 



237 
 

C(71)-C(72)  1.417(5) 

C(71)-H(71)  0.9500 

C(72)-C(73)  1.417(6) 

C(72)-H(72)  0.9500 

C(73)-C(74)  1.415(5) 

C(73)-H(73)  0.9500 

C(74)-H(74)  0.9500 

C(75)-C(79)  1.393(7) 

C(75)-C(76)  1.404(7) 

C(75)-H(75)  1.0000 

C(76)-C(77)  1.373(7) 

C(76)-H(76)  0.9500 

C(77)-C(78)  1.376(8) 

C(77)-H(77)  0.9500 

C(78)-C(79)  1.470(9) 

C(78)-H(78)  0.9500 

C(79)-H(79)  0.9500 

 

N(21)-C(1)-C(25)#1 126.5(2) 

N(21)-C(1)-C(2) 109.0(2) 

C(25)#1-C(1)-C(2) 124.5(3) 

C(3)-C(2)-C(1) 107.2(2) 

C(3)-C(2)-H(2) 126.4 

C(1)-C(2)-H(2) 126.4 

C(2)-C(3)-C(4) 107.7(2) 

C(2)-C(3)-H(3) 126.2 

C(4)-C(3)-H(3) 126.2 

N(21)-C(4)-C(5) 125.1(2) 

N(21)-C(4)-C(3) 108.1(2) 

C(5)-C(4)-C(3) 126.7(2) 

C(4)-C(5)-C(6) 125.7(2) 

C(4)-C(5)-C(31) 117.3(2) 

C(6)-C(5)-C(31) 117.0(2) 

N(22)-C(6)-C(5) 125.4(2) 

N(22)-C(6)-C(7) 109.0(2) 

C(5)-C(6)-C(7) 125.6(2) 

C(8)-C(7)-C(6) 107.4(2) 

C(8)-C(7)-H(7) 126.3 

C(6)-C(7)-H(7) 126.3 

C(7)-C(8)-C(9) 106.7(2) 

C(7)-C(8)-H(8) 126.6 

C(9)-C(8)-H(8) 126.6 

N(22)-C(9)-C(25) 126.2(2) 

N(22)-C(9)-C(8) 109.9(2) 

C(25)-C(9)-C(8) 123.8(3) 

C(1)-N(21)-C(4) 108.1(2) 

C(1)-N(21)-H(21) 126.0 

C(4)-N(21)-H(21) 126.0 

C(9)-N(22)-C(6) 106.9(2) 

C(9)-N(22)-H(22) 126.5 

C(6)-N(22)-H(22) 126.5 

C(1)#1-C(25)-C(9) 125.9(3) 

C(1)#1-C(25)-C(26) 116.5(2) 

C(9)-C(25)-C(26) 117.5(2) 

C(27)-C(26)-C(25) 176.7(3) 

C(26)-C(27)-C(70) 176.7(3) 

C(36)-C(31)-C(32) 118.7(2) 

C(36)-C(31)-C(5) 120.2(2) 

C(32)-C(31)-C(5) 121.0(2) 

C(33)-C(32)-C(31) 120.2(3) 

C(33)-C(32)-H(32) 119.9 

C(31)-C(32)-H(32) 119.9 

C(32)-C(33)-C(34) 120.8(3) 

C(32)-C(33)-C(40) 121.5(2) 

C(34)-C(33)-C(40) 117.7(2) 

C(35)-C(34)-C(33) 119.0(2) 

C(35)-C(34)-H(34) 120.5 

C(33)-C(34)-H(34) 120.5 

C(36)-C(35)-C(34) 120.2(3) 

C(36)-C(35)-C(45) 118.2(2) 

C(34)-C(35)-C(45) 121.5(2) 

C(35)-C(36)-C(31) 121.0(3) 
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C(35)-C(36)-H(36) 119.5 

C(31)-C(36)-H(36) 119.5 

O(41)-C(40)-O(42) 124.0(3) 

O(41)-C(40)-C(33) 124.0(3) 

O(42)-C(40)-C(33) 112.0(2) 

C(40)-O(42)-C(43) 115.5(2) 

O(42)-C(43)-C(44) 106.7(2) 

O(42)-C(43)-H(43A) 110.4 

C(44)-C(43)-H(43A) 110.4 

O(42)-C(43)-H(43B) 110.4 

C(44)-C(43)-H(43B) 110.4 

H(43A)-C(43)-H(43B) 108.6 

C(43)-C(44)-H(44A) 109.5 

C(43)-C(44)-H(44B) 109.5 

H(44A)-C(44)-H(44B) 109.5 

C(43)-C(44)-H(44C) 109.5 

H(44A)-C(44)-H(44C) 109.5 

H(44B)-C(44)-H(44C) 109.5 

O(46)-C(45)-O(47) 124.1(3) 

O(46)-C(45)-C(35) 123.7(3) 

O(47)-C(45)-C(35) 112.2(2) 

C(45)-O(47)-C(48) 116.8(2) 

O(47)-C(48)-C(49) 106.4(3) 

O(47)-C(48)-H(48A) 110.4 

C(49)-C(48)-H(48A) 110.4 

O(47)-C(48)-H(48B) 110.4 

C(49)-C(48)-H(48B) 110.4 

H(48A)-C(48)-H(48B) 108.6 

C(48)-C(49)-H(49A) 109.5 

C(48)-C(49)-H(49B) 109.5 

H(49A)-C(49)-H(49B) 109.5 

C(48)-C(49)-H(49C) 109.5 

H(49A)-C(49)-H(49C) 109.5 

H(49B)-C(49)-H(49C) 109.5 

C(79)-Fe(1)-C(75) 40.3(2) 

C(79)-Fe(1)-C(78) 42.6(3) 

C(75)-Fe(1)-C(78) 67.9(2) 

C(79)-Fe(1)-C(70) 126.6(2) 

C(75)-Fe(1)-C(70) 107.22(16) 

C(78)-Fe(1)-C(70) 167.9(2) 

C(79)-Fe(1)-C(74) 106.8(2) 

C(75)-Fe(1)-C(74) 117.72(18) 

C(78)-Fe(1)-C(74) 130.0(2) 

C(70)-Fe(1)-C(74) 41.19(12) 

C(79)-Fe(1)-C(72) 152.6(2) 

C(75)-Fe(1)-C(72) 166.19(19) 

C(78)-Fe(1)-C(72) 118.8(2) 

C(70)-Fe(1)-C(72) 68.58(13) 

C(74)-Fe(1)-C(72) 68.43(14) 

C(79)-Fe(1)-C(73) 118.1(2) 

C(75)-Fe(1)-C(73) 151.60(19) 

C(78)-Fe(1)-C(73) 109.73(17) 

C(70)-Fe(1)-C(73) 68.85(12) 

C(74)-Fe(1)-C(73) 40.64(13) 

C(72)-Fe(1)-C(73) 40.66(16) 

C(79)-Fe(1)-C(77) 68.3(3) 

C(75)-Fe(1)-C(77) 65.9(2) 

C(78)-Fe(1)-C(77) 39.5(2) 

C(70)-Fe(1)-C(77) 150.08(18) 

C(74)-Fe(1)-C(77) 168.49(18) 

C(72)-Fe(1)-C(77) 110.7(2) 

C(73)-Fe(1)-C(77) 131.35(18) 

C(79)-Fe(1)-C(71) 165.1(2) 

C(75)-Fe(1)-C(71) 127.75(17) 

C(78)-Fe(1)-C(71) 150.7(2) 

C(70)-Fe(1)-C(71) 41.01(12) 

C(74)-Fe(1)-C(71) 69.00(13) 

C(72)-Fe(1)-C(71) 40.63(15) 

C(73)-Fe(1)-C(71) 68.73(14) 

C(77)-Fe(1)-C(71) 118.4(2) 

C(79)-Fe(1)-C(76) 69.3(2) 

C(75)-Fe(1)-C(76) 40.4(2) 
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C(78)-Fe(1)-C(76) 67.98(19) 

C(70)-Fe(1)-C(76) 116.14(15) 

C(74)-Fe(1)-C(76) 150.29(16) 

C(72)-Fe(1)-C(76) 128.43(19) 

C(73)-Fe(1)-C(76) 167.29(18) 

C(77)-Fe(1)-C(76) 39.27(19) 

C(71)-Fe(1)-C(76) 106.78(17) 

C(27)-C(70)-C(71) 127.2(3) 

C(27)-C(70)-C(74) 124.9(3) 

C(71)-C(70)-C(74) 107.8(3) 

C(27)-C(70)-Fe(1) 123.0(2) 

C(71)-C(70)-Fe(1) 69.9(2) 

C(74)-C(70)-Fe(1) 69.41(17) 

C(72)-C(71)-C(70) 107.4(3) 

C(72)-C(71)-Fe(1) 69.4(2) 

