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ABSTRACT 
  

Comparisons of the kinetic and thermodynamic properties of a Co(III)-porphyrin-

containing octapeptide, a model for aquacobalamin (H2OCbl+, vitamin B12a), with 

aquacobalamin are made in order to elucidate the effect the nature of the 

macrocycle(porphyrin or corrin) has on the properties of Co(III).  

 

The Co(III) porphyrin octapeptide N-acetyl-Co(III) Microperoxidase-8 (NAcCoMP8) 

was prepared by the proteolytic digestion of cytochrome c, replacement of Fe(III) 

by Co(III), and protection of the N-terminal group of the peptide by acetylation. In 

neutral aqueous solution it is monomeric at low concentration with a Soret band at 

415 nm with ε = 1.61(3) x 105 M-1 cm-1; higher concentrations (> 10 μM), an 

increase in the ionic strength of the solution, or an increase in temperature above 

45 oC causes the formation of oligomeric species with a Soret band at 425 nm, 

usually through intermediacy of a species with a Soret band at 417 nm. Although 

formation of the latter can be reversed to produce the monomeric 415 nm species 

on dilution of the solution, or by lowering the temperature or the ionic strength, the 

formation of the former is irreversible and on standing eventually leads to 

precipitation of the metallopeptide from solution. NAcCoMP8 has five 

spectroscopically observable pKas: at 1.74 ± 0.04 due to protonation and 

displacement of His-18 either by H2O or a carboxylate from the peptide; at 4.08 ± 

0.02 and 5.80 ± 0.05 due to ionization of the heme carboxylate groups; at 7.81 ± 

0.03 due to ionization of coordinated H2O; and at 12.00 ± 0.03 due to ionization of 

His-18 to form an imidazolate. NAcCoMP8 provides a means of comparing and 

contrasting the chemistry of Co(III) porphyrins and corrins and so assessing the 

influence of the macrocycle on the chemistry of the metal ion. 

 

NAcCoMP8 and aquacobalamin both contain Co(III), an N-donor macrocyclic 

equatorial ligand (porphyrin, corrin), an imidazole derivative as one axial ligand 

(His, 5,6- dimethylbenzimidazole) and H2O in the other axial coordination site. This 
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allows for an evaluation of the effect of the equatorial macrocyclic ligand on ligand 

substitution reactions of Co(III). Equilibrium constants (as log K values) for the 

coordination of anionic (CN–, N3
–, NO2

–, HSO3
–) and neutral (pyridine, N-

methylimidazole, methoxylamine and hydroxylamine) ligands were determined 

spectrophotometrically as a function of temperature and ΔH and ΔS values are 

reported. The log K value for coordination of pyridine by H2OCbl+ is anomalously 

low. Anionic ligands bind more strongly to H2OCbl+ than to NAcCoMP8 while the 

converse is true for the neutral ligands. It is suggested that the higher residual 

charge at the metal centre in the corrin (+2) compared to the porphyrin (+1) is 

primarily responsible. The anionic and neutral ligands behave differently. Log K 

values for coordination of the anionic ligands by both NAcCoMP8 and H2OCbl+ 

parallel the pKa of their conjugate acid. In the case of the neutral ligands, log K for 

coordination by NAcCoMP8 correlates directly with ligand basicity but there is an 

inverse correlation in the case of H2OCbl+. Log K and ΔH values for the reaction 

with anionic ligands parallel each other in the two systems, but there appears to be 

an inverse correlation for the neutral ligands. 

 

Kinetics measurements show that H2OCbl+ is significantly more labile towards 

substitution by CN– than NAcCoMP8 (k25 = 240 and 103 M-1 s-1, respectively) 

because of a much smaller ΔH‡ value which is somewhat, but not completely, 

compensated for by a much more negative ΔS‡. By contrast, the reaction of N-

methylimidazole occurs faster with NAcCoMP8 than with H2OCbl+ due to a smaller 

ΔH‡ and a somewhat larger ΔS‡. Since the intimate mechanism is probably an 

interchange mechanism under dissociative activation, the kinetic results are 

rationalized by the extent of participation of the entering ligand in the transition 

state. CN– forms a more stable complex with H2OCbl+ (log K > 12) than 

NAcCoMP8 (log K = 6.04). In its reaction with H2OCbl+ the transition state will 

occur earlier along the reaction coordinate than in its reaction with NAcCoMP8 

leading to a lower ΔH‡. The converse is true for N-methylimidazole where its 

greater affinity for the porphyrin than the corrin (log K = 5.70 and 4.49, 

respectively) makes its reaction with the former faster (k25 = 1300 M-1 s-1 compared 
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to 14 M-1 s-1). Therefore there is a correlation between the thermodynamic stability 

of Co(III) complexes of corrin and porphyrins and the rate of substitution of axially 

coordinated H2O. The nature of the macrocycle in these Co(III) systems has a 

profound effect on the chemistry of the metal ion. 
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~Louis L’Amour, American author, (1908-1988)~ 
   
 
 



CHAPTER 1 
INTRODUCTION 

 

1.1 INTRODUCTION 

  

Life happens through a series of perfectly executed biological processes. The 

remarkable level of precision that is required to sustain life through these 

processes can only be fully appreciated by examining their chemistry. Complex 

processes such as respiration, digestion and reproduction, and indeed the primary 

ones such as oxygen and electron transport or photosynthesis are all, at their 

simplest level, a series of chemical reactions.1,2 For these chemical reactions, 

Nature appears to favour the utilisation of heterocyclic compounds and it is 

generally the heteroatom, oxygen, sulfur or nitrogen, that is responsible for some of 

their striking chemical properties.2  

 

The nitrogen-containing carbon-based heterocyclic rings in particular are extremely 

versatile2 which might explain Nature’s exploitation of these compounds. They 

exhibit a broad array of reactivities, conformations and electronic distributions, but 

mostly it’s the heterocycle’s ability to form stable complexes with metal ions that is 

of strong biological significance. Some common biologically significant nitrogen 

heterocycles include pyridine, imidazole and notably pyrrole.2,3  

 

Pyrrole is a five-membered aromatic heterocycle with a sp2 hybridised nitrogen 

heteroatom. Pyrroles tend to be extremely weak bases due to the NH group (pKa = 

17.5 under standard conditions).2,3 However, one of pyrrole’s most striking features 

is it’s propensity for polymerisation.2 Under strongly acidic conditions it readily 

forms dipyrrins (two pyrroles linked through a methine group), tripyrrins, and of 

particular biological relevance, the tetrapyrroles (Figure 1.1).2,3 
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Tetrapyrroles contain four pyrrole rings joined by a carbon and may be linear or 

cyclic depending on how they have polymerised (Figure 1.1).1,2 Certain conditions 

favour the formation of open linear chain-like structures such as bilane or bilin.2,4 

However, they may also form an array of closed N-donor macrocyclic structures 

such as porphyrins, chlorins (reduced porphyrins) and corrins.4 In addition to the 

overall chemical versatility of heterocyclic compounds,2 these macrocycles also 

allow for metals of various ionic radii to be complexed within this cavity.2 Such 

complexes are stable, deeply coloured and form the basis of several natural 

pigments such as hemoglobin (porphyrin with iron), chlorophyll (chlorin with 

magnesium) and cobalamin (corrin with cobalt); these pigments share a close 

functional relationship with many key metalloproteins that are necessary for life 

(see Table 1.1 for a list of common tetrapyrrolic ‘functional dyes’ in Nature).1,4  

 

 

Figure 1.1 Pyrroles. They may be in equilibrium with the protonated equivalent (a) or 
be susceptible to polymerisation in strong acids (b) and form linear tetrapyrroles e.g. 
bilanes (c) or macrocyclic tetrapyrroles e.g. porphyrins (d). 
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Table 1.1 Classification of some biologically significant tetrapyrroles.1,4,5  
 

 TYPES OF TETRAPYRROLES 

Bilirubin, biliverdin, Stercobilinogen, Stercobilin, Urobilinogen, Urobilin 

Phytochromobilin 

Li
ne

ar
 

Bilanes or 
Bilins 

Phytobilins 
Phycobilins 

-erythrobilin, -cyanobilin,  

-courobilin, coviolobilin  

Corrinoids 
 
 
 

Cobalamins 

Methylcobalamin,  

Adenosylcobalamin,  

Cyanocobalamin 

Protoporphyrins 
Protoporphyrin IX, Heme† (b, c, a, o),  

Zinc protoporphyrin, Magnesium protoporphyrin 

Porphyrins 
 
 
 Phytoporphyrins 

Chlorophyll (c1, c2), Protochlorophyllide 

 

Porphyrinogens 
Uroporphyrinogen (I, III), Coproporphyrinogen 

(I,III), Protoporphyrinogen IX 

Chlorins 
Chlorophyllide (a, b), Chlorophyll (a, b), 

Phaeophytin (a, b), Bacteriochlorophyll c 

Bacteriochlorins Bacteriochlorophyll a 

Isobacteriochlorins Siroheme, Sirohydrochlorin 

M
ac

ro
cy

cl
ic

 

Reduced 
Porphyrins 

Corphins Cofactor F430 

 

What is remarkable is that these macrocycles, owing to their common origin 

(Figure 1.2), exhibit a fair degree of structural similarity; yet small changes to these 

structures lead to a wide array of functionality. For example, the reactions 

catalysed by natural porphyrins and corrins may be classified either as oxidation-

reduction type or as species transfer-type reactions. The two oxidative-reductive 

models focussed on here are the incorporation of oxygen and the transfer of 
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electrons and are achieved by the iron porphyrins in hemoproteins.6 On the other 

hand, the transfer of free radical groups used in other reactions are achieved by 

the cobalt-containing corrin macrocycle.7 Despite their similarities these biological 

macrocycles have vastly different functions as well as metal ion preferences.  

 

 

Figure 1.2 The biosynthesis of some ‘functional dyes’ showing common ancestry (see 
later for further biosynthesis Figure 1.9).1,4 

Key: 
 
CoA = coenzyme A 
ALA = 5-aminolaevulinic acid 
PGB = porphobilinogen 
Uro’gen III = uroporphyrinogen III 
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1.2 METALLOPROTEINS AND METAL IONS 

  

 1.2.1. The significance of metalloproteins 

   

It is estimated that at least one third of all proteins require metal ions to carry out 

essential life-sustaining functions such as protein transport, signal transduction and 

particularly enzymatic functions.8,9  These are generically termed metalloproteins. A 

well-known example is the iron porphyrin structure in hemoproteins.5 A common 

type of metalloprotein, a metalloenzyme, requires the aid of a metal ion for its 

catalytic activity such as Mo or V in nitrogenase or the cobalt corrin structure in 

vitamin B12-dependent enzymes. There are indeed enzymes that are purely 

proteins and do not require metal ions for their catalytic function such as 

chymotrypsin and ribonuclease. However, metalloenzymes generally have a metal 

ion with one labile coordination site for its catalytic activity bound to the protein. 

Typical of most enzymes, the shape of the active site is important for the function; 

the metal ion is usually located in a pocket whose shape fits the substrate. 

Examples of these types of proteins are illustrated (Figure 1.3). 

 

Metalloenzymes have been known to complex a wide range of metal ions such as 

iron, copper, zinc, cobalt and molybdenum, where the metal ions are known to 

fulfill both structural and catalytic roles.10-12 These roles can be fulfilled by the metal 

ion acting alone, in a cluster or by being coordinated to an organic macrocycle.12 

Cofactors, defined here as the metal ions that directly bind to the enzyme (Figure 
1.4), act as Lewis acids to maximize catalytic activity e.g. carboxypeptidase A with 

a Zn2+ cofactor.5 Coenzymes on the other hand, consist of a metal ion (e.g. Co3+) 

coordinated to an organic molecule (e.g. a corrin) which then bind to the 

enzyme.5,13,14 Coenzymes are generally not synthesised by the body and have to 

be obtained from vitamins e.g. vitamin B12a which is derived from bacteria.1 
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Figure 1.3 Crystal structures of proteins and metalloproteins from PDB.15 Human 
deoxyhemoglobin16 with four heme units (A), Co-containing corrin in a vitamin B12 RNA 
aptamer17 (B) and Mo-cofactor nitrogenase19 (D) are examples of metalloproteins whilst 
the insect chymotrypsin18 (C) is an example of a non metal-containing protein.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Illustrating the relationship between metal ion and active enzymes in this 
work. The global differences between enzymes, coenzymes and cofactors are shown 
where (A) represents a coenzyme system and (B) represents a cofactor system. 

(Holoenzyme)             (Apoenzyme) 
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Often the truly remarkable functional diversity of metalloproteins is only achieved 

with porphyrin-type macrocycles as the prosthetic group (see Section 1.3). It has 

been of longstanding interest in bioinorganic chemistry to understand this deeply 

compatible relationship between metal and macrocycle within a coenzyme, and 

between coenzyme and enzyme, particularly the precise influence the metal ion 

has on the structure and function of metalloproteins.20-25 It is usually difficult to 

predict how a metal ion will behave in an enzyme; however, the enzyme generally 

anchors, controls and modifies the fundamental chemistry of the metal ion.26-28 

 

 1.2.2 Biologically important metal ions 

 

There are at least 30 elements that are essential for life and may be found in 

macro-, micro- or trace amounts.29,30 These elements in the form of metal ions are 

functionally versatile: in the carrying of ionic messages (Na, K, Ca, Cl); the 

triggering of proteins (Ca, P); for structural integrity (Ca, P, Si); in electron transport 

(Fe, Cu, Mn); and in catalysis (Fe, Co) (Table 1.2).31-33 The metal ion’s interaction 

with the macrocycle and subsequently the protein determines the direction of the 

processes taking place. In catalysis for example, without the appropriate metal ion, 

the reaction the enzyme hopes to catalyse would proceed very slowly, if at all.26,27  

 

The way the metal ion binds to the enzyme relates to its function.28 Usually if the 

metal ion is on the edge of the protein it serves as a chemical trigger whereas if 

housed in the centre of the protein (for example, iron in hemoproteins) the action is 

found to be catalytic and highly ordered.20,28 Here the metal ion (typically a redox 

active transition metal and thus biologically significant) is usually coordinated by 

nitrogen, oxygen or sulfur that originates from amino acid residues on the native 

protein. Often these donor groups are provided by the side chains from amino acid 

residues. Of relevance are the imidazole substituents in histidine, thiolate 

substituents in cysteinyl residues, and carboxylate groups provided by aspartate. In 

addition to donor groups from amino acids, there are a number of coenzymes with 
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organic macrocycles that bind a wide selection of metal ions, the most significant 

being the nitrogen-donor ligands of the porphyrin family (see later, Section 1.3).31  

 

A striking feature of the macrocyclic part of the coenzyme is the apparent 

specificity for the metal ion it complexes. Williams posited that each element has 

had its functional potential raised during evolution through association with 

particular proteins in order to bring out its optimal value during catalysis.31   Since 

DNA is considered to be highly conserved, the changes that happen are in support 

of life, thus the selection of certain metal ions and pairing with certain proteins is 

attributed to selection pressure. Williams forwards this as an explanation for why 

Nature employs several different metal ions in a variety of catalytic roles as well as 

to explain the peculiarities of the sites selected for each metal ion as is the case in 

the cobalt-specific corrin macrocycle in cobalamin (Table 1.2).31 

 

The abundance and bioavailability of Earth’s elements, particularly on changing 

from anaerobic to aerobic atmospheres, is important when trying to rationalise 

evolutionary selection pressures. Firstly, the most abundant elements fall between 

H and Fe in the Periodic Table whilst the abundance of others like Co, Ni and Cu is 

considerably lower (Figure 1.5).31  Secondly, bioavailability depends on solubility in 

water and air. Abundant elements such as H, Na, K, Mg, C, Ca and Cl are soluble 

and readily obtained from sea water or the air. Early atmosphere’s sulfuric 

conditions prompted the formation of insoluble metal sulfides lowering the 

bioavailability of rare elements e.g. Cu, Zn and Cd.31 On the other hand, Fe, 

though relatively more abundant than for example Cu or Co,34-37 may have its 

bioavailability limited by the formation of insoluble ferric hydroxides. However, 

Nature has selected for Fe due to its ability to bind dioxygen efficiently; organisms 

had to evolve in order to tolerate an oxygen-rich environment.38 Iron can be 

stabilised30 over a wide range of oxidation states depending on its coordination 

environment (-2 to +4); the d6 Fe(II) ion and d5 Fe(III) ion being the most 

common.39,40 Furthermore, both Fe(II) and Fe(III) can adopt a wide range of 

geometries and distortions, a feature that was shown to be essential in the 
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functioning of hemoglobin.39-42 Were it not for relative abundances, other metal ions 

such as copper may have rivalled iron’s usefulness given its redox properties.43  

 

Table 1.2 Some examples of metalloproteins and their associated functions.11  
 

Metal Protein  Function 

Azurin   Electron transport protein (Alcaligenes xylosoxidans) 

Rusticyanin   Electron transport protein (Thiobacillus ferrooxidans) 

Nitrite Reductase   Reduces NO2
- in the nitrification pathway  

(Alcaligenes xylosoxidans) 

Superoxide Dismutase  Scavenges superoxide free radicals 

Ceruloplasmin  A ferrooxidase found in the blood 

Cu 

Hemocyanin  O2 transport in the blood of molluscs and arthropods 

Hemoglobin   O2 transport in the blood 

Myoglobin  O2 storage in muscle tissue 

Transferrins  Iron transport protein found in the blood 

FixL  Heme oxygen sensor protein (Rhizobium meliloti) 

Cytochromes  Participate in important electron transfer reactions  

Peroxidase  Protects against uncontrolled H2O2 oxidation 

Fe 

Cytochrome P450  Activation of O2 with insertion of one of its atoms into the 

substrate and reduction of the other to form H2O 

Co Coenzyme B12  Isomerisation, methylation, etc.  

Nitrogenase  Catalyses the ATP-dependent reduction of dinitrogen to 

ammonia  

ModA  Periplasmic mo-binding proteins (Azotobacter vinelandii) 

Mo 

ModE  Mo-dependent transcription regulator (E. coli) 

Mn Catalase  Reduces H2O2 to O2 and H2O  

Ni Urease  Hydrolysis of urea to ammonia and carbon dioxide 

V Nitrogenase  Catalyses the ATP dependent reduction of dinitrogen to 

ammonia 

Zn Superoxide Dismutase  Scavenges superoxide free radicals  
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Figure 1.5 The abundance of the elements in the universe relative to Si = 104 as a 

function of atomic number. The relative abundances of Fe and Co are highlighted. 

Diagram from Williams.31 

 

Whilst biological systems may have devised mechanisms to increase 

bioavailablility of some essential elements28,31,38,44 it is an energetically costly 

approach. Nature simply elected to either retain the element by changing its role or 

in some instances change the element entirely. Ni, W and Co were of value in 

primitive anaerobic systems.38,45 However, both Ni and W are of little use in higher 

life forms. The use of Co has disappeared almost entirely and it has been replaced 

by other metals as in the case of ribonucleotide reductase.46 However, the use of 

Co(III) still persists in a handful of vitamin B12-related compounds. Why this should 

be the case is not clear, particularly since the more abundant and 
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electrochemically versatile Fe would be the next logical substitution in its evolution. 

In fact, Nature has expended so much energy to retain this particular Co-

macrocycle complex that where some biochemical pathways have become inactive 

due to the presence of oxygen, cobalamin has evolved two synthetic pathways for 

its macrocyclic core: the presumably initial4 anaerobic synthesis and the likely 

subsequent aerobic one.38,47 

 

Cobalt chemistry appears to be straightforward. Cobalt is found in the first row of 

the transition elements and typical geometries include tetrahedral and octahedral 

for a range of oxidation states.40 Whilst cobalt is known to have a wide range of 

oxidation states (-3 to +4)48 the most common are Co(II) and Co(III); the former is 

considered to be a labile metal ion whilst the latter is classically inert.40 The inert 

nature of Co(III) is largely due to the high ligand field stabilization energy 

associated with low spin d6 electron configurations. Co(III) is typically a low spin d6 

metal ion except in the case of weak field ligands such as fluoride. Complexes of 

Co(III) are therefore diamagnetic in the ground state.29,30 It is interesting to note 

that, in very particular instances, Co(III) exhibits some semblance of Co(II)-type 

behaviour, for example, when coordinated by biological macrocycles such as the 

corrin in cobalamins. 6,49,50 

 

1.3 BIOLOGICALLY IMPORTANT MACROCYCLES 

  

The porphyrins are the best known example of biologically-important macrocycles. 

 

Porphyrins are steeped in a rich and fascinating history with records that can be 

traced as far back as the beginning of civilisation. The word itself stems from 

porphura, which refers to the colour purple; porphyrins are renowned for their 

intensely purple colouring. Whilst the etymology suggests a word of Greek 

extraction it actually has older Semitic origins (from purpura) and was used by the 

ancient Phoenicians to describe a type of mollusc. They collected thousands of 
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these snails in order to extract the incredibly rare and coveted pigment called 

Tyrian Purple, which ironically is not a porphyrin at all. Purple dyes were a rare, 

carefully guarded commodity in the early civilisations of the Eastern Mediterranean 

as they were used to indicate people of royal birth as well as high priests, a trend 

that persists in some monarchies today.4,51 

 

In terms of the chemical meaning, ‘porphyrin’ usually describes a number of deeply 

coloured fluorescent pigments of natural or synthetic origin that have a substituted 

tetrapyrrolic macrocyclic ring in common.4,52 The natural porphyrins are effective at 

binding metal ions in order to facilitate many biochemical events; they include the 

hemoproteins, chlorophylls and cobalamins. Strictly speaking, the ‘porphyrin’ is one 

member in a list of structurally similar macrocycles that comprise these pigments 

(see, Table 1.1); other members include chlorins and corrins and are found in 

chlorophylls and cobalamins, respectively. Though the macrocycles used in these 

pigments have similar biosynthetic origins4 with small structural differences, these 

differences are thought to be significant enough to attribute to their functional 

diversity. It is often thought that this type of design-economy is deliberate and 

suggests that these functional dyes have a common ancestry.53 

 

This work recognises and focuses on the structural distinction between porphyrins 

and corrins. Furthermore, their unique chemical nuances as a result of these 

structural differences are examined in order to form a basis for the structure-

function relationship in two types of pigments that contain them: the 

microperoxidases (derived from proteolytic digestion of a hemoprotein) and 

cobalamins, respectively (see later, Sections 1.4, 1.5). 
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 1.3.1. Porphyrins 

   