C(70)-C(71)-Fe(1) 69.13(19) 

C(72)-C(71)-H(71) 126.3 

C(70)-C(71)-H(71) 126.3 

Fe(1)-C(71)-H(71) 126.7 

C(73)-C(72)-C(71) 108.9(3) 

C(73)-C(72)-Fe(1) 69.8(2) 

C(71)-C(72)-Fe(1) 69.9(2) 

C(73)-C(72)-H(72) 125.6 

C(71)-C(72)-H(72) 125.6 

Fe(1)-C(72)-H(72) 126.3 

C(74)-C(73)-C(72) 107.9(3) 

C(74)-C(73)-Fe(1) 69.45(18) 

C(72)-C(73)-Fe(1) 69.6(2) 

C(74)-C(73)-H(73) 126.1 

C(72)-C(73)-H(73) 126.1 

Fe(1)-C(73)-H(73) 126.5 

C(73)-C(74)-C(70) 108.0(3) 

C(73)-C(74)-Fe(1) 69.91(18) 

C(70)-C(74)-Fe(1) 69.39(17) 

C(73)-C(74)-H(74) 126.0 

C(70)-C(74)-H(74) 126.0 

Fe(1)-C(74)-H(74) 126.3 

C(79)-C(75)-C(76) 111.5(5) 

C(79)-C(75)-Fe(1) 69.7(3) 

C(76)-C(75)-Fe(1) 70.8(2) 

C(79)-C(75)-H(75) 124.2 

C(76)-C(75)-H(75) 124.2 

Fe(1)-C(75)-H(75) 124.2 

C(77)-C(76)-C(75) 105.4(5) 

C(77)-C(76)-Fe(1) 70.2(3) 

C(75)-C(76)-Fe(1) 68.8(2) 

C(77)-C(76)-H(76) 127.3 

C(75)-C(76)-H(76) 127.3 

Fe(1)-C(76)-H(76) 125.3 

C(76)-C(77)-C(78) 112.0(6) 

C(76)-C(77)-Fe(1) 70.5(2) 

C(78)-C(77)-Fe(1) 69.9(3) 

C(76)-C(77)-H(77) 124.0 

C(78)-C(77)-H(77) 124.0 

Fe(1)-C(77)-H(77) 127.3 

C(77)-C(78)-C(79) 106.5(4) 

C(77)-C(78)-Fe(1) 70.6(3) 

C(79)-C(78)-Fe(1) 68.2(3) 

C(77)-C(78)-H(78) 126.8 

C(79)-C(78)-H(78) 126.8 

Fe(1)-C(78)-H(78) 125.9 

C(75)-C(79)-C(78) 104.5(5) 

C(75)-C(79)-Fe(1) 69.9(3) 

C(78)-C(79)-Fe(1) 69.2(3) 

C(75)-C(79)-H(79) 127.7 

C(78)-C(79)-H(79) 127.7 

Fe(1)-C(79)-H(79) 124.8 

________________________________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:   #1 -x+1,-y,-z+1       
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Appendix 2. Crystallographic data of structures discussed in Chapter 4 

 

A2.1. Table of selected bond lengths [Å] and angles [o] for (7)  

________________________________________________________________________________________  

Fe(1)-N(11A)  1.958(13) 

Fe(1)-N(21A)  1.978(13) 

Fe(1)-N(11B)  1.996(13) 

Fe(1)-N(21B)  1.955(13) 

Fe(1)-N(11C)  1.978(13) 

Fe(1)-N(21C)  1.946(13) 

Fe(2)-C(41A)  2.038(15) 

Fe(2)-C(42A)  2.040(15) 

Fe(2)-C(43A)  2.050(16) 

Fe(2)-C(44A)  2.054(16) 

Fe(2)-C(45A)  2.047(16) 

Fe(2)-C(51A)  2.072(17) 

Fe(2)-C(52A)  2.063(16) 

Fe(2)-C(53A)  2.053(16) 

Fe(2)-C(54A)  2.055(16) 

Fe(2)-C(55A)  2.067(17) 

Fe(3)-C(41B)  2.042(16) 

Fe(3)-C(42B)  2.051(17) 

Fe(3)-C(43B)  2.058(17) 

Fe(3)-C(44B)  2.053(16) 

Fe(3)-C(45B)  2.043(16) 

Fe(3)-C(51B)  2.011(15) 

Fe(3)-C(52B)  2.030(15) 

Fe(3)-C(53B)  2.069(16) 

Fe(3)-C(54B)  2.075(16) 

Fe(3)-C(55B)  2.039(17) 

Fe(4)-C(41C)  2.037(14) 

Fe(4)-C(42C)  2.043(16) 

Fe(4)-C(43C)  2.030(15) 

Fe(4)-C(44C)  2.015(15) 

Fe(4)-C(45C)  2.020(15) 

Fe(4)-C(51C)  1.991(15) 

Fe(4)-C(52C)  2.019(15) 

Fe(4)-C(53C)  2.074(16) 

Fe(4)-C(54C)  2.081(16) 

Fe(4)-C(55C)  2.030(16) 

N(11A)-C(12A)  1.391(14) 

N(11A)-C(15A)  1.337(14) 

C(12A)-C(13A)  1.430(15) 

C(12A)-C(31A)  1.391(14) 

C(13A)-H(13A)  0.9500 

C(13A)-C(14A)  1.331(15) 

C(14A)-H(14A)  0.9500 

C(14A)-C(15A)  1.392(15) 

C(15A)-H(15A)  0.9500 

N(21A)-C(22A)  1.420(14) 

N(21A)-C(25A)  1.360(14) 

C(22A)-C(23A)  1.391(15) 

C(22A)-C(31A)  1.411(14) 

C(23A)-H(23A)  0.9500 

C(23A)-C(24A)  1.384(15) 

C(24A)-H(24A)  0.9500 

C(24A)-C(25A)  1.399(16) 

C(25A)-H(25A)  0.9500 

C(31A)-C(32A)  1.430(15) 

C(32A)-C(33A)  1.194(14) 

C(33A)-C(41A)  1.434(14) 

C(41A)-C(42A)  1.4200 
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C(41A)-C(45A)  1.4200 

C(42A)-H(42A)  1.0000 

C(42A)-C(43A)  1.4200 

C(43A)-H(43A)  1.0000 

C(43A)-C(44A)  1.4200 

C(44A)-H(44A)  1.0000 

C(44A)-C(45A)  1.4200 

C(45A)-H(45A)  1.0000 

C(51A)-H(51A)  1.0000 

C(51A)-C(52A)  1.4200 

C(51A)-C(55A)  1.4200 

C(52A)-H(52A)  1.0000 

C(52A)-C(53A)  1.4200 

C(53A)-H(53A)  1.0000 

C(53A)-C(54A)  1.4200 

C(54A)-H(54A)  1.0000 

C(54A)-C(55A)  1.4200 

C(55A)-H(55A)  1.0000 

N(11B)-C(12B)  1.378(14) 

N(11B)-C(15B)  1.344(14) 

C(12B)-C(13B)  1.429(15) 

C(12B)-C(31B)  1.395(14) 

C(13B)-H(13B)  0.9500 

C(13B)-C(14B)  1.337(15) 

C(14B)-H(14B)  0.9500 

C(14B)-C(15B)  1.395(16) 

C(15B)-H(15B)  0.9500 

N(21B)-C(22B)  1.398(14) 

N(21B)-C(25B)  1.359(14) 

C(22B)-C(23B)  1.408(15) 

C(22B)-C(31B)  1.420(14) 

C(23B)-H(23B)  0.9500 

C(23B)-C(24B)  1.391(16) 

C(24B)-H(24B)  0.9500 

C(24B)-C(25B)  1.401(16) 

C(25B)-H(25B)  0.9500 

C(31B)-C(32B)  1.425(15) 

C(32B)-C(33B)  1.188(14) 

C(33B)-C(41B)  1.448(15) 

C(41B)-C(42B)  1.4200 

C(41B)-C(45B)  1.4200 

C(42B)-H(42B)  1.0000 

C(42B)-C(43B)  1.4200 

C(43B)-H(43B)  1.0000 

C(43B)-C(44B)  1.4200 

C(44B)-H(44B)  1.0000 

C(44B)-C(45B)  1.4200 

C(45B)-H(45B)  1.0000 

C(51B)-H(51B)  1.0000 

C(51B)-C(52B)  1.4200 

C(51B)-C(55B)  1.4200 

C(52B)-H(52B)  1.0000 

C(52B)-C(53B)  1.4200 

C(53B)-H(53B)  1.0000 

C(53B)-C(54B)  1.4200 

C(54B)-H(54B)  1.0000 

C(54B)-C(55B)  1.4200 

C(55B)-H(55B)  1.0000 

N(11C)-C(12C)  1.391(15) 

N(11C)-C(15C)  1.336(14) 

C(12C)-C(13C)  1.433(15) 