The ubiquitous porphyrin macrocycle that has intrigued researchers for decades 

stems from the porphin structure and consists of four pyrrole rings linked together 

by methine bridges at their α-carbons.4,7 According to the IUPAC system α-carbons 

are at C1, 4, 6, 9, 11, 14, 16 and 19; β-carbons are at 2, 3, 7, 8, 12, 13, 17 and 18; 

meso carbons are at C5, 10, 15 and 20. Meso carbons are usually designated for 

convenience α, β, γ and δ, respectively (Figure 1.6).4,7 These deeply coloured 

heterocycles exhibit pseudo D4h symmetry and are aromatic (22 π-electrons, with 

18 electrons in any one delocalisation pathway). The conjugation is primarily 

responsible for their deep colouring with intense Soret absorbance bands (ca. 400 

nm) and very high extinction coefficients.41,54,55 Their four pyrrolic nitrogen atoms 

point directly into the ring cavity. When these nitrogens are deprotonated they 

create a formidable ligand capable of coordinating with almost any transition metal 

ion as well as some non-metals such as phosphorous.56 Whilst porphyrins are 

known to complex an impressive range of metal ions (for example, from the first 

row of the d block, Ti,57-59 V,60-62 Cr,63,61 Mn,65-67 Fe,68-70 Co,71-73 Ni,74-76 Cu,77-79 and 

Zn80-82), it is only the iron porphyrins that have exhibited firm evidence of biological 

activity and subsequently serve as prosthetic groups (see later in this 

Section).2,4,11,37,39,41   

 

In general, porphyrins are regarded as planar (e.g. octaethylporphyrin).49,50 

However, they have been shown to exhibit a fair degree of flexibility, often 

distorting and changing conformations.83-85Understanding what contributes to the 

changes in porphyrin conformation provides valuable structure-function insight into 

biological porphyrins. With this in mind, porphyrin molecular mechanics 

studies83,84,86-89 are often undertaken as a function of ionic radii (of the central 

metal), orientation of axial ligands and peripheral substituents.90  
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This flexibility is most apparent on coordination with metal ions as the porphyrin 

distorts in order to accommodate the ion; the degree of distortion depends on the 

size of the metal ion.91 When the metal ion is significantly smaller than the cavity, a 

‘ruffled’ conformation is obtained.85 The mean planes of opposite pyrrole rings twist 

such that the meso carbon atoms of each pyrrole ring are alternately above and 

below the mean porphyrin plane; here the nitrogen atoms are closer to metal ion. 

In the case of a larger metal ion, the opposite pyrrole rings tilt relative to each other 

in a ‘saddle’ conformation such that the metal ion is raised out of the porphyrin 

plane in a ‘doming’ fashion.91,92 

 

Other reasons for porphyrin distortions are also possible. For example metal-free 

porphyrins distort as a result of repulsions between protonated central nitrogen 

atoms.7,52 Bulky substituents on the methine bridging carbons also cause the 

porphyrin to buckle and twist in order to try and maintain its planar conformation.93 

A loss of aromaticity due to oxidation of the porphyrin also heavily distorts the 

macrocycle.4,7 

 

 

Figure 1.6 Porphin: the backbone of all porphyrins. Substituted porphins are known as 
porphyrins. The blue pathway indicates the delocalised 18 π electron system. Whilst Hans 
Fischer is often credited with identifying this structure in 1929, it was originally proposed by 
Küster in 1912.1,4 
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The basicity of the macrocycle is a physiologically important factor. Porphyrins 

have two weakly acidic pyrrole nitrogen atoms. Naturally occurring porphyrins have 

carboxylic acid side chains, mostly propionic or acetic acid side chains, which, 

when ionised, increase the basicity of the porphyrin ring.54  The presence of 

electron-donating substituents on the porphyrin ring also increases the basicity of 

the porphyrin nitrogen atoms.  

 

Synthetic porphyrins are typically generated through variations on the original 

Fischer synthesis and are generally stable complexes.4 They do, however, have a 

propensity for aggregation and degradation and exhibit solubility difficulties under 

certain conditions.7,94,95 These conditions are regulated by the use of detergents 

and non-aqueous solvents to monomerise the porphyrins.96 The porphyrin 

macrocycle, depending on the peripheral substituents, is sometimes light-sensitive 

and subject to photooxidation and photoreduction reactions; experiments are 

therefore routinely conducted under low light and low oxygen conditions.7,52  

 

In biological porphyrins on the other hand, the peripheral substituents are 

functionally important and aid in solubility; many are substituted with either acetic- 

or propionic acid groups on all eight β-positions. They may be arranged to produce 

four type isomers (I, II, III, IV; Figure 1.7) of which III is the most functionally 

significant in biology probably because it is the most abundant.4 For example, 

uroporphyrinogen III (III to denote the isomer) is a precursor in the biogenesis of 

hemes, chlorophylls and cobalamins (Figure 1.2).4  
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Figure 1.7 Schematic representation of the four porphyrin type isomers.1,4  

 

The best known biological porphyrins are the iron-containing hemes found within 

the native hemoprotein.4,39,41 These macromolecules serve as fundamental 

building blocks for self-assembled structures due to their relatively rigid geometry, 

ease of substitution and selective axial ligand coordination chemistry. The 

porphyrin dianion binds iron (formally II or III in the resting state) in its preferred 

octahedral geometry.29 Here the macrocycle occupies four ‘equatorial’ coordination 

sites leaving the two ‘axial’ coordination sites open for ligand binding. Under 

normal conditions the 5th or proximal site is coordinated by N (His), S (Cys or Met) 

or O (Tyr) donors whilst the 6th (distal) site may or may not be occupied; in the 

latter case it is usually coordinated by water or an amino acid residue.55 All these 

features are exploited by hemoproteins to carry out their diverse biological 

functions such as the transport and storage of dioxygen (hemo- and myoglobin),97-

99 the transfer of electrons (cytochromes),100,107 oxidation of organic compounds 

(peroxidases and cytochrome P450),97,98,101,102 disproportionation of hydrogen 

peroxide (catalases)97,98 and the reduction of oxygen (terminal oxidases).98,100 It is 

remarkable that such a wide variety in functionality relies predominantely on the 
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reactivity of a single metal ion immediately suggesting that the ligands (both axial 

and equatorial) are responsible for modulating the function of the heme iron. 

 

Central to hemoprotein functionality is the ability of the porphyrin macrocycle to 

modulate the redox potential of the iron.55 Fine-tuning these redox potentials are 

achieved in a number of ways.43,55 These include ligand selectivity, for example, a 

hard ligand such as N in imidazole favours Fe(III) over Fe(II) whilst the opposite is 

true in the case of the softer S donor in thioether thereby affecting the redox 

potentials.43,55 Another way is by the hydrophobic protein environment destabilising 

the formation of a positive charge in deeply-buried heme groups. Marchon et al., 

have also shown that the change from CH(S-cysteinyl)CH3 to CH=CH2 to CHO 

(heme c to b to a) shifts redox potentials (ca. 100 mV).103  

 

The positions and combinations of the various peripheral substituents in 

porphyrins104 and especially in hemes84,55 invariably lead to electronic differences 

which in turn have a consequence for the reactivity of the metal ion. The intensely 

coloured heme a, b and c, are based on the position of their lowest energy 

absorption band at ca. 600 nm, 563 nm and 550 nm, respectively.2 Heme a (e.g. 

cytochrome c oxidase) is different to heme b in that the methyl side chain is 

oxidized into a formyl group and one of the vinyl groups has been replaced with an 

isoprenoid group. Heme b is the most prevalent where hemoglobin and myoglobin 

are the best known examples. Heme c (e.g. cytochrome c) differs from heme b in 

that the two vinyl side chains are covalently bound to the protein itself. Cytochrome 

c is a relatively small heme protein found loosely associated in the inner walls of 

the mitochondrion and does not bind oxygen. Unlike other cytochromes, it is a 

soluble protein, essential in electron transfer and is capable of undergoing 

oxidation and reduction.  

 

Understanding how hemoproteins control and modify the properties of the active 

site in order to achieve such diverse functionality is of interest. Munro’s extensive 

survey of the available hemoprotein literature demonstrated that there is much that 
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is unclear in the understanding of their mechanisms and chemistry.84 The most 

common way to gather insight into hemoproteins would be to compare the 

properties of protein-bound and protein-free model heme groups. His survey 

further indicates that the results obtained from model studies on iron porphyrins 

cannot be formally separated from those obtained on the actual hemoproteins but 

are in fact, complementary.84 For this reason, biomimetic models105 such as simple 

iron porphyrins and especially heme fragments have become essential tools in the 

elucidation of these complex structure-function relationships in biological systems.7 

Attractive biomimetic models for heme studies are the microperoxidases (MP) 

which are the smaller digestion products derived from cytochrome c.106 Since they 

are derived from a hemoprotein, they have the benefit of being soluble under 

physiological conditions and contain the same axial ligands as the native 

protein.55,84 Commonly studied heme fragments include microperoxidase-11 and 

microperoxidase-8; the latter will be discussed further (see later, Section 1.4). 

 

 1.3.2. Corrins 

 

Corrins are another biologically significant tetrapyrrole closely resembling the 

porphyrins in structure and yet remarkably different in function. The corrin 

resembles the porphyrin ring in that they are both heterocyclic with four pyrrole 

subunits orientated into a ring structure with inward-facing nitrogens (Figure 1.8). 

These subunits are joined on either side by a C-CH3-bridge. In contrast to the 

porphyrin, the corrin has two pyrrole rings that are directly attached.1-4 

 

The missing methine bridge has the effect of lowering the overall symmetry to C2v. 

Moreover, with 10 saturated carbon atoms at the periphery the conjugation of the 

outer part of the ring is destroyed and the symmetry is lowered again to C1.49 This 

feature together with the high number of sp3 hybridised carbon centres makes the 

corrin ring smaller and considerably more flexible than the porphyrin ring. Corrins 

are non-planar whilst porphyrins tend to be flat with the ability to adopt various 
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conformations under certain conditions (Section 1.3.1). These features allow for 

some considerable differences in chemistry of corrins and porphyrins (see Section 
1.3.3). 

 

Corrins are also partially conjugated through the ring structure with a 14 π-electron 

system. Relative to porphyrins, they have a ‘3/4’ conjugation with their ‘edge 

carbons’ being saturated. These structural features have a profound effect on their 

colour, electronic spectra and subsequently on ligand binding (Figure 1.9). 

 

Corrinoids are seldom metal-free107,108 and occasionally coordinate to metals such 

as Pd, Rh, Ni, Zn109-112 with a strong preference for cobalt, found in Nature as the 

cobalamins. Cobalamins are remarkably complex, its complexity marked by the 

inclusion of the rare, inert Co(III) ion. That this Co(III)-complex should be a 

biological catalyst is thus very unusual and suggests that the corrin modifies the 

chemical properties of Co(III) (see later, Section 1.5). 

 

 

Figure 1.8 The cobalt corrin structure. The red pathway indicates the delocalised π 
electron system.  
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Figure 1.9 Comparison of corrin and porphyrin electronic spectra. The spectrum of the 
metal-free corrinoid (black) from Chromatium is adapted from Toohey107 and is superimposed 
against Co(III)-corrin (red), Co(III)-porphyrin (green) and metal-free porphyrin (blue) spectra to 
compare peaks and relative wavelength shifts but not intensities.  

 

 1.3.3 A comparison of porphyrins and corrins 

   

Porphyrins and corrins are compared here in three ways. Firstly, the evolutionary 

implications are examined in relation to their biosynthesis. Secondly, the general 

structural similarities and differences are summarised in relation to function. Lastly, 

the chemical properties of each macrocycle are compared.  

 

A longstanding question has been to identify which came first, porphyrins or 

corrins? It is widely accepted that the early atmosphere was a reducing one with 

very little free oxygen, consisting of H2O, methane, CO2, nitrogen, ammonia and 

hydrogen.51,113-119 It therefore seemed unlikely that porphyrins would have been the 

progenitor given that its synthesis is dominated by a series of controlled oxidation 

steps. Thus the prevailing view is that corrins, synthesised almost exclusively by 

B12a 
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anaerobic bacteria (the evolution of an aerobic pathway was presumably to survive 

selection pressures in an oxygen-rich atmosphere), is the earlier 

macrocycle.38,47,120-131 Further evidence suggests that corrins were functionally 

significant before porphyrins; key cofactors in early enzymatic reactions such as 

ribonucleotide reduction involved corrins, not porphyrins.38,47,124 By examining the 

distribution of corrins within organisms in relation to evolution and lifestyle 

adaptations, it seems plausible that corrins came first (Figure 1.10).47  

 

Georgopapadakou and Scott summarised the most compelling arguments for a 

corrin progenitor in five critical points.132 Firstly, they reasoned that most corrins 

are produced anaerobically and by bacteria only. Secondly, corrins are less 

oxidised than porphyrins. Next, they are more polar than either hemes or 

chlorophylls. They then suggested that functionally it is the porphyrin that is 

involved in free oxygen transfer and transport type reactions, not cobalamins. In 

contrast, cobalamin’s methionine  homocysteine reaction can occur under 

reducing conditions. Lastly, cobalamins not porphyrins feature in the 

phylogenetically old hydrogenase reaction. 

 

That said, Miller’s classical experiment showed that among the plethora of 

products in his ‘primordial soup’ were organic compounds like cyanide, 

formaldehyde and pyrrole, known precursors of simple laboratory porphyrin 

synthesis.51,113-116 Not only were Simionescu and co-workers able to confirm these 

findings, they also found porphyrin in their experiments albeit in trace amounts.117 

Moreover, they were able to demonstrate the presence of δ-aminolevulinic acid 

(ALA) under these prebiotic conditions117 which Scott and co-workers later showed 

to be crucial in the biosynthesis of porphyrins (Figure 1.2).126-131 Based on this and 

on Nature’s impressive sense of economy, Dolphin had posited that the 

biosynthesis of cobalt corrins may have in fact arisen from cobalt porphyrins.133 

Cobalt porphyrins have indeed been observed in Nature for example in 

isobacteriochlorins found in early prokaryotes.134 But perhaps the most compelling 

evidence for early porphyrin ancestry was presented by Eschenmoser in the 
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demonstration of anaerobic porphyrin synthesis using amino nitriles and 

montmorillonite clay.118,119 Still, that such a ubiquitous compound would be present 

in low yields seemed unlikely. 

 

Figure 1.10 Distribution of cobalamin synthesis and utilisation in organisms adapted 
from Roth et al.47 The wedges show the general direction of evolution in relation to oxygen 
importance in each type of organism. This diagram shows that corrins are largely 
associated with anaerobic environments and organisms and thus is a feature of early life. 
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The biosynthesis of porphyrins and corrins are compared (Figure 1.11). Scott and 

co-workers showed that porphyrins and corrins do indeed share a common 

biosynthetic pathway up to a point; their respective biosyntheses diverge at uro’gen 

III (see Figure 1.2).126-131 What is immediately striking is the complexity of the 

corrin biosynthesis in relation to the porphyrin. The porphyrin has one fairly 

straightforward aerobic pathway to produce its fully aromatic structure followed by 

metal complexation and attachment to the native protein. The corrin however, has 

two pathways (aerobic and anaerobic), each with three parts: synthesis of the 

corrin ring (different in each pathway), adenosylation and the nucleotide arm. 

Under aerobic conditions methylation and ring contraction takes more steps (thus 

energetically more demanding than anaerobic) and cobalt insertion happens much 

later, after ring contraction.47, 125 Roth et al., suggests that this uro’gen III pathway 

first evolved to produce the corrin rather than the porphyrin because uro’gen III’s 

asymmetry (Figure 1.7) is necessary for the corrin’s ring contraction; that porphyrin 

and chlorophyll biosynthesis branched on later is part of Nature’s economy.47  

 

The laboratory synthesis of the corrin puts the biosynthesis into perspective. The 

first (and only) reported full synthesis of a cobalamin in the laboratory was 

achieved by about 100 researchers in two separate research groups; the entire 

effort spanned over 90 synthetic steps and took over a decade to complete with 

each group working on only half a corrin.4 On the other hand, the synthesis of 

porphyrins in the laboratory is far less daunting, requiring only a handful of steps.4 
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Figure 1.11 Comparison of corrin and porphyrin biosynthesis (following on from Figure 
1.2).1,4,6,18,47,120-131 The red box indicates the straightforward heme biosynthetic pathway; 
the annotations in orange indicate the generalised steps in order to achieve the final 
hemoprotein from the common Uro’gen III ancestor; blue annotations describe the step; 
red annotations indicate the main enzymes involved. Similarly, the blue box describes the 
complex cobalamin biosynthetic pathway. For brevity, the specific actions and enzymes 
are omitted here. Two biosynthetic pathways produce the corrin ring, the anaerobic 
pathway with early cobalt-insertion before ring contraction (red) and the aerobic pathway 
with later cobalt-insertion after ring contraction (blue). The purple annotation indicates 
steps common to both pathways such as the subsequent adenosylation, formation and 
attachment of the nucleotide arm. The green box indicates metal insertion steps. 
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Another common question is if the corrin is indeed an artefact of evolution and 

succeeded by the porphyrin, why then does the corrin still persist, and more 

specifically why with cobalt?134,135 The general structural and chemical aspects of 

porphyrins and corrins are summarised relative to their function in order to provide 

some insight (Section 1.3.1, 1.3.2). Some important structural differences that 

impact on function between these two macrocycles include ring flexibility, cavity 

size and metal ion preferences.   

 

Porphyrins have four pyrrole rings linked together by methine bridges (Figure 1.6). 

As a result, the structure exhibits D4h symmetry, is fully conjugated (22 π-electrons 

with an 18 electron conjugation system) with its aromaticity distributed throughout 

the entire macrocycle. Consequently, there are fewer sp3 hybridised carbons 

available to the porphyrin. These features make the porphyrin flatter and more rigid 

with a larger cavity size than the corrin. The extent of flexibility and resulting 

conformations depends largely on the type of metal ion the porphyrin tries to 

complex (Section 1.3.1). The corrin on the other hand, has two pyrrole rings 

directly attached (a 14 π-electrons conjugation system), a feature that lowers the 

symmetry to C2v; partial conjugation then diminishes the symmetry further to C1 

(Figure 1.8). These features together with the number of sp3 hybridised carbons, 

destroy planarity, enhances flexibility and creates a smaller central cavity, all of 

which are functionally significant in cobalt corrins.50,137 

 

Corrins exhibit a clear preference for the rare metal cobalt and are seldom found to 

complex others metal ions. One way to rationalise this preference is from an 

evolutionary standpoint. Accepting that corrins came first in an early anaerobic 

reducing atmosphere and that these macrocycles exploit transition metals for their 

redox properties, then the metal ion best at accessing lower oxidation states would 

be preferred. Cobalt is commonly found in the +2 and +3 oxidation states. But 

unlike other first row transition metals like Cr or Fe, cobalt in cobalamins may be 

reduced further to the lower +1 state in order to perform its catalytic functions. On 
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changing to an oxidising aerobic environment, abundant metal ions that have 

access to high valency states and multiple spin states such as iron would then be 

selected for. Porphyrins, presumably the successor species, are there able to 

complex a wide variety of transition metal ions with a distinct preference for iron.  

 

However, it still does not explain why corrins persist with Co under contemporary 

conditions where Fe would be better suited. One theory suggests that the corrin 

evolved specifically to house the smaller yet redox-versatile cobalt ion.6,32,119,135 

This feature, together with the corrin’s flexibility are important in labilising the Co-C 

bond; selective lability being essential to cobalamin’s catalytic functioning (see 

Section 1.5).50 To this end it has further been suggested that Co(II) in corrin is 

unique among the 1st row transition metals in that it can provide a stable direct one 

electron radical.138 Pratt argues that the Co preference is due to Co(III) being able 

to form a very covalent M-L bond with low promotion energies.6,135 

 

The natural progression is therefore to ask why hasn’t the porphyrin replaced the 

corrin in cobalamins? Although rare, natural cobalt porphyrins are observed in 

selected isobacteriochlorins.138 There is clearly something unique about the way 

the corrin modifies the chemistry of the cobalt ion in order to achieve optimum 

catalytic functioning by labilising the Co-C bond137; a way that cannot be achieved 

by a cobalt porphyrin. One argument that favours the cobalt corrin specialisation 

pertains to mechano-chemical trigger mechanisms.50,42 Enzyme-induced 

conformational distortions to weaken the Co-C bond are facilitated by the corrin’s 

flexibility, steric crowding and smaller cavity size affording the release of strain 

energy during catalysis.50,137 However, evidence suggests that such a 

conformational change is unlikely to drive cobalamin’s catalytic reactions.139-143 

Interestingly, Rovira and co-workers Density Function Theory (DFT) work 

suggested that one of the reasons Nature may have elected for a cobalt corrin 

system is because the carbon-ring is capable of enduring some electronic changes 

without significantly affecting Co-N distances (as opposed to instances in iron 

porphyrin where the metal moves out-of-plane).144 This may be facilitated by its 
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ability to exist in different conformations each with differing redox potentials, a 

feature unique to the corrin.134 

 

Perhaps the most significant contribution in this area was made by Jensen and 

Ryde using DFT calculations.49,143,145 Their comprehensive comparison of corrins 

and porphyrins focussed primarily on the geometric, electronic and functional 

properties of cobalt and iron porphyrins and corrins. The salient points for the Co-

corrin and Fe-porphyrin specificity from their work are summarised.49,143,145  

 

Firstly, they showed that Co-corrin and Fe-porphyrin combinations are 

thermodynamically stable, more so than Co-porphyrins and Fe-corrins. They 

showed that the reasons for this stability were less chemical and more structural in 

nature; the differences in cavity size between the two rings (ca. 22 pm) contributed 

significantly towards the selection of metal ions. The smaller corrin ring fits the 

smaller cobalt ion perfectly and favours cobalt’s low-spin oxidation states; Co-

corrin species are always low-spin and the strain on the ring is small. This feature 

is important in labilising the Co-C bond. On the other hand, the porphyrin cavity is 

too large to accommodate low-spin Co or Fe, thus intermediate spin states are 

favoured with only small energy differences observed between the spin states. This 

feature is functionally significant in hemoprotein chemistry, for example in oxygen 

binding and activation. It was also observed that Co(I)Cor was energetically easier 

to form than Fe(I)Por. It was also noted that the Co(II/III) couple generated in the 

cobalt porphyrin is far less suited for electron-transfer reactions than the Fe(II/III) 

couple in iron porphyrins. Lastly, their work showed that cobalt complexes are 

more stable towards hydrolysis than iron complexes suggesting that this is why 

cobalamins are employed by Nature for organometallic transfer-type reactions. 