C(12C)-C(31C)  1.376(14) 

C(13C)-H(13C)  0.9500 

C(13C)-C(14C)  1.346(15) 

C(14C)-H(14C)  0.9500 

C(14C)-C(15C)  1.403(16) 

C(15C)-H(15C)  0.9500 

N(21C)-C(22C)  1.424(15) 

N(21C)-C(25C)  1.358(14) 

C(22C)-C(23C)  1.391(15) 

C(22C)-C(31C)  1.416(15) 

C(23C)-H(23C)  0.9500 
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C(23C)-C(24C)  1.380(16) 

C(24C)-H(24C)  0.9500 

C(24C)-C(25C)  1.405(16) 

C(25C)-H(25C)  0.9500 

C(31C)-C(32C)  1.424(16) 

C(32C)-C(33C)  1.200(15) 

C(33C)-C(41C)  1.433(15) 

C(41C)-C(42C)  1.4200 

C(41C)-C(45C)  1.4200 

C(42C)-H(42C)  1.0000 

C(42C)-C(43C)  1.4200 

C(43C)-H(43C)  1.0000 

C(43C)-C(44C)  1.4200 

C(44C)-H(44C)  1.0000 

C(44C)-C(45C)  1.4200 

C(45C)-H(45C)  1.0000 

C(51C)-H(51C)  1.0000 

C(51C)-C(52C)  1.4200 

C(51C)-C(55C)  1.4200 

C(52C)-H(52C)  1.0000 

C(52C)-C(53C)  1.4200 

C(53C)-H(53C)  1.0000 

C(53C)-C(54C)  1.4200 

C(54C)-H(54C)  1.0000 

C(54C)-C(55C)  1.4200 

C(55C)-H(55C)  1.0000 

 

N(11A)-Fe(1)-N(21A) 90.3(5) 

N(11A)-Fe(1)-N(11B) 92.7(5) 

N(11A)-Fe(1)-N(11C) 91.2(6) 

N(21A)-Fe(1)-N(11B) 176.4(5) 

N(21A)-Fe(1)-N(11C) 87.9(6) 

N(21B)-Fe(1)-N(11A) 88.7(6) 

N(21B)-Fe(1)-N(21A) 92.6(6) 

N(21B)-Fe(1)-N(11B) 89.4(5) 

N(21B)-Fe(1)-N(11C) 179.4(6) 

N(11C)-Fe(1)-N(11B) 90.1(6) 

N(21C)-Fe(1)-N(11A) 177.1(6) 

N(21C)-Fe(1)-N(21A) 92.3(6) 

N(21C)-Fe(1)-N(11B) 84.7(6) 

N(21C)-Fe(1)-N(21B) 89.9(6) 

N(21C)-Fe(1)-N(11C) 90.1(5) 

C(41A)-Fe(2)-C(42A) 40.8(3) 

C(41A)-Fe(2)-C(43A) 68.4(3) 

C(41A)-Fe(2)-C(44A) 68.3(4) 

C(41A)-Fe(2)-C(45A) 40.7(3) 

C(41A)-Fe(2)-C(51A) 110.1(5) 

C(41A)-Fe(2)-C(52A) 121.3(6) 

C(41A)-Fe(2)-C(53A) 154.6(6) 

C(41A)-Fe(2)-C(54A) 164.3(6) 

C(41A)-Fe(2)-C(55A) 128.0(6) 

C(42A)-Fe(2)-C(43A) 40.6(3) 

C(42A)-Fe(2)-C(44A) 68.3(4) 

C(42A)-Fe(2)-C(45A) 68.4(4) 

C(42A)-Fe(2)-C(51A) 126.4(6) 

C(42A)-Fe(2)-C(52A) 107.1(6) 

C(42A)-Fe(2)-C(53A) 118.5(6) 

C(42A)-Fe(2)-C(54A) 153.3(6) 

C(42A)-Fe(2)-C(55A) 164.2(6) 

C(43A)-Fe(2)-C(44A) 40.5(3) 

C(43A)-Fe(2)-C(51A) 161.8(6) 

C(43A)-Fe(2)-C(52A) 123.9(6) 

C(43A)-Fe(2)-C(53A) 105.4(5) 

C(43A)-Fe(2)-C(54A) 118.8(6) 

C(43A)-Fe(2)-C(55A) 154.8(6) 

C(44A)-Fe(2)-C(51A) 157.3(6) 

C(44A)-Fe(2)-C(52A) 160.6(6) 

C(44A)-Fe(2)-C(54A) 107.4(6) 

C(44A)-Fe(2)-C(55A) 121.7(6) 

C(45A)-Fe(2)-C(43A) 68.2(4) 

C(45A)-Fe(2)-C(44A) 40.5(3) 

C(45A)-Fe(2)-C(51A) 123.3(6) 
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C(45A)-Fe(2)-C(52A) 157.1(6) 

C(45A)-Fe(2)-C(53A) 161.9(6) 

C(45A)-Fe(2)-C(54A) 126.4(6) 

C(45A)-Fe(2)-C(55A) 110.3(5) 

C(52A)-Fe(2)-C(51A) 40.2(3) 

C(52A)-Fe(2)-C(55A) 67.6(4) 

C(53A)-Fe(2)-C(44A) 123.9(6) 

C(53A)-Fe(2)-C(51A) 67.7(4) 

C(53A)-Fe(2)-C(52A) 40.4(3) 

C(53A)-Fe(2)-C(54A) 40.4(3) 

C(53A)-Fe(2)-C(55A) 67.8(4) 

C(54A)-Fe(2)-C(51A) 67.7(4) 

C(54A)-Fe(2)-C(52A) 67.8(4) 

C(54A)-Fe(2)-C(55A) 40.3(3) 

C(55A)-Fe(2)-C(51A) 40.1(3) 

C(41B)-Fe(3)-C(42B) 40.6(3) 

C(41B)-Fe(3)-C(43B) 68.2(4) 

C(41B)-Fe(3)-C(44B) 68.3(4) 

C(41B)-Fe(3)-C(45B) 40.7(3) 

C(41B)-Fe(3)-C(53B) 165.4(7) 

C(41B)-Fe(3)-C(54B) 153.9(7) 

C(42B)-Fe(3)-C(43B) 40.4(3) 

C(42B)-Fe(3)-C(44B) 68.1(4) 

C(42B)-Fe(3)-C(53B) 126.4(6) 

C(42B)-Fe(3)-C(54B) 164.5(7) 

C(43B)-Fe(3)-C(53B) 105.8(6) 

C(43B)-Fe(3)-C(54B) 127.4(7) 

C(44B)-Fe(3)-C(43B) 40.4(3) 

C(44B)-Fe(3)-C(53B) 116.4(6) 

C(44B)-Fe(3)-C(54B) 108.8(6) 

C(45B)-Fe(3)-C(42B) 68.3(4) 

C(45B)-Fe(3)-C(43B) 68.1(4) 

C(45B)-Fe(3)-C(44B) 40.6(3) 

C(45B)-Fe(3)-C(53B) 151.1(7) 

C(45B)-Fe(3)-C(54B) 120.0(6) 

C(51B)-Fe(3)-C(41B) 109.4(6) 

C(51B)-Fe(3)-C(42B) 117.4(6) 

C(51B)-Fe(3)-C(43B) 149.5(7) 

C(51B)-Fe(3)-C(44B) 169.4(7) 

C(51B)-Fe(3)-C(45B) 131.1(6) 

C(51B)-Fe(3)-C(52B) 41.1(3) 

C(51B)-Fe(3)-C(53B) 68.5(4) 

C(51B)-Fe(3)-C(54B) 68.4(4) 

C(51B)-Fe(3)-C(55B) 41.0(3) 

C(52B)-Fe(3)-C(41B) 128.5(6) 

C(52B)-Fe(3)-C(42B) 106.2(6) 

C(52B)-Fe(3)-C(43B) 114.9(6) 

C(52B)-Fe(3)-C(44B) 148.4(7) 

C(52B)-Fe(3)-C(45B) 168.2(7) 

C(52B)-Fe(3)-C(53B) 40.5(3) 

C(52B)-Fe(3)-C(54B) 68.1(3) 

C(52B)-Fe(3)-C(55B) 68.8(3) 

C(53B)-Fe(3)-C(54B) 40.1(3) 

C(55B)-Fe(3)-C(41B) 120.7(6) 

C(55B)-Fe(3)-C(42B) 152.8(7) 

C(55B)-Fe(3)-C(43B) 166.6(7) 

C(55B)-Fe(3)-C(44B) 130.4(7) 

C(55B)-Fe(3)-C(45B) 111.1(6) 

C(55B)-Fe(3)-C(53B) 68.0(3) 

C(55B)-Fe(3)-C(54B) 40.4(3) 

C(41C)-Fe(4)-C(42C) 40.7(3) 

C(41C)-Fe(4)-C(53C) 153.8(6) 

C(41C)-Fe(4)-C(54C) 164.6(6) 

C(42C)-Fe(4)-C(53C) 119.6(6) 

C(42C)-Fe(4)-C(54C) 153.8(6) 

C(43C)-Fe(4)-C(41C) 68.8(4) 

C(43C)-Fe(4)-C(42C) 40.8(3) 

C(43C)-Fe(4)-C(53C) 107.8(5) 

C(43C)-Fe(4)-C(54C) 119.6(6) 

C(43C)-Fe(4)-C(55C) 153.6(6) 

C(44C)-Fe(4)-C(41C) 69.1(4) 

C(44C)-Fe(4)-C(42C) 69.0(3) 
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C(44C)-Fe(4)-C(43C) 41.1(3) 

C(44C)-Fe(4)-C(45C) 41.2(3) 

C(44C)-Fe(4)-C(52C) 163.6(6) 

C(44C)-Fe(4)-C(53C) 126.4(6) 

C(44C)-Fe(4)-C(54C) 108.0(6) 

C(44C)-Fe(4)-C(55C) 119.0(6) 

C(45C)-Fe(4)-C(41C) 41.0(3) 

C(45C)-Fe(4)-C(42C) 68.9(3) 

C(45C)-Fe(4)-C(43C) 69.1(3) 

C(45C)-Fe(4)-C(53C) 164.2(6) 

C(45C)-Fe(4)-C(54C) 127.0(6) 

C(45C)-Fe(4)-C(55C) 107.4(5) 

C(51C)-Fe(4)-C(41C) 106.8(6) 

C(51C)-Fe(4)-C(42C) 125.9(6) 

C(51C)-Fe(4)-C(43C) 163.7(6) 

C(51C)-Fe(4)-C(44C) 153.6(6) 

C(51C)-Fe(4)-C(45C) 118.6(6) 

C(51C)-Fe(4)-C(52C) 41.5(3) 

C(51C)-Fe(4)-C(53C) 68.8(3) 

C(51C)-Fe(4)-C(54C) 68.7(4) 

C(51C)-Fe(4)-C(55C) 41.3(3) 

C(52C)-Fe(4)-C(41C) 119.0(6) 

C(52C)-Fe(4)-C(42C) 107.1(5) 

C(52C)-Fe(4)-C(43C) 125.7(6) 

C(52C)-Fe(4)-C(45C) 153.7(6) 

C(52C)-Fe(4)-C(53C) 40.6(3) 

C(52C)-Fe(4)-C(54C) 68.1(4) 

C(52C)-Fe(4)-C(55C) 69.1(3) 

C(53C)-Fe(4)-C(54C) 40.0(3) 

C(55C)-Fe(4)-C(41C) 126.7(6) 

C(55C)-Fe(4)-C(42C) 164.3(6) 

C(55C)-Fe(4)-C(53C) 68.1(4) 

C(55C)-Fe(4)-C(54C) 40.4(3) 

C(15A)-N(11A)-C(12A) 105.3(11) 

N(11A)-C(12A)-C(13A) 108.4(11) 

C(31A)-C(12A)-N(11A) 125.3(12) 

C(31A)-C(12A)-C(13A) 126.4(12) 

C(12A)-C(13A)-H(13A) 126.5 

C(14A)-C(13A)-C(12A) 107.1(12) 

C(14A)-C(13A)-H(13A) 126.5 

C(13A)-C(14A)-H(14A) 126.3 

C(13A)-C(14A)-C(15A) 107.4(12) 

C(15A)-C(14A)-H(14A) 126.3 

N(11A)-C(15A)-C(14A) 111.8(12) 

N(11A)-C(15A)-H(15A) 124.1 

C(14A)-C(15A)-H(15A) 124.1 

C(22A)-N(21A)-Fe(1) 129.1(8) 

C(25A)-N(21A)-Fe(1) 126.1(9) 

C(25A)-N(21A)-C(22A) 104.8(10) 

C(23A)-C(22A)-N(21A) 109.4(10) 

C(23A)-C(22A)-C(31A) 128.8(12) 

C(31A)-C(22A)-N(21A) 121.8(11) 

C(22A)-C(23A)-H(23A) 126.2 

C(24A)-C(23A)-C(22A) 107.7(12) 

C(24A)-C(23A)-H(23A) 126.2 

C(23A)-C(24A)-H(24A) 126.8 

C(23A)-C(24A)-C(25A) 106.5(12) 

C(25A)-C(24A)-H(24A) 126.8 

N(21A)-C(25A)-C(24A) 111.6(12) 

N(21A)-C(25A)-H(25A) 124.2 

C(24A)-C(25A)-H(25A) 124.2 

C(12A)-C(31A)-C(22A) 125.3(12) 

C(12A)-C(31A)-C(32A) 117.2(12) 

C(22A)-C(31A)-C(32A) 117.4(12) 

C(33A)-C(32A)-C(31A) 170.1(19) 

C(32A)-C(33A)-C(41A) 177(2) 

C(33A)-C(41A)-Fe(2) 119.4(12) 

C(42A)-C(41A)-Fe(2) 69.7(6) 

C(42A)-C(41A)-C(33A) 124.1(12) 

C(42A)-C(41A)-C(45A) 108.0 

C(45A)-C(41A)-Fe(2) 70.0(6) 

C(45A)-C(41A)-C(33A) 127.4(12) 
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Fe(2)-C(42A)-H(42A) 126.0 

C(41A)-C(42A)-Fe(2) 69.5(6) 

C(41A)-C(42A)-H(42A) 126.0 

C(43A)-C(42A)-Fe(2) 70.1(6) 

C(43A)-C(42A)-C(41A) 108.0 

C(43A)-C(42A)-H(42A) 126.0 

Fe(2)-C(43A)-H(43A) 126.0 

C(42A)-C(43A)-Fe(2) 69.3(6) 

C(42A)-C(43A)-H(43A) 126.0 

C(42A)-C(43A)-C(44A) 108.0 

C(44A)-C(43A)-Fe(2) 69.9(6) 

C(44A)-C(43A)-H(43A) 126.0 

Fe(2)-C(44A)-H(44A) 126.0 

C(43A)-C(44A)-Fe(2) 69.6(6) 

C(43A)-C(44A)-H(44A) 126.0 

C(43A)-C(44A)-C(45A) 108.0 

C(45A)-C(44A)-Fe(2) 69.5(6) 

C(45A)-C(44A)-H(44A) 126.0 

Fe(2)-C(45A)-H(45A) 126.0 

C(41A)-C(45A)-Fe(2) 69.3(6) 

C(41A)-C(45A)-C(44A) 108.0 

C(41A)-C(45A)-H(45A) 126.0 

C(44A)-C(45A)-Fe(2) 70.0(6) 

C(44A)-C(45A)-H(45A) 126.0 

Fe(2)-C(51A)-H(51A) 126.0 

C(52A)-C(51A)-Fe(2) 69.6(6) 

C(52A)-C(51A)-H(51A) 126.0 

C(55A)-C(51A)-Fe(2) 69.8(6) 

C(55A)-C(51A)-H(51A) 126.0 

C(55A)-C(51A)-C(52A) 108.0 

Fe(2)-C(52A)-H(52A) 126.0 

C(51A)-C(52A)-Fe(2) 70.2(6) 

C(51A)-C(52A)-H(52A) 126.0 

C(53A)-C(52A)-Fe(2) 69.4(6) 

C(53A)-C(52A)-C(51A) 108.0 

C(53A)-C(52A)-H(52A) 126.0 

Fe(2)-C(53A)-H(53A) 126.0 

C(52A)-C(53A)-Fe(2) 70.2(6) 

C(52A)-C(53A)-H(53A) 126.0 

C(54A)-C(53A)-Fe(2) 69.9(6) 

C(54A)-C(53A)-C(52A) 108.0 

C(54A)-C(53A)-H(53A) 126.0 

Fe(2)-C(54A)-H(54A) 126.0 

C(53A)-C(54A)-Fe(2) 69.7(6) 

C(53A)-C(54A)-H(54A) 126.0 

C(53A)-C(54A)-C(55A) 108.0 

C(55A)-C(54A)-Fe(2) 70.3(6) 

C(55A)-C(54A)-H(54A) 126.0 

Fe(2)-C(55A)-H(55A) 126.0 

C(51A)-C(55A)-Fe(2) 70.1(6) 

C(51A)-C(55A)-C(54A) 108.0 

C(51A)-C(55A)-H(55A) 126.0 

C(54A)-C(55A)-Fe(2) 69.4(6) 

C(54A)-C(55A)-H(55A) 126.0 

C(12B)-N(11B)-Fe(1) 126.7(9) 

C(15B)-N(11B)-Fe(1) 126.3(10) 

C(15B)-N(11B)-C(12B) 106.5(11) 