  

1.4 MICROPEROXIDASES (MP) 

  

The proteolytic digestion of cytochrome c leads to the cleavage of the polypeptide 
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chain at specific sites on either side of the heme moiety. The resulting heme 

fragments thus comprise a portion of the native protein covalently attached to the 

heme group. These water-soluble heme fragments, microperoxidases (MP), retain 

their ability to catalyse the monooxygenation of organic substrates by H2O2.146-150 

For these reasons MPs serve as excellent biomimetics for a number of reactions 

catalyzed by hemoproteins such as the peroxidases and the cytochromes P450.151-

154  Typical MPs obtained from the digestion include FeMP11, FeMP9, FeMP8 and 

FeMP6 (Figure 1.12). MPs are usually derived from horse cytochrome c; 

Saccharomyces and R. rubrum have been used as alternative cytochrome c 

sources; however sequence variants have been observed.155,156 

 

 

Figure 1.12 Hexacoordinate Fe(III) heme fragment from the proteolytic digestion of 
cytochrome c. Diagram shows the following fragments: FeMP6 (Cys-14 to Thr-19); FeMP8 
(Cys-14 to Glu-21); FeMP9 (Cys-14 to Lys-22) and FeMP11 (Val-11 to Glu-21). The amino 
acid sequence is numbered according to that of horse cytochrome c.84 
   

Tsou first reported on the proteolytic digestion of horse cytochrome c using pepsin 

(pH 1.5; 20 oC; ~20 h). His putative FeMP11 heme-peptide (Figure 1.12) had 
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ascorbate oxidase properties and was able to bind CO and NO.146-148 Tuppy and 

Paleus149 subsequently reported on the preparation of FeMP11 using two pepsin 

additions (pH 1.55-1.60; 48 hours); this was to overcome inhibition of the enzyme 

by heme-free peptides in the reaction mixture. Their work showed that proximal 

coordination site was occupied by His-18. They also found two pKas: 3.4 and 5.8 at 

20 oC, which they attributed to the protonation of His-18 leading to the ‘base-off’ 

state, and to the deprotonation and intermolecular coordination (and thus 

aggregation) of either Val-11 (α-NH2) or Lys-13 (ε-NH2), respectively. Wilson et al., 

subsequently confirmed these findings but attributed a third pKa (7.6 at 20 oC) to 

the aggregation of Lys-13.157 Aggregation in metalloporphyrins may occur in at 

least two ways. Firstly, it may occur by covalent intermolecular coordination.229 

Secondly, it may occur by non-covalent π-π stacking. The latter is usually easily 

resolved by dilution or by the addition of dispersal agents whilst the former often 

requires structural changes to the coordination site.158-160 

 

Harbury and Loach recognised the problem of FeMP11’s aggregation by 

intermolecular coordination as early as 1959. They then reported on the protection 

of the amino groups on Val-11 and Lys-13 by acetylation (NAcFeMP11) as a 

means to diminish aggregation.161,162 Though this method was apparently effective 

at minimising aggregation it was oddly only really explored about 40 years later at 

which point the acetylated MP was shown to be monomeric up to 0.6 mM at neutral 

pH using LCMS and ESR data.163-165 In the mean time aggregation in FeMP11 has 

been confirmed by techniques such as Mössbauer,166-168 EPR,167,169 Raman,170 

NMR,171,172 ORD, CD and UV-vis spectroscopy.173 Solution studies such as ligand 

binding157 reactions thus reflect a degree of ambiguity and FeMP11’s usefulness 

as a biomimetic for hemoproteins was compromised.  

 

Obtaining FeMP11 structural information was also complicated by aggregation e.g. 

magnetic studies.166,167-170,172  There has however, been a single 1H NMR study on 

the monomeric cyanide complex of FeMP11. Interestingly, the results show that 

25% of the heme moiety (considering both faces) is shielded from solvent because 
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the bulk of the peptide (Lys-13 to Glu-21) coils underneath in an α-helical 

conformation similar to that exhibited by cytochrome c.174  However, the α-NH2 on 

the Cys-14 is exposed and may able to interact with solvent or allow for 

intermolecular coordination by a neighbouring heme group to form a low-spin 

dimer.175,176 MPs are a classical example of a conformationally fluxional species 

and are therefore known to resist crystallisation. To date there has been only one 

MP crystal structure; Ni and Tezcan were able to crystallise FeMP9 by using a 

molecular host, the so-called ‘zinc-directed protein cage’, to stabilise the MP 

through encapsulation.177 

 

In 1951 Tsou reported on the tryptic digestion of cytochrome c. (pH 8.5; 24 oC, 20 

h).147,148 The fragment was autoxidisable and the reduced form could bind CO; the 

fragment was reportedly FeMP9 (Figure 1.12). Subsequently, Tuppy and Bodo 

produced FeMP9, confirmed by degradation methods, through tryptic digestion of 

cytochrome c (pH 8.0; 37 oC; ~22 h).178,179 In principle, FeMP9 is readily prepared 

by a single tryptic digestion and isolated by gel chromatography180,181, however it 

has attracted little attention as a biomimetic since its chemistry is dominated by 

aggregation through intermolecular coordination of the amino groups on Cys-14 

and Lys-22.180-183 Having said that, Baldwin et al., demonstrated that FeMP9 may 

be monomerised in 20% MeOH but at very low heme concentrations (< 1 µM).182  

 

FeMP8 was isolated by Tuppy and Paleus as an artefact of the FeMP11 synthesis 

(Figure 1.12).149 They produced FeMP8 from the tryptic digestion of FeMP11 in 

dilute ammonia (36 oC; 23 h). Several modifications175,184 to this original method149 

have since been made, the most significant of which have been contributed by 

Adams et al.153 They showed using HPLC, that the maximum yield of FeMP11 from 

the peptic digestion of horse cytochrome c was obtained after only 2 hours (pH 2.1; 

40 oC). The two important steps were firstly the salting-out of FeMP11 at its 

isoelectric point (~ pH 5) which was stabilised using ammonium sulphate (although 

the ‘salting-out’ method has recently been shown to exacerbate aggregation160,185). 

Secondly, this mixture was centrifuged into a pellet; the nonheme-peptides were 
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separated out into the supernatant and prevented from interfering with the 

subsequent tryptic digestion (pH 8.5; 40 oC; 15 min) thereby ensuring quantitative 

FeMP8 yields. Although FeMP8 is the most commonly studied MP, it is also 

expensive; Adams’ method allows for the production of large quantities (100 – 150 

mg) of FeMP8.153 Under monomeric conditions (< 2 µM) FeMP8 is a promising 

model for example in the catalytic cycle of peroxidise enzymes.186-188 

 

Like most MPs, FeMP8 chemistry is often complicated by aggregation effects 

though to a lesser extent than FeMP11 or FeMP9. Harbury and Loach showed that 

the Soret of both FeMP8 and NAcFeMP11 remained fixed at 398 nm on dilution 

from 20 to 0.2 µM (pH 7).162 These findings suggested that both species were less 

susceptible to aggregation by non-covalent π-π stacking than FeMP11; however it 

is unlikely that dilution would sufficiently monomerise a covalently coordinated 

aggregate. They later showed that FeMP8 was monomeric at 10 µM; the pH was 

unspecified.189 Aron et al., however, demonstrated deviations from Beer’s Law as a 

result of dimerisation at concentrations as low as 2 µM (pH 7.00; 25 oC); their 

spectroscopic evidence strongly suggested that the aggregation was through 

intermolecular coordination of the amine on Cys-14.175 Urry and Pettegrew 

confirmed these results using ORC, CD and difference absorption spectroscopy 

(ca. 10-6 to 10-3 M); their findings also exhibited of non-covalent π-π stacking.176 

 

Methods of combating aggregation in FeMP8 may be considered a two-fold 

approach. Firstly, additives may be used such as detergents191,192,222 and/or non-

coordinating solvents175,190,191 as surfactants in FeMP8 solution preparation; this 

works best for non-covalent π-π aggregates. Alcohol solutions such as 20% 

methanol are commonly used to monomerise MP solutions (e.g. in 

thermodynamic190-192 and kinetic193,194 experiments); however this environment no 

longer mimics physiological conditions and values may differ from those obtained 

in aqueous systems. For example, three pKa values for FeMP8 were initially found 

in 20% methanol at 25oC (pKa in brackets).175 These correspond to the 

deprotonation and coordination of the histidinium cation (4.43), ionisation of the 
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iron-bound water (8.90) and His-18 to the histindate species (10.48), respectively. 

However, six pKa values were found under aqueous conditions.84 These 

correspond to the deprotonation and coordination of the C-terminal carboxylic acid 

group (2.2) and of the histidinium cation (3.5); to the ionisation of the heme 

propanoic acid subtituents (4.9) and of iron-bound water (8.89), to the 

deprotonaton of N-terminal ammonium group of Cys-14 (10.42) and of iron-bound 

His-18 to form histidinate (13.5). These results have two interesting features. 

Firstly, that the addition of alcohols to MP systems may in fact alter the 

coordinating environment thereby influencing the values obtained. Secondly, the 

seemingly remote functional groups on FeMP8 appear to be optically active; their 

ionisation appears to perturb the electronic structure of the porphyrin in some way. 

 

In the case of intermolecular coordination it is often necessary to structurally 

modify the coordinating moieties by derivatisation, for example, by acetylation. 

Acetylation of the α-NH2 group of Cys-14 on FeMP8 to form NAcFeMP8 

suppresses this type of aggregation up to concentrations where it can be 

conveniently studied by conventional UV-vis spectroscopic methods.15,163,189,195  

Yang and Sauer were the first to publish evidence that acetylation of FeMP8 

minimises aggregation in this species.196 However, their acetylation and pH 

methods were unclear. Wang and van Wart195 subsequently presented Raman 

work on NAcFeMP8 however their work did not conclusively indicate that 

acetylation prevented aggregation. The first definitive evidence for the suppression 

of aggregation by acetylation in FeMP8 was presented by Marques and Munro.198 

Their work showed that NAcFeMP8 remained monomeric up to 30 µM with a self 

association constant that was an order of magnitude lower than that of FeMP8.175 

 

The acetylation of FeMP8 is an attractive means to diminish aggregation because 

NAcFeMP8 still retains its biomimetic capabilities under physiological conditions 

and can therefore be directly compared to hemoproteins in aqueous solutions.198 

NAcFeMP11 is water soluble and retains the proximal His-18 ligand above pH 2 

whereby the distal coordination site is occupied by a water molecule that is readily 
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replaced by exogenous ligands from solution.198 

 

Metal-substituted enzymes are commonplace in the study of structure-function 

relationships especially regarding the role of the metal ion.199 For example, the 

allosteric analogue of hemoglobin, cobalthemoglobin, showed that it was the 

motion of the proximal histidine ligand and not the metal ion that triggered allosteric 

transitions.199 Thus, another way to examine the significance of iron in the heme 

system is to replace the iron with another transition metal. The main challenge here 

is to successfully remove iron without the heme fragment disintegrating. The 

removal of iron from ferric hemepeptides and the insertion of other metal ions have 

been reported. Three methods of demetalation have been examined. The first 

method involves the removal of the entire heme moiety from the polypeptide chain 

and replacing it with an entirely different metalloporphyrin containing the desired 

metal ion. This complex method is labour-intensive and less desirable.208  

 

The second microperoxidase demetalation method can be effected by treatment 

with anhydrous HF at –78 oC197 or at room temperature200 to produce the metal-

free peptido-porphyrin. Heating with manganous or zinc acetate at 40–55 oC for 2 h 

in aqueous solution197,201 or with nickel acetate at 75 oC200 followed by purification 

by reverse phase chromatography197,201 or by dialysis200 leads to the metalated 

hemepeptide. This method is hazardous as it involves the use of HF. 