N(11B)-C(12B)-C(13B) 107.8(11) 

N(11B)-C(12B)-C(31B) 124.4(12) 

C(31B)-C(12B)-C(13B) 127.7(13) 

C(12B)-C(13B)-H(13B) 126.2 

C(14B)-C(13B)-C(12B) 107.7(13) 

C(14B)-C(13B)-H(13B) 126.2 

C(13B)-C(14B)-H(14B) 126.4 

C(13B)-C(14B)-C(15B) 107.1(13) 

C(15B)-C(14B)-H(14B) 126.4 

N(11B)-C(15B)-C(14B) 110.9(12) 

N(11B)-C(15B)-H(15B) 124.6 

C(14B)-C(15B)-H(15B) 124.6 

C(22B)-N(21B)-Fe(1) 128.5(9) 

C(25B)-N(21B)-Fe(1) 124.3(10) 

C(25B)-N(21B)-C(22B) 106.3(11) 



246 
 

N(21B)-C(22B)-C(23B) 108.8(11) 

N(21B)-C(22B)-C(31B) 122.6(12) 

C(23B)-C(22B)-C(31B) 128.5(12) 

C(22B)-C(23B)-H(23B) 126.3 

C(24B)-C(23B)-C(22B) 107.4(12) 

C(24B)-C(23B)-H(23B) 126.3 

C(23B)-C(24B)-H(24B) 126.9 

C(23B)-C(24B)-C(25B) 106.3(13) 

C(25B)-C(24B)-H(24B) 126.9 

N(21B)-C(25B)-C(24B) 111.1(12) 

N(21B)-C(25B)-H(25B) 124.5 

C(24B)-C(25B)-H(25B) 124.5 

C(12B)-C(31B)-C(22B) 124.5(12) 

C(12B)-C(31B)-C(32B) 118.9(12) 

C(22B)-C(31B)-C(32B) 116.5(12) 

C(33B)-C(32B)-C(31B) 175.0(19) 

C(32B)-C(33B)-C(41B) 177(2) 

C(33B)-C(41B)-Fe(3) 127.1(12) 

C(42B)-C(41B)-Fe(3) 70.0(6) 

C(42B)-C(41B)-C(33B) 125.9(14) 

C(42B)-C(41B)-C(45B) 108.0 

C(45B)-C(41B)-Fe(3) 69.7(6) 

C(45B)-C(41B)-C(33B) 126.1(14) 

Fe(3)-C(42B)-H(42B) 126.0 

C(41B)-C(42B)-Fe(3) 69.4(6) 

C(41B)-C(42B)-H(42B) 126.0 

C(43B)-C(42B)-Fe(3) 70.1(6) 

C(43B)-C(42B)-C(41B) 108.0 

C(43B)-C(42B)-H(42B) 126.0 

Fe(3)-C(43B)-H(43B) 126.0 

C(42B)-C(43B)-Fe(3) 69.5(6) 

C(42B)-C(43B)-H(43B) 126.0 

C(42B)-C(43B)-C(44B) 108.0 

C(44B)-C(43B)-Fe(3) 69.6(6) 

C(44B)-C(43B)-H(43B) 126.0 

Fe(3)-C(44B)-H(44B) 126.0 

C(43B)-C(44B)-Fe(3) 70.0(6) 

C(43B)-C(44B)-H(44B) 126.0 

C(45B)-C(44B)-Fe(3) 69.3(6) 

C(45B)-C(44B)-C(43B) 108.0 

C(45B)-C(44B)-H(44B) 126.0 

Fe(3)-C(45B)-H(45B) 126.0 

C(41B)-C(45B)-Fe(3) 69.6(6) 

C(41B)-C(45B)-H(45B) 126.0 

C(44B)-C(45B)-Fe(3) 70.1(6) 

C(44B)-C(45B)-C(41B) 108.0 

C(44B)-C(45B)-H(45B) 126.0 

Fe(3)-C(51B)-H(51B) 126.0 

C(52B)-C(51B)-Fe(3) 70.1(6) 

C(52B)-C(51B)-H(51B) 126.0 

C(52B)-C(51B)-C(55B) 108.0 

C(55B)-C(51B)-Fe(3) 70.6(6) 

C(55B)-C(51B)-H(51B) 126.0 

Fe(3)-C(52B)-H(52B) 126.0 

C(51B)-C(52B)-Fe(3) 68.7(6) 

C(51B)-C(52B)-H(52B) 126.0 

C(51B)-C(52B)-C(53B) 108.0 

C(53B)-C(52B)-Fe(3) 71.2(6) 

C(53B)-C(52B)-H(52B) 126.0 

Fe(3)-C(53B)-H(53B) 126.0 

C(52B)-C(53B)-Fe(3) 68.2(6) 

C(52B)-C(53B)-H(53B) 126.0 

C(52B)-C(53B)-C(54B) 108.0 

C(54B)-C(53B)-Fe(3) 70.2(6) 

C(54B)-C(53B)-H(53B) 126.0 

Fe(3)-C(54B)-H(54B) 126.0 

C(53B)-C(54B)-Fe(3) 69.7(6) 

C(53B)-C(54B)-H(54B) 126.0 

C(55B)-C(54B)-Fe(3) 68.5(6) 

C(55B)-C(54B)-C(53B) 108.0 

C(55B)-C(54B)-H(54B) 126.0 

Fe(3)-C(55B)-H(55B) 126.0 
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C(51B)-C(55B)-Fe(3) 68.4(6) 

C(51B)-C(55B)-H(55B) 126.0 

C(54B)-C(55B)-Fe(3) 71.2(6) 

C(54B)-C(55B)-C(51B) 108.0 

C(54B)-C(55B)-H(55B) 126.0 

C(12C)-N(11C)-Fe(1) 125.9(9) 

C(15C)-N(11C)-Fe(1) 126.3(10) 

C(15C)-N(11C)-C(12C) 106.8(11) 

N(11C)-C(12C)-C(13C) 107.7(10) 

C(31C)-C(12C)-N(11C) 125.4(12) 

C(31C)-C(12C)-C(13C) 126.9(12) 

C(12C)-C(13C)-H(13C) 126.4 

C(14C)-C(13C)-C(12C) 107.3(12) 

C(14C)-C(13C)-H(13C) 126.4 

C(13C)-C(14C)-H(14C) 126.3 

C(13C)-C(14C)-C(15C) 107.3(13) 

C(15C)-C(14C)-H(14C) 126.3 

N(11C)-C(15C)-C(14C) 110.9(12) 

N(11C)-C(15C)-H(15C) 124.6 

C(14C)-C(15C)-H(15C) 124.6 

C(22C)-N(21C)-Fe(1) 127.9(9) 

C(25C)-N(21C)-Fe(1) 127.0(10) 

C(25C)-N(21C)-C(22C) 104.6(11) 

C(23C)-C(22C)-N(21C) 109.5(11) 

C(23C)-C(22C)-C(31C) 128.7(13) 

C(31C)-C(22C)-N(21C) 121.4(12) 

C(22C)-C(23C)-H(23C) 126.2 

C(24C)-C(23C)-C(22C) 107.5(12) 

C(24C)-C(23C)-H(23C) 126.2 

C(23C)-C(24C)-H(24C) 126.7 

C(23C)-C(24C)-C(25C) 106.5(12) 

C(25C)-C(24C)-H(24C) 126.7 

N(21C)-C(25C)-C(24C) 111.4(12) 

N(21C)-C(25C)-H(25C) 124.3 

C(24C)-C(25C)-H(25C) 124.3 

C(12C)-C(31C)-C(22C) 125.1(12) 

C(12C)-C(31C)-C(32C) 118.8(12) 

C(22C)-C(31C)-C(32C) 116.1(12) 

C(33C)-C(32C)-C(31C) 172(2) 

C(32C)-C(33C)-C(41C) 178(2) 

C(33C)-C(41C)-Fe(4) 124.2(11) 

C(42C)-C(41C)-Fe(4) 69.9(6) 

C(42C)-C(41C)-C(33C) 128.2(13) 

C(45C)-C(41C)-Fe(4) 68.8(6) 

C(45C)-C(41C)-C(33C) 123.7(13) 

C(45C)-C(41C)-C(42C) 108.0 

Fe(4)-C(42C)-H(42C) 126.0 

C(41C)-C(42C)-Fe(4) 69.4(5) 

C(41C)-C(42C)-H(42C) 126.0 

C(43C)-C(42C)-Fe(4) 69.1(5) 

C(43C)-C(42C)-C(41C) 108.0 

C(43C)-C(42C)-H(42C) 126.0 

Fe(4)-C(43C)-H(43C) 126.0 

C(42C)-C(43C)-Fe(4) 70.1(6) 

C(42C)-C(43C)-H(43C) 126.0 

C(42C)-C(43C)-C(44C) 108.0 

C(44C)-C(43C)-Fe(4) 68.9(6) 

C(44C)-C(43C)-H(43C) 126.0 

Fe(4)-C(44C)-H(44C) 126.0 

C(43C)-C(44C)-Fe(4) 70.0(6) 

C(43C)-C(44C)-H(44C) 126.0 

C(43C)-C(44C)-C(45C) 108.0 

C(45C)-C(44C)-Fe(4) 69.6(6) 

C(45C)-C(44C)-H(44C) 126.0 

Fe(4)-C(45C)-H(45C) 126.0 

C(41C)-C(45C)-Fe(4) 70.2(6) 

C(41C)-C(45C)-C(44C) 108.0 

C(41C)-C(45C)-H(45C) 126.0 

C(44C)-C(45C)-Fe(4) 69.2(6) 

C(44C)-C(45C)-H(45C) 126.0 

Fe(4)-C(51C)-H(51C) 126.0 

C(52C)-C(51C)-Fe(4) 70.3(6) 
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C(52C)-C(51C)-H(51C) 126.0 

C(52C)-C(51C)-C(55C) 108.0 

C(55C)-C(51C)-Fe(4) 70.8(6) 

C(55C)-C(51C)-H(51C) 126.0 

Fe(4)-C(52C)-H(52C) 126.0 

C(51C)-C(52C)-Fe(4) 68.2(6) 

C(51C)-C(52C)-H(52C) 126.0 

C(53C)-C(52C)-Fe(4) 71.8(6) 

C(53C)-C(52C)-C(51C) 108.0 

C(53C)-C(52C)-H(52C) 126.0 

Fe(4)-C(53C)-H(53C) 126.0 

C(52C)-C(53C)-Fe(4) 67.6(6) 

C(52C)-C(53C)-H(53C) 126.0 

C(52C)-C(53C)-C(54C) 108.0 

C(54C)-C(53C)-Fe(4) 70.3(6) 

C(54C)-C(53C)-H(53C) 126.0 

Fe(4)-C(54C)-H(54C) 126.0 

C(53C)-C(54C)-Fe(4) 69.8(6) 

C(53C)-C(54C)-H(54C) 126.0 

C(55C)-C(54C)-Fe(4) 67.9(6) 

C(55C)-C(54C)-C(53C) 108.0 

C(55C)-C(54C)-H(54C) 126.0 

Fe(4)-C(55C)-H(55C) 126.0 

C(51C)-C(55C)-Fe(4) 67.9(6) 

C(51C)-C(55C)-H(55C) 126.0 

C(54C)-C(55C)-Fe(4) 71.7(6) 

C(54C)-C(55C)-C(51C) 108.0 

C(54C)-C(55C)-H(55C) 126.0 

________________________________________________________________________________________  
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A2.2. Table of selected bond lengths [Å] and angles [o] for (6)  

_________________________________________________________________________________________  

Cu(1)-N(21B)  1.951(6) 

Cu(1)-N(21A)  1.952(6) 

Cu(1)-N(11A)  1.952(6) 

Cu(1)-N(11B)  1.960(6) 

N(11A)-C(15A)  1.331(9) 

N(11A)-C(12A)  1.386(9) 

C(12A)-C(31A)  1.411(10) 

C(12A)-C(13A)  1.419(11) 

C(13A)-C(14A)  1.358(11) 

C(13A)-H(13A)  0.9500 

C(14A)-C(15A)  1.421(11) 

C(14A)-H(14A)  0.9500 

C(15A)-H(15A)  0.9500 

N(21A)-C(25A)  1.341(9) 

N(21A)-C(22A)  1.383(9) 

C(22A)-C(31A)  1.386(10) 

C(22A)-C(23A)  1.437(10) 

C(23A)-C(24A)  1.357(11) 

C(23A)-H(23A)  0.9500 

C(24A)-C(25A)  1.415(10) 

C(24A)-H(24A)  0.9500 

C(25A)-H(25A)  0.9500 

C(31A)-C(32A)  1.437(9) 

C(32A)-C(33A)  1.200(10) 

C(33A)-C(41A)  1.420(10) 

Fe(2A)-C(53A)  2.015(9) 

Fe(2A)-C(54A)  2.027(8) 

Fe(2A)-C(45A)  2.027(8) 

Fe(2A)-C(42A)  2.028(7) 

Fe(2A)-C(55A)  2.028(8) 

Fe(2A)-C(52A)  2.032(8) 

Fe(2A)-C(41A)  2.035(7) 

Fe(2A)-C(51A)  2.035(7) 

Fe(2A)-C(43A)  2.047(7) 

Fe(2A)-C(44A)  2.048(7) 

C(41A)-C(42A)  1.424(9) 

C(41A)-C(45A)  1.451(9) 

C(42A)-C(43A)  1.400(10) 

C(42A)-H(42A)  0.9500 

C(43A)-C(44A)  1.430(11) 

C(43A)-H(43A)  0.9500 

C(44A)-C(45A)  1.402(10) 

C(44A)-H(44A)  0.9500 

C(45A)-H(45A)  0.9500 

C(51A)-C(52A)  1.405(10) 

C(51A)-C(55A)  1.419(12) 

C(51A)-H(51A)  0.9500 

C(52A)-C(53A)  1.414(13) 

C(52A)-H(52A)  0.9500 

C(53A)-C(54A)  1.398(14) 

C(53A)-H(53A)  0.9500 

C(54A)-C(55A)  1.399(13) 

C(54A)-H(54A)  0.9500 

C(55A)-H(55A)  0.9500 

N(11B)-C(15B)  1.355(9) 

N(11B)-C(12B)  1.371(9) 

C(12B)-C(31B)  1.412(9) 

C(12B)-C(13B)  1.427(9) 

C(13B)-C(14B)  1.368(10) 

C(13B)-H(13B)  0.9500 

C(14B)-C(15B)  1.405(10) 

C(14B)-H(14B)  0.9500 

C(15B)-H(15B)  0.9500 

N(21B)-C(25B)  1.343(9) 
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N(21B)-C(22B)  1.372(9) 

C(22B)-C(31B)  1.404(9) 

C(22B)-C(23B)  1.437(9) 

C(23B)-C(24B)  1.362(10) 

C(23B)-H(23B)  0.9500 

C(24B)-C(25B)  1.394(10) 

C(24B)-H(24B)  0.9500 

C(25B)-H(25B)  0.9500 

C(31B)-C(32B)  1.424(10) 

C(32B)-C(33B)  1.186(10) 

C(33B)-C(41B)  1.431(10) 

Fe(3B)-C(42B)  2.029(8) 

Fe(3B)-C(53B)  2.036(7) 

Fe(3B)-C(52B)  2.037(7) 

Fe(3B)-C(41B)  2.038(7) 

Fe(3B)-C(55B)  2.041(8) 

Fe(3B)-C(51B)  2.041(7) 

Fe(3B)-C(54B)  2.042(8) 

Fe(3B)-C(43B)  2.053(8) 

Fe(3B)-C(45B)  2.056(7) 

Fe(3B)-C(44B)  2.065(7) 

C(41B)-C(42B)  1.422(10) 

C(41B)-C(45B)  1.452(10) 

C(42B)-C(43B)  1.389(11) 

C(42B)-H(42B)  0.9500 

C(43B)-C(44B)  1.436(11) 

C(43B)-H(43B)  0.9500 

C(44B)-C(45B)  1.404(10) 

C(44B)-H(44B)  0.9500 

C(45B)-H(45B)  0.9500 

C(51B)-C(52B)  1.407(11) 

C(51B)-C(55B)  1.416(11) 

C(51B)-H(51B)  0.9500 

C(52B)-C(53B)  1.407(12) 

C(52B)-H(52B)  0.9500 

C(53B)-C(54B)  1.436(13) 

C(53B)-H(53B)  0.9500 

C(54B)-C(55B)  1.380(12) 

C(54B)-H(54B)  0.9500 

C(55B)-H(55B)  0.9500 

 

N(21B)-Cu(1)-N(21A) 145.6(3) 

N(21B)-Cu(1)-N(11A) 97.3(2) 

N(21A)-Cu(1)-N(11A) 91.6(2) 

N(21B)-Cu(1)-N(11B) 92.4(2) 

N(21A)-Cu(1)-N(11B) 97.6(2) 

N(11A)-Cu(1)-N(11B) 147.6(3) 

C(15A)-N(11A)-C(12A) 105.6(6) 

C(15A)-N(11A)-Cu(1) 126.8(5) 

C(12A)-N(11A)-Cu(1) 127.4(5) 

N(11A)-C(12A)-C(31A) 123.1(7) 

N(11A)-C(12A)-C(13A) 109.5(7) 

C(31A)-C(12A)-C(13A) 127.4(7) 

C(14A)-C(13A)-C(12A) 107.0(7) 

C(14A)-C(13A)-H(13A) 126.5 

C(12A)-C(13A)-H(13A) 126.5 

C(13A)-C(14A)-C(15A) 106.0(7) 