 

An alternative procedure that avoids use of HF involves the reductive elimination of 

iron that occurs on treating a solution of the hemepeptide in deaerated cold acetic 

acid with ferrous chloride in concentrated HCl.202-204 Separation of the demetalated 

hemepeptide from the iron salts is by size exclusion chromatography.202 Stirring 

with manganous chloride at 40 oC in ammonium acetate (pH 5.5) for about 60 h 

leads to metalation of the porphyrin.205 Alternatively, metals such as zinc, copper 

and nickel can be inserted into the metal-free peptido-porphyrin dissolved in 1:3 

pyridine:acetic acid by heating with the metal sulfate or chloride at 80 oC for 10 min 

under N2 followed by precipitation of the metallopeptide with acetone.203,204,231,232  
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Porphyrins are extensively-conjugated macrocycles and are thus brightly coloured; 

they therefore have intense and characteristic electronic spectra. Consequently, 

electronic spectroscopy is a convenient tool for probing the structure of these 

molecules. The spectra of iron porphyrins are dominated by the π-electron system. 

Representative spectra for ferric and ferrous high and low spin iron porphyrins are 

reported (Figure 1.13). Typical hemoprotein examples and representative 

electronic assignments are shown (Table 1.3). Typical low and high spin ferrous- 

as well as low and high spin ferric hemoproteins include oxymyoglobin (which is 

analogous to low spin d6 cobalt porphyrins), deoxymyoglobin, aquometmyoglobin 

and metmyoglobincyanide, respectively.  

 

There are two main characteristic features in hemoprotein spectra. Firstly, there is 

an intense band near 400 nm region called the Soret or B band; this is 

accompanied by a slightly higher energy vibrational overtone, B(1,0), and a broad 

N band in the UV region (ca. 350 nm). Secondly, there are two lower intensity 

bands near the 550 nm region called Q bands; these are designated Qo and Qv or 

α- and β bands, respectively. These bands are all accounted for by an 18 π-

electron model. Qo and B bands are due to transitions from π (a1u, a2u) to π* (eg
*) 

porphyrin orbitals. Qv is of vibronic origin and is sometimes denoted as Q(1,0); 

Q(2,0) bands may also be observed. The N band arises from the a2u, b2u (π) to eg 

(π*) transition. Other lower intensity bands are tabulated (Table 1.3). A very 

characteristic low-intensity band is noted in the 690 nm region (690 nm in 

azidometMb, and 695 nm in ferricytochrome c with His and Met as axial ligands) 

which is diagnostic of the structural integrity of the heme environment; this arises 

from the porphyrin to metal charge transfer transition.55,206-209 

 

Whilst the spectra of Fe porphyrins may not be very sensitive to the identity of the 

axial ligand, they are sensitive to their ligand field strength. For example, high-spin 

Fe(III) porphyrins have distinctive porphyrin to metal charge transfer bands 

between 650 and 580 nm which is absent in the low-spin complex. 55,206-209 
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Figure 1.13 Typical UV-vis spectra of ferric (A) and ferrous (B) iron porphyrins in high 
(red) and low (blue) spin states. Low spin ferrous porphyrin spectra are also used as a 
model for low spin d6 cobalt(III) porphyrin spectra (e.g. NAcCoMP8). 55,206-209 
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Table 1.3    Electronic assignments that accompany Figure 1.13. 55,206-209 

 

Hemoprotein  λ /nm 
(solid state) 

 Assignment 

 348  N 
MbO2 

 398  B(1,0) 

  418  B 

(Low spin Fe(II))  476  a2u (π)  a1g (dz2) 

  542  Qv 

  580  Qo 

  645  eg (dπ)  eg (π*) 

  925  a1u, a2u (π)  O2 (πg) 

 406  B(1,0) 
deoxyMb 

 433  B 

  513  Q(2,0) 

(High spin Fe(II))  556  Qv 

  607  Qo 

  626  a1g (dz2)  eg (π*) 

  757  b1g (dx2-y2)  eg (π*) 

  930  eg (dπ)  eg (π*) 

 357  N 
metMbH2O 

 386  B(1,0) 

  408  B 

(High spin Fe (III))  467  a'2u (π)  a1g (dz2) 

  505  Qv 

  545  Qo 

  581  a1u (π)  eg (dπ) 

  633  a2u (π)  eg (dπ) 

 357  N 
metMbCN- 

 400  B(1,0) 

  421  B 

(Low spin Fe (III))  487  a2u (π)  a1g (dz2) 

  545  Qv 

  581  Qo 

MbO2 Oxymyoglobin; shaded region to indicate analogous model for low spin d6 cobalt porphyrins 
deoxyMb Deoxymyoglobin 
metMbH2O Aquometmyoglobin 
metMbCN- Metmyoglobincyanide   
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Ligand binding reactions, especially those using UV-vis spectroscopy, are a 

common method used by researchers in order to probe the nature of the prosthetic 

group in hemoproteins. Monomeric MPs serve as a useful model for the prosthetic 

group in hemoproteins. Since the proximal His-18 ligand is retained as part of the 

amino acid side-chain and the proximal ligand (water) is readily replaced, ligand 

substitution reactions with a wide variety of ligands may be investigated.55,206,207 

 

As mentioned previously, the nature of the distal ligand determines the spin state 

of the metal ion in the MPs. Strong field ligands tend to produce low-spin 

complexes including cyanide, imidazoles and pyridines. Weaker field ligands such 

as azide and sulfite produce complexes that are in spin equilibrium. Predominately 

weak field ligands give rise to complexes that are high spin, such as those that 

complex cyanate, thiocyanate and fluoride. 55,190,193,196,206,207 

 

1.5 COBALAMINS (Cbl) 

  

The relationship between structure and function in relation to cobalamins’ 

remarkable enzymic activity have been the focus of many chemical reviews since 

the determination of its crystal structure in 1964.1,4,6,210 Central to this inquiry is the 

nature and cleavage of the Co-C bond. To this end, the role of the corrin 

macrocycle is often highlighted together with that of the nucleotide and 

apoenzyme. This section will therefore focus on how the corrin influences the 

lability of the Co-C bond in order to achieve its function. 

 

Coenzyme B12 (AdoCbl) comprises a Co-corrin macrocycle with an alkyl-bound 5’-

deoxyadenosyl and an N(1)-coordinated 5,6-dimethylbenzimidazole (DMB) in the 

distal and proximal positions, respectively (Figure 1.14). The trivalent cobalt (d6) is 

therefore a hexacoordinate metal centre; the overall charge is balanced by the 

corrin’s monoanion, the anionic adenosyl group and the negatively charged 

ribophosphate group on the DMB ligand. Methylcobalamin (MeCbl) has a methyl 
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group in the distal position whilst cyanocobalamin, the vitaminic form, has a CN- 

ligand. On the whole, the corrin is puckered and exhibits a saddle conformation. 

This conformation is likely due to the rigid DMB as DMB-free corrins are planar.211 

Both the nucleotide chain and the adenosyl group are rigid with a fixed 

coordination, the latter due to hydrogen bonding and interactions with the corrin 

ring. One likely function of the adenosyl group is to protect the Co-C bond from 

exogenous ligands and thereby influence the stereoselectivity of the reactions. 

 
 

 

Figure 1.14 Structure and standard view of some important cobalamins. The lower and 
upper faces are designated α and β face, respectively. The pyrrole rings are labelled A-D. 
 
The most noteworthy feature of AdoCbl (and MeCbl) is the Co-C bond, the only 

naturally occurring organometallic bond and the determining factor for the enzymic 

reactions they catalyse. The Co-C bond allows for the enzymically controlled 

formation of the reactive primary alkyl radicals. Furthermore, the occurrence of 

cobalt as the metal centre implies very specific functionality; cobalt is the least 
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abundant first row transition metal in the Earth’s crust. Complexation of the 

relatively small trivalent cobalt ion within the corrin’s smaller macrocyclic cavity 

emphasises the corrin’s non-planarity. Were the macrocycle a porphyrin, the non-

planarity would be far less pronounced. It is important to note that the cobalt 

porphyrins do not exhibit the same reactivity as the corrin complexes.50 This 

discrepancy implies that cobalt-porphyrins are unable to fulfil the mechanistic 

requirements of the enzymic reactions involving the cobalt-corrin systems.50 It 

therefore becomes necessary to understand how these enzymic reactions work in 

order to understand the role the corrin structure plays in labilising the Co-C bond.  

 

AdoCbl and MeCbl enzymic functions depend on cobalt-corrin’s redox properties. 

The organometallic bond is relatively inert even under physiological conditions but 

not so as to prohibit reactions from occurring. Cleavage of the Co-C bond may be 

homolytic or heterolytic. Homolytic cleavage results in the Co(II) species and a 

primary alkyl radical. Heterolytic cleavage produces either the low-spin Co(III) 

species and carbanion or the Co(I) species and carbocation (Figure 1.15).212,213 

 

 

Figure 1.15 Pathways of Co-C cleavage in cobalamins. L = incoming ligand and N = 
nitrogen atom on DMB.6 Pathways 1-3 refer to the hetero- and homolytic pathways of Co-
C cleavage.212,213 
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The cleavage pathways depend on three aspects: the coordination of the 

nucleotide, the nature of the substrate and the redox potential. When the 

nucleotide is not coordinated, then (1) is favoured at positive potentials and (3) at 

potentials below -0.9 V (vs NHE) (Figure 1.15). The homolytic cleavage (2) is 

important as it occurs at physiological conditions (0 to -0.4 V). The specific redox 

potential of the reduction steps for AdoCbl is heavily influenced by the trans effect 

of the axial ligands; AdoCbl cleaves Co-C homolytically and the efficiency of which 

is increased due to the intramolecular coordination of the nucleotide. It has been 

shown that the Co-C homolysis is 1400 times faster for neopentylcob(III)alamin 

than for the nucleotide-free derivative; the neopentyl group models 

deoxyadenosyl.214  In contrast, Kräutler’s examination of the thermodynamic trans 

effect of the nucleotide on the Co-CH3 bond in MeCbl revealed that the thermal 

methyl group transfers were in fact, favourable in both cleavage types.213 In 

homolytic cleavage, the MeCbl was only marginally more stable than the 

nucleotide-free derivative suggesting that intermolecular coordination of the base 

does not significantly affect the thermodynamics (stability) of the organometallic 

bond. However, in the case of heterolytic cleavage, and more so with nucleophiles, 

the nucleotide coordination was found to stabilise the Co-C bond significantly. 

 

There is a mutual dependence of the Co-C and Co-nucleotide bonds in AdoCbl 

and MeCbl in aqueous solution.212 The degree of substitution of the Co-bound alkyl 

group has a direct effect of the strength of the nucleotide coordination and thus on 

the lability of the Co-C bond towards homolysis (in the case of a weak nucleotide 

coordination). The degree of axial coordination decreases after each one electron 

reduction step. Martin and Finke’s work215 showed that in the case of MeCbl, Co-C 

is too strong to support a homolytic mechanism and that the cleavage is initiated 

rather, by the population of the Co-C σ-antibonding orbital during one electron 

reduction to form a radical anion. They did this by comparing bond dissociation 

rates of MeCbl and MeCbl- by thermolysing MeCbl in ethylene glycol in the 

presence of a radical trap.  
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Uv-vis was subsequently used to monitor MeCbl/Co(II)B12 concentrations and thus 

kinetic rates. They found that the BDE of Co-C was ca. 37 kcal/mol. At the same 

time, Lexa and Saveant216 electrochemically induced homolysis from the reduced 

MeCbl-; the results for the homolysis were too fast to compare with those obtained 

by Martin and Finke,215 the homolysis of MeCbi- was studied instead. The methyl 

cobinamide does not have the (marginal) labilising power of the nucleotide and 

thus the rate could be monitored. The electron that was added to MeCbi- or MeCbl 

is placed in the σ* orbital along the Co-C bond perpendicular to the macrocycle. 

This means that the Co-C bond now has three electrons, not two, but effectively 

only one bonding electron and hence ‘half a metal bond’ results. The comparison 

of MeCbl and MeCbi- rates confirms that the addition of the antibonding electron 

more than halves the Co-C bond strength (from ca. 37 to ca. 12 kcal/mol). An even 

further drop in bond strength would be anticipated for MeCbl- given the trans 

labilising effect of the nucleotide. This increase in BDE translates into a factor of 

1015 increase in the homolysis rate and supports the view that the similar rate 

increase facilitated by the enzyme in AdoCbl dependent reactions could be due to 

an electron transfer activation mechanism of homolysis. However, the fact that the 

Co(I) species is not observed in the holoenzyme, but rather the Co(II) species 

together with the lack of sufficiently reducing biological sources strongly 

discourages the role of reduction induced homolysis in the enzymic reactions.  

 

Now, even though the application of the reduction mechanism to enzymic reactions 

has been refuted, it must be noted that such a mechanism could only occur in the 

case of the corrin ring. This is because the corrin ring, unlike the porphyrin ring, is 

square planar and able to stabilise the Co(I) state. Under physiological conditions, 

the Co(I) state is not reversibly accessible for cobalt-porphyrins.212 

 

The importance of the Co-C cleavage in organocobalamins may be emphasised by 

examining the enzymic reactions that they subsequently catalyse in relation to the 

role of the substrate. The primary step of these enzymic reactions involves the 

homolysis of the Co-C bond in order to produce a radical (AdCH2
.); the radical then 
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abstracts a hydrogen atom from the substrate. The product radical is obtained by 

the rearrangement of the substrate radical thereby produced. The catalytic role of 

the enzyme is therefore fulfilled by the final abstraction by the product radical of a 

hydrogen from AdCH3.
137,217 Halpern’s work confirmed that the rearrangement of 

the substrate does indeed occur at the free radical stage and that the cobalamin is 

not involved; the role of the cobalamin is thus to generate (and reabsorb) the free 

radical.137 What is important to note here is the significance of the weak Co-C bond 

(ca. 26 kcal/mol)218; there are no stable organic molecules which could undergo 

thermally induced dissociation at the mild physiological conditions in order to 

generate the highly reactive radical required for the enzymic reactions.  

 

It was also found that the BDE of the organometallic bond is also affected by the 

basicity of the axial ligand.137 Since the homolysis of the Co-C involves the 

reduction of cobalt, the more basic the axial ligand, the greater the stabilisation of 

the Co(III) species relative to the Co(II) species and so more energy would be 

required to break it. Additionally, steric factors greatly influence BDE. The model 

compound used to investigate this effect was C6H5(CH3)CH-Co(DH)2(PR3), where 

DH = dimethylglyoxime was used as a planar model for the corrin. It was found that 

as the size of PR3 increases so too does the cone angle. The relationship between 

cone angle (and thus size of PH3) and BDE strongly suggests that size lowers the 

BDE significantly. X-ray evidence confirmed these findings as large axial ligands 

result in longer (weaker) Co-C bond lengths. It was also interesting to note that the 

planar DH ligands were distorted which lends credence to the theory that the Co-C 

bond weakening is due to the upward distortion of the corrin ring. Lenhert211 notes 

that there is significant steric repulsion afforded by the Ado-substituent which thus 

affects the homolysis of Co-C; since the coenzyme is already sterically crowded, 

very little distortion would be required to facilitate the dissociation. 

 

Geno and Halpern investigated the differences in bond homolysis between cobalt 

corrins and porphyrins in order to clarify the role of the corrin in cobalamins.50 The 

BDE values for an array of cobalt phospho-porphyrins were determined; the 
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phosphine substituents differed in sizes and pKas. There was a linear dependence 

of BDE on the pKa of the phosphine which was independent of size. In the corrin 

model on the other hand, the expected increase in BDE with pKa was masked by 

the linear decrease in BDE with increasing phosphine size. As proposed earlier, 

homolysis is due to the repulsions of the Ado-substituent, induced by the 

conformational distortions of the corrin ring. The fact that the BDE of the porphyrin 

derivative is not as affected by the phosphine ligand size suggests that the 

macrocycle is not as flexible as the corrin even in the presence of bulkier ligands. 

There is therefore no corresponding steric repulsion with the adenosyl group and 

subsequently no drop in BDE.  

 

Kräutler et al., evaluated the structural changes that occur during Co-C homolysis 

in order to clarify the role of the corrin ring in this process.219
 He compared the 

corrin in the coenzyme with that of pentacoordinate cob(II)alamin; the deviations 

from planarity as well as the orientation of the nucleotide were unchanged. The 

significant difference was in the displacement of the Co(II) centre from the corrin N-

plane, towards the nucleotide. The corresponding decrease in axial Co-N bond 

length was comparable to those found in both MeCbl and AdoCbl; findings that 

were supported by earlier work using model compounds.220 Although the corrin 

was not significantly bent upwards in the pentacoordinate derivative, the acetamide 

side groups and the nucleotide sidechain were. Based on these structural changes 

that the homolytic rate may be increased by the repulsions afforded by the 

adenosyl group and the corrin due to the upward bending of the corrin side chains 

which is exacerbated by the concomitant downward displacement of the cobalt 

centre, a feature that brings the adenosyl group closer to the corrin ring.  

 

The role of the cobalamins in the varied enzymic reactions that they catalyse is 

heavily dependent upon the cleavage of the Co-C bond; the nature of which readily 

allows for homo- and heterolysis under mild physiological conditions. The influence 

of the corrin ring is integral to this labilisation in a way that clearly can not be 

readily achieved by the porphyrin. 
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1.6 PROBLEM STATEMENT, BIOLOGICAL RELEVANCE, SCOPE, AIMS 
AND ORGANISATION OF THIS WORK 

  

 1.6.1 Problem statement  

 

Porphyrins and corrins have been compared (Section 1.3) and the structural 

significance of cobalamins has been examined (Section 1.5). 

 

The following questions therefore arise:  

 

1. Why has Nature chosen cobalt, one of the least abundant transition 

metals, as the central metal ion as opposed to iron which is considerably 

more abundant? Particularly, why has Nature chosen the d6 low-spin 

Co(III) ion, a quintessentially inert metal ion to serve as the active site of 

a number of metalloenzymes, and a metal ion that is unusually labile in 

this system? 

 

2. What is special about the corrin ligand? What can this ligand offer that a 

porphyrin ligand cannot especially since porphyrins are more widely 

observed in Nature than corrins?  

 

3. What is the nature of the metal-ligand interaction and how does the 

protein use these interactions enzymatically?  

 

There are several approaches that could be undertaken in order to garner insight 

into these questions. These include extensive examination of cobalt corrins6,1209,221 

and of hemoproteins.7,84,92 However, an attractive strategy implemented in this 

work involved the replacement of Fe(III) in the hemepeptide NAcFeMP8 by Co(III) 

to afford a Co(III) porphyrin complex in which the coordination environment of the 

metal is not dissimilar to that in cobalamin: the axial ligands are water and an 
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imidazole derivative (His-18 residue and 5,6-dimethylbenzimidazole, respectively), 

the equatorial ligands are porphyrin and corrin, respectively. This should then 

provide the unique opportunity of comparing the effects of porphyrin and corrin on 

Co(III) in two closely related systems. 

  

 1.6.2 Biological relevance  

   

In addition to addressing these fundamental academic questions pertinent to 

cobalamin chemistry (Section 1.6.1), this work may in fact have important medical 

and pharmacological relevance. A better mechanistic understanding of B12a may 

lead to more practically useful information in areas such as drug-design in 

conditions that are commonly associated with cobalamin deficiencies for example, 

anaemia, cardiovascular disorders and dementia.223,224 

 

Current research shows that cobalamin and other B-vitamins have some far-

reaching medical implications.224-232 It has recently been shown that vitamin B12a 

together with folic acid is important in the prevention of chromosome breakage and 

hypomethylation of DNA, actions that are associated with cancers.225,226 The 

preventative action is compromised in instances of low B12a concentration.225,226 

The use of vitamin B12 has been explored as a cheap and effective means of 

combating gestational diabetes, a condition that often leads to full-on diabetes in 

the mother and related complications in the infant.227 Vitamin B12a in combination 

with thiosulfate administrations are commonly used as a cheap and effective 

means of treating moderate cases of hydrogen cyanide poisoning.224,225 Arguably 

the most compelling medical implication thus far is the correlation of Alzheimer’s 

disease and dementia with a deficiency in B-vitamins.228-232 Subsequently, the use 

of cobalamins and other B-vitamins is being investigated as a way of combating 

associated brain shrinkage and cognitive impairment.232 High doses of these 

vitamins have been shown to halve the rate of brain shrinkage in those with early 

onset Alzheimer’s disease.232  
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These examples illustrate the significance that B12a has in current research as well 

as the importance of acquiring a better understanding of the driving mechanisms 

that influence these cobalamin-dependent reactions.  

 

 1.6.3 Scope and specific aims  

 

The central thrust of this enquiry is aimed at elucidating a pivotal question in 

vitamin B12a research: why has Nature elected to retain the corrin ligand? In 

attempting to answer this question it is hoped that this work will uncover some of  

what is unique about the chemistry of Co(III)-corrin systems. Furthermore, it is 

expected that some insight would be provided as to why this chemistry cannot be 

performed by Co(III)-porphyrin systems, or for that matter, Fe(III)-porphyrin 

systems – although this latter question is beyond the scope of this present enquiry. 

 

This project is envisaged to be the first step in a major assault on the three 

fundamental questions posed previously with the focus being on the macrocycle 

(Section 1.6.1). As such, the scope in this systematic exploration of corrin vs. 

porphyrin chemistry begins with a brief synthesis component of a suitable B12a 

analogue containing a porphyrin macrocycle, NAcCoMP8. This is followed by 

preliminary solution chemistry studies using selected ligands, the results of which 

are then compared to those obtained for the corrin. In addition, any interesting 

avenues of inquiry that arise during the course of these investigations are also 

pursued as the chemistry of this novel compound is explored.  

 

To this end, the following objectives have been proposed in this project:  

 

1. Synthesise microperoxidase-8 (FeMP8), a porphyrin-containing fragment of 

the protein cytochrome c, which retains the proximal His ligand, an excellent 

model for the proximal 5,6-dimethylbenzimidazole base in the cobalamins.  