C(13A)-C(14A)-H(14A) 127.0 

C(15A)-C(14A)-H(14A) 127.0 

N(11A)-C(15A)-C(14A) 111.8(7) 

N(11A)-C(15A)-H(15A) 124.1 

C(14A)-C(15A)-H(15A) 124.1 

C(25A)-N(21A)-C(22A) 106.6(6) 

C(25A)-N(21A)-Cu(1) 125.6(5) 

C(22A)-N(21A)-Cu(1) 127.8(5) 

N(21A)-C(22A)-C(31A) 123.4(7) 

N(21A)-C(22A)-C(23A) 108.9(6) 

C(31A)-C(22A)-C(23A) 127.6(7) 

C(24A)-C(23A)-C(22A) 106.4(6) 

C(24A)-C(23A)-H(23A) 126.8 

C(22A)-C(23A)-H(23A) 126.8 

C(23A)-C(24A)-C(25A) 107.3(7) 
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C(23A)-C(24A)-H(24A) 126.3 

C(25A)-C(24A)-H(24A) 126.3 

N(21A)-C(25A)-C(24A) 110.7(7) 

N(21A)-C(25A)-H(25A) 124.7 

C(24A)-C(25A)-H(25A) 124.7 

C(22A)-C(31A)-C(12A) 126.2(6) 

C(22A)-C(31A)-C(32A) 117.5(6) 

C(12A)-C(31A)-C(32A) 116.3(6) 

C(33A)-C(32A)-C(31A) 175.7(7) 

C(32A)-C(33A)-C(41A) 178.2(8) 

C(53A)-Fe(2A)-C(54A) 40.5(4) 

C(53A)-Fe(2A)-C(45A) 158.0(4) 

C(54A)-Fe(2A)-C(45A) 122.1(4) 

C(53A)-Fe(2A)-C(42A) 123.1(3) 

C(54A)-Fe(2A)-C(42A) 159.7(4) 

C(45A)-Fe(2A)-C(42A) 69.5(3) 

C(53A)-Fe(2A)-C(55A) 68.0(4) 

C(54A)-Fe(2A)-C(55A) 40.4(4) 

C(45A)-Fe(2A)-C(55A) 107.4(3) 

C(42A)-Fe(2A)-C(55A) 158.0(3) 

C(53A)-Fe(2A)-C(52A) 40.9(4) 

C(54A)-Fe(2A)-C(52A) 68.4(4) 

C(45A)-Fe(2A)-C(52A) 159.4(3) 

C(42A)-Fe(2A)-C(52A) 106.7(3) 

C(55A)-Fe(2A)-C(52A) 68.2(3) 

C(53A)-Fe(2A)-C(41A) 159.1(4) 

C(54A)-Fe(2A)-C(41A) 158.4(4) 

C(45A)-Fe(2A)-C(41A) 41.8(3) 

C(42A)-Fe(2A)-C(41A) 41.0(3) 

C(55A)-Fe(2A)-C(41A) 122.1(3) 

C(52A)-Fe(2A)-C(41A) 122.1(3) 

C(53A)-Fe(2A)-C(51A) 68.4(3) 

C(54A)-Fe(2A)-C(51A) 68.5(3) 

C(45A)-Fe(2A)-C(51A) 123.1(3) 

C(42A)-Fe(2A)-C(51A) 121.4(3) 

C(55A)-Fe(2A)-C(51A) 40.9(3) 

C(52A)-Fe(2A)-C(51A) 40.4(3) 

C(41A)-Fe(2A)-C(51A) 106.3(3) 

C(53A)-Fe(2A)-C(43A) 108.2(3) 

C(54A)-Fe(2A)-C(43A) 124.5(3) 

C(45A)-Fe(2A)-C(43A) 68.7(3) 

C(42A)-Fe(2A)-C(43A) 40.2(3) 

C(55A)-Fe(2A)-C(43A) 160.6(3) 

C(52A)-Fe(2A)-C(43A) 122.2(3) 

C(41A)-Fe(2A)-C(43A) 68.4(3) 

C(51A)-Fe(2A)-C(43A) 157.3(3) 

C(53A)-Fe(2A)-C(44A) 123.2(3) 

C(54A)-Fe(2A)-C(44A) 108.6(3) 

C(45A)-Fe(2A)-C(44A) 40.3(3) 

C(42A)-Fe(2A)-C(44A) 68.4(3) 

C(55A)-Fe(2A)-C(44A) 124.0(3) 

C(52A)-Fe(2A)-C(44A) 158.8(3) 

C(41A)-Fe(2A)-C(44A) 68.7(3) 

C(51A)-Fe(2A)-C(44A) 159.9(3) 

C(43A)-Fe(2A)-C(44A) 40.9(3) 

C(33A)-C(41A)-C(42A) 125.9(7) 

C(33A)-C(41A)-C(45A) 127.0(6) 

C(42A)-C(41A)-C(45A) 106.9(6) 

C(33A)-C(41A)-Fe(2A) 123.5(5) 

C(42A)-C(41A)-Fe(2A) 69.2(4) 

C(45A)-C(41A)-Fe(2A) 68.8(4) 

C(43A)-C(42A)-C(41A) 108.7(6) 

C(43A)-C(42A)-Fe(2A) 70.6(4) 

C(41A)-C(42A)-Fe(2A) 69.7(4) 

C(43A)-C(42A)-H(42A) 125.6 

C(41A)-C(42A)-H(42A) 125.6 

Fe(2A)-C(42A)-H(42A) 125.6 

C(42A)-C(43A)-C(44A) 108.2(6) 

C(42A)-C(43A)-Fe(2A) 69.2(4) 

C(44A)-C(43A)-Fe(2A) 69.6(4) 

C(42A)-C(43A)-H(43A) 125.9 

C(44A)-C(43A)-H(43A) 125.9 
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Fe(2A)-C(43A)-H(43A) 126.9 

C(45A)-C(44A)-C(43A) 108.4(6) 

C(45A)-C(44A)-Fe(2A) 69.1(4) 

C(43A)-C(44A)-Fe(2A) 69.5(4) 

C(45A)-C(44A)-H(44A) 125.8 

C(43A)-C(44A)-H(44A) 125.8 

Fe(2A)-C(44A)-H(44A) 127.2 

C(44A)-C(45A)-C(41A) 107.7(6) 

C(44A)-C(45A)-Fe(2A) 70.7(4) 

C(41A)-C(45A)-Fe(2A) 69.4(4) 

C(44A)-C(45A)-H(45A) 126.1 

C(41A)-C(45A)-H(45A) 126.1 

Fe(2A)-C(45A)-H(45A) 125.4 

C(52A)-C(51A)-C(55A) 107.5(7) 

C(52A)-C(51A)-Fe(2A) 69.7(4) 

C(55A)-C(51A)-Fe(2A) 69.3(4) 

C(52A)-C(51A)-H(51A) 126.3 

C(55A)-C(51A)-H(51A) 126.3 

Fe(2A)-C(51A)-H(51A) 126.3 

C(51A)-C(52A)-C(53A) 107.7(7) 

C(51A)-C(52A)-Fe(2A) 69.9(4) 

C(53A)-C(52A)-Fe(2A) 68.9(5) 

C(51A)-C(52A)-H(52A) 126.1 

C(53A)-C(52A)-H(52A) 126.1 

Fe(2A)-C(52A)-H(52A) 126.6 

C(54A)-C(53A)-C(52A) 108.5(7) 

C(54A)-C(53A)-Fe(2A) 70.2(5) 

C(52A)-C(53A)-Fe(2A) 70.2(5) 

C(54A)-C(53A)-H(53A) 125.7 

C(52A)-C(53A)-H(53A) 125.7 

Fe(2A)-C(53A)-H(53A) 125.4 

C(53A)-C(54A)-C(55A) 107.9(8) 

C(53A)-C(54A)-Fe(2A) 69.3(5) 

C(55A)-C(54A)-Fe(2A) 69.9(5) 

C(53A)-C(54A)-H(54A) 126.0 

C(55A)-C(54A)-H(54A) 126.0 

Fe(2A)-C(54A)-H(54A) 126.3 

C(54A)-C(55A)-C(51A) 108.4(8) 

C(54A)-C(55A)-Fe(2A) 69.8(5) 

C(51A)-C(55A)-Fe(2A) 69.8(4) 

C(54A)-C(55A)-H(55A) 125.8 

C(51A)-C(55A)-H(55A) 125.8 

Fe(2A)-C(55A)-H(55A) 126.2 

C(15B)-N(11B)-C(12B) 105.9(6) 

C(15B)-N(11B)-Cu(1) 127.4(5) 

C(12B)-N(11B)-Cu(1) 126.4(4) 

N(11B)-C(12B)-C(31B) 124.2(6) 

N(11B)-C(12B)-C(13B) 109.7(6) 

C(31B)-C(12B)-C(13B) 126.0(6) 

C(14B)-C(13B)-C(12B) 106.4(6) 

C(14B)-C(13B)-H(13B) 126.8 

C(12B)-C(13B)-H(13B) 126.8 

C(13B)-C(14B)-C(15B) 106.7(6) 

C(13B)-C(14B)-H(14B) 126.6 

C(15B)-C(14B)-H(14B) 126.6 

N(11B)-C(15B)-C(14B) 111.2(7) 

N(11B)-C(15B)-H(15B) 124.4 

C(14B)-C(15B)-H(15B) 124.4 

C(25B)-N(21B)-C(22B) 106.7(6) 

C(25B)-N(21B)-Cu(1) 126.4(5) 

C(22B)-N(21B)-Cu(1) 126.7(4) 

N(21B)-C(22B)-C(31B) 124.6(6) 

N(21B)-C(22B)-C(23B) 109.0(6) 

C(31B)-C(22B)-C(23B) 126.3(6) 

C(24B)-C(23B)-C(22B) 105.6(6) 

C(24B)-C(23B)-H(23B) 127.2 

C(22B)-C(23B)-H(23B) 127.2 

C(23B)-C(24B)-C(25B) 107.9(6) 

C(23B)-C(24B)-H(24B) 126.1 

C(25B)-C(24B)-H(24B) 126.1 

N(21B)-C(25B)-C(24B) 110.7(6) 

N(21B)-C(25B)-H(25B) 124.6 
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C(24B)-C(25B)-H(25B) 124.6 

C(22B)-C(31B)-C(12B) 124.7(6) 

C(22B)-C(31B)-C(32B) 117.9(6) 

C(12B)-C(31B)-C(32B) 117.3(6) 

C(33B)-C(32B)-C(31B) 176.0(8) 

C(32B)-C(33B)-C(41B) 178.1(7) 

C(42B)-Fe(3B)-C(53B) 118.6(3) 

C(42B)-Fe(3B)-C(52B) 107.6(3) 

C(53B)-Fe(3B)-C(52B) 40.4(3) 

C(42B)-Fe(3B)-C(41B) 40.9(3) 

C(53B)-Fe(3B)-C(41B) 151.7(3) 

C(52B)-Fe(3B)-C(41B) 117.5(3) 

C(42B)-Fe(3B)-C(55B) 165.4(3) 

C(53B)-Fe(3B)-C(55B) 67.7(3) 

C(52B)-Fe(3B)-C(55B) 67.9(3) 

C(41B)-Fe(3B)-C(55B) 127.5(3) 

C(42B)-Fe(3B)-C(51B) 127.2(3) 

C(53B)-Fe(3B)-C(51B) 67.9(3) 

C(52B)-Fe(3B)-C(51B) 40.4(3) 

C(41B)-Fe(3B)-C(51B) 107.0(3) 

C(55B)-Fe(3B)-C(51B) 40.6(3) 

C(42B)-Fe(3B)-C(54B) 153.4(3) 

C(53B)-Fe(3B)-C(54B) 41.3(4) 

C(52B)-Fe(3B)-C(54B) 68.5(3) 

C(41B)-Fe(3B)-C(54B) 164.9(3) 

C(55B)-Fe(3B)-C(54B) 39.5(3) 

C(51B)-Fe(3B)-C(54B) 67.9(3) 

C(42B)-Fe(3B)-C(43B) 39.8(3) 

C(53B)-Fe(3B)-C(43B) 108.6(3) 

C(52B)-Fe(3B)-C(43B) 127.2(3) 

C(41B)-Fe(3B)-C(43B) 68.4(3) 

C(55B)-Fe(3B)-C(43B) 153.8(3) 

C(51B)-Fe(3B)-C(43B) 164.4(3) 

C(54B)-Fe(3B)-C(43B) 120.4(3) 

C(42B)-Fe(3B)-C(45B) 68.6(3) 

C(53B)-Fe(3B)-C(45B) 165.7(3) 

C(52B)-Fe(3B)-C(45B) 152.6(3) 

C(41B)-Fe(3B)-C(45B) 41.5(3) 

C(55B)-Fe(3B)-C(45B) 108.6(3) 

C(51B)-Fe(3B)-C(45B) 118.9(3) 

C(54B)-Fe(3B)-C(45B) 127.2(3) 

C(43B)-Fe(3B)-C(45B) 68.2(3) 

C(42B)-Fe(3B)-C(44B) 67.7(3) 

C(53B)-Fe(3B)-C(44B) 128.8(3) 

C(52B)-Fe(3B)-C(44B) 165.9(3) 

C(41B)-Fe(3B)-C(44B) 68.4(3) 

C(55B)-Fe(3B)-C(44B) 119.9(3) 

C(51B)-Fe(3B)-C(44B) 153.0(3) 

C(54B)-Fe(3B)-C(44B) 109.3(3) 

C(43B)-Fe(3B)-C(44B) 40.8(3) 

C(45B)-Fe(3B)-C(44B) 39.8(3) 

C(42B)-C(41B)-C(33B) 128.1(7) 

C(42B)-C(41B)-C(45B) 106.4(6) 

C(33B)-C(41B)-C(45B) 125.4(7) 

C(42B)-C(41B)-Fe(3B) 69.2(4) 

C(33B)-C(41B)-Fe(3B) 127.0(5) 

C(45B)-C(41B)-Fe(3B) 69.9(4) 

C(43B)-C(42B)-C(41B) 109.8(7) 

C(43B)-C(42B)-Fe(3B) 71.0(5) 

C(41B)-C(42B)-Fe(3B) 69.9(4) 

C(43B)-C(42B)-H(42B) 125.1 

C(41B)-C(42B)-H(42B) 125.1 

Fe(3B)-C(42B)-H(42B) 125.5 

C(42B)-C(43B)-C(44B) 107.7(6) 

C(42B)-C(43B)-Fe(3B) 69.2(4) 

C(44B)-C(43B)-Fe(3B) 70.0(4) 

C(42B)-C(43B)-H(43B) 126.2 

C(44B)-C(43B)-H(43B) 126.2 

Fe(3B)-C(43B)-H(43B) 126.2 

C(45B)-C(44B)-C(43B) 108.4(6) 

C(45B)-C(44B)-Fe(3B) 69.8(4) 

C(43B)-C(44B)-Fe(3B) 69.1(4) 
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C(45B)-C(44B)-H(44B) 125.8 

C(43B)-C(44B)-H(44B) 125.8 

Fe(3B)-C(44B)-H(44B) 126.9 

C(44B)-C(45B)-C(41B) 107.7(6) 

C(44B)-C(45B)-Fe(3B) 70.4(4) 

C(41B)-C(45B)-Fe(3B) 68.6(4) 

C(44B)-C(45B)-H(45B) 126.2 

C(41B)-C(45B)-H(45B) 126.2 

Fe(3B)-C(45B)-H(45B) 126.4 

C(52B)-C(51B)-C(55B) 107.5(7) 

C(52B)-C(51B)-Fe(3B) 69.7(4) 

C(55B)-C(51B)-Fe(3B) 69.7(4) 

C(52B)-C(51B)-H(51B) 126.2 

C(55B)-C(51B)-H(51B) 126.2 

Fe(3B)-C(51B)-H(51B) 126.0 

C(51B)-C(52B)-C(53B) 108.1(7) 

C(51B)-C(52B)-Fe(3B) 70.0(4) 

C(53B)-C(52B)-Fe(3B) 69.7(4) 

C(51B)-C(52B)-H(52B) 125.9 

C(53B)-C(52B)-H(52B) 125.9 

Fe(3B)-C(52B)-H(52B) 125.9 

C(52B)-C(53B)-C(54B) 107.6(7) 

C(52B)-C(53B)-Fe(3B) 69.8(4) 

C(54B)-C(53B)-Fe(3B) 69.6(4) 

C(52B)-C(53B)-H(53B) 126.2 

C(54B)-C(53B)-H(53B) 126.2 

Fe(3B)-C(53B)-H(53B) 125.9 

C(55B)-C(54B)-C(53B) 107.5(7) 

C(55B)-C(54B)-Fe(3B) 70.2(4) 

C(53B)-C(54B)-Fe(3B) 69.2(4) 

C(55B)-C(54B)-H(54B) 126.3 

C(53B)-C(54B)-H(54B) 126.3 

Fe(3B)-C(54B)-H(54B) 125.9 

C(54B)-C(55B)-C(51B) 109.2(7) 

C(54B)-C(55B)-Fe(3B) 70.3(5) 

C(51B)-C(55B)-Fe(3B) 69.7(4) 

C(54B)-C(55B)-H(55B) 125.4 

C(51B)-C(55B)-H(55B) 125.4 

Fe(3B)-C(55B)-H(55B) 126.2 
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