Standard methods for its preparation by proteolytic digestion of cytochrome 
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c have been developed.152,153,198 These methods are optimised. 

 

2. Remove Fe(III) from FeMP8 to produce the metal-free MP8 by adapting and  

optimising the reductive demetalation procedures that were previously 

outlined.202  

 

3. Purify the free-base ligand using size-exclusion chromatography and HPLC. 

 

4. Characterise free-base MP8 using mass spectroscopy (MS).  

 

5. Develop and optimise the protocol for the insertion of Co(III) into MP8 by 

refluxing with cobaltous acetate followed by aerial oxidation.226-228 

 

6. Characterize the CoMP8 by standard techniques, principally MS and UV-vis 

spectroscopy. 

 

7. If necessary, acetylate the N-terminus of CoMP8  to produce N-acetyl-

Co(III)MP8 (NAcCoMP8), a species which is supposedly monomeric in 

aqueous solution up to concentrations of 50 µM.208  

 

8.  Characterize NAcCoMP8 by standard techniques, principally MS and UV-

vis spectroscopy. 

 

9. Exploit the delineation of the solution chemistry of NAcCoMP8 to find 

conditions of pH and solvent under which the ligand substitution reactions of 

coordinated H2O can be studied. 

 

10. Measure the equilibrium constants for replacement of H2O in NAcCoMP8 

with a variety of neutral N-donor ligands (imidazoles, pyridines, amines), 

and anionic ligands (CN-, N3
-, NO2

-
, HSO3

- and so on) as a function of 

temperature, and compare the results with those available for 
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aquacobalamin, in order to determine what effect the equatorial ligand has 

on the ligand binding properties of Co(III).  

 

11. Measure the kinetics of ligand substitution of H2O in NAcCoMP8 with these 

same ligands, for comparison with equivalent data for aquacobalamin. 

  

 1.6.4 Organisation of this work 

 

General methods and details of all materials are given in Chapter 2. Methods 

relevant only to a particular Chapter are presented in that Chapter.  

 

Each Chapter begins with an introduction in which a summary of the pertinent 

literature and a statement of the specific aims of the work are presented. This is 

usually accompanied by a flow chart to clearly illustrate the focus of that particular 

Chapter. The relevance of the work to porphyrin and corrin chemistry in general 

and to B12a chemistry in particular, is included in a Discussion in each Chapter. 

Chapters are concluded with a brief restatement of the initial aims, main findings 

and conclusions in that Chapter. All references are collected at the end of each 

Chapter and the numbering is relevant to that Chapter only. A number of 

Appendices are included which contain details of derivations of equations as well 

as details of selected synthesis procedures.  
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 CHAPTER 2 
MATERIALS AND METHODS 

 
2.1 INTRODUCTION 

  

Physical studies of biological systems aim at revealing the exact molecular 

basis for their function. Due to the complexity surrounding biological systems, it 

is often useful to examine the molecular behaviour of simpler, relevant model 

systems. One such biological system in which model design has found wide 

application is the study of vitamin B12a solution chemistry.1 Many B12a model 

systems are based on the use of a conventional chemical species to mimic only 

the active sites of native proteins.2 These octahedral organometallic Co(III) 

models include cobaloximes, Schiff base complexes and simple 

metalloporphyrins.2 Few efforts utilise protein fragments as integral parts of 

model systems. 

 

Described here is the synthesis and solution chemistry of the trivalent cobalt-

substituted microperoxidase, NAcCoMP8, a simple biologically-derived vitamin 

B12a model based on the heme-containing protein fragment of cytochrome c. 

NAcCoMP8 resembles the B12a active site in terms of the axial ligands 

coordinated to Co(III). However, NAcCoMP8 also offers the unique opportunity 

for probing the cis effect of the equatorial ligand. It achieves this by being a 

compound in which the coordination environment of Co(III) realistically mimics 

that of B12a but in which the equatorial corrin ligand has been replaced by 

porphyrin.  The consequences of that change – which ultimately addresses the 

effect of the corrin ligand on the behaviour of Co(III) – is the central focus of this 

study. 

 

The synthesis of NAcCoMP8 was performed as previously described.3 The 

synthesis was however, re-evaluated and modified to reduce aggregation, a 

significant obstacle in this work. Once the monomeric NAcCoMP8 was 
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successfully isolated, the foray into its solution chemistry commenced. This 

included an examination of its Beer's Law behaviour and determination of the 

pKas of the complex before exploring the temperature-dependent 

thermodynamics and kinetics of ligand substitution reactions, in which axial H2O 

water was replaced with a range of exogenous ligands. These were then 

compared to analogous data obtained (or available) for vitamin B12a. 

  

2.2 QUALITATIVE ASSESSMENT OF AGGREGATION EFFECTS IN THE 
SOLUTION CHEMISTRY OF NAcCoMP8 

 

The strategy employed in this research project was as follows (Figure 2.1): 

 

Investigation 1   

The qualitative identification and assessment of aggregation effects in 

NAcCoMP8 was investigated. This study was approached as two separate 

investigations: 

 

  Investigation 1.1  

  Firstly, the optimisation of the synthesis, isolation and characterisation of 

NAcCoMP8 was investigated. Preliminary optimisations included the 

utilisation of cost-effective options such as synthetic trivalent cobalt-

substituted porphyrins. 

   

  Investigation 1.2  

  Secondly, the qualitative assessment of NAcCoMP8’s behaviour in 

solution was investigated. Preliminary studies included procedures for the 

preparation of monomeric NAcCoMP8. 
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Investigation 2   

A quantitative assessment of the cis effect of the equatorial ligand on the 

properties of Co(III) metal ion was undertaken by comparing the ligand binding 

properties of Co(III) in NAcCoMP8 and in vitamin B12a. This study was 

approached as two separate investigations in which the axial H2O ligand was 

substituted by a variety of exogenous ligands: 

 

  Investigation 2.1  

  The temperature-dependence of the thermodynamics of ligand substitution 

reactions. 

   

  Investigation 2.2  

  The temperature-dependence of the kinetics of ligand substitution 

reactions. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.1  Flow diagram of the different investigations undertaken in this work. The 
blue pathway reflects methods pertaining to the monomerisation of NAcCoMP8 whilst 
the red pathway reflects the study of the solution chemistry of NAcCoMP8. 
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Investigation 1.1: Synthesis, Isolation and Characterisation of NAcCoMP8 

 

 2.2.1 Synthesis of NAcCoMP8 

The overall synthetic procedure of NAcCoMP8 was conducted as described by 

Sannasy3 with modifications. Modifications were explored in order to improve 

the modest and aggregation-dependent yields.  

 

The original synthesis was elegantly straightforward. It was initiated by the step-

wise proteolytic digestion of cytochrome c to yield firstly FeMP11 and then on 

further digestion, FeMP8.4-6 FeMP8 was then reductively demetalated to afford 

MP8. This iron-free microperoxidase was subsequently converted into CoMP8 

using a cheap cobalt salt. Finally, CoMP8 was acetylated using glacial acetic 

acid in order to yield NAcCoMP8. In practise, the demetalation and acetylation 

steps were associated with poor yields and were thus the area of focus of the 

modifications introduced during this investigation. 

 

The original synthetic procedure could be modified in four viable ways in order 

to arrive at NAcCoMP8: Routes A, B, C and D (Figure 2.2). Routes found to be 

unviable are not reported here; examples include routes where acetylation was 

applied directly to the metal-free porphyrin but the porphyrin did not survive the 

acetylation process. For the sake of brevity, the highest yielding Route C only is 

reported in detail; the rest may be found in Appendix 2.1. The metal ion 

coordinated to the porphyrin is assumed to be in the trivalent state unless 

otherwise stated. The term MPX refers to a metal-free microperoxidase where X 

= 8 or 11. Sources of reagents (Section 2.4), technical specifications (Section 
2.4), specialized (Sections 2.2.2; 2.2.3) and general techniques (Section 2.5) 

may found elsewhere 
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Figure 2.2  The four synthetic routes to attain monomeric NAcCoMP8 explored in 
this work. Red cells indicate the metal-free porphyrin step. Blue cells indicate primary 
acetylation step. Route A was used by Sannasy3. Routes B, C and D were alternatives 
explored in this work. 
 

  2.2.1.1 Synthesis of FeMP11 from cytochrome c 

The synthesis of FeMP11 was carried out according to the procedures initially 

developed by Tsou,5,6 by Harbury and Loach,4 and Wilson et al.11 The 

modifications applied were based on the reports of Adams et al.7,8 and of Munro 

and Marques14. 

 

Ferric horse heart cytochrome c (300 mg) was treated with pepsin (15 mg; 

activity: 3200 units mg-1) in 0.1 M phosphate buffer (20 mL) at pH 2.0 in a 

thermostatted cell at 35 oC. Care was taken to stir gently to avoid the formation 

of a stable foam which would alter the overall pepsin concentration in solution. 

The reaction mixture was incubated for 1 hour, after which a further 15 mg of 

pepsin was added to counteract the pepsin inhibitor reportedly present in 

cytochrome c13. The pH was adjusted to 2.0 at 35 oC using concentrated 

phosphoric acid and the solution was incubated for another 3 hours. The 

reaction was monitored using TLC (3:5:1 MeOH: CHCl3: conc. NH4OH – 0.2 

mm silica gel plates – Appendix 2.2). 
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After 3 hours the reaction vessel was submerged in boiling water for 5 minutes; 

the pH was then raised to 7.0 at 25 oC with concentrated NH4OH, to destroy 

peptic activity. It was previously demonstrated that increasing ionic strength 

favours aggregation in microperoxidases14 and related compounds22. The 

salting-out step was thus circumvented by using column chromatography 

instead. The bright-red solution was purified by gel permeation chromatography 

(Sephadex G50, 3.0 cm x 40 cm) eluted with NH4HCO3 (0.1 M) at a rate of 10 

mL h-1. Two distinctive bands were observed. The first major band off the 

column was primarily FeMP11. The second minor band off the column was 

primarily FeMP9. The samples were collected in 0.5 mL fractions with an 

autosampler and those with >95% purity by high performance liquid 

chromatography (HPLC) were pooled (Section 2.2.3.2; Appendix 2.2). 

 

The fractions containing the FeMP11 band, as identified by mass spectroscopy, 

were loaded onto a Sep-Pak® cartridge for desalting and concentrating. The 

concentrated FeMP11 solution was then clarified using a Millex® syringe-filter 

and lyophilized at neutral pH to yield a bright-red spongy solid. The sample was 

then routinely stored at -20 oC under argon. Concentration was determined 

spectroscopically using ε395nm = 1.76 x 105 M-1 cm-1.11 

 

  2.2.1.2 Synthesis of NAcFeMP11 by the acetylation of FeMP11 

The acetylation procedure was adapted from work done by Munro and 

Marques14 for the synthesis of NAcFeMP8. The isolation steps were adapted 

and modified from work of Carraway et al.9 and Kadnikova and Kostic12.  

 

FeMP11 (~ 20 mg) was dissolved in 10 mL saturated sodium acetate solution in 

a thermostatted cell at 5 oC. A 500 molar excess of acetic anhydride was used 

to acetylate FeMP11; this was added in 5 aliquots at 10-minute intervals. The 

evolution of acetic acid in situ turned the solution brown-red which was 

consistent with iron microperoxidase at low pH in this project (Appendix 2.2). 

The reaction mixture was stirred at 5 oC overnight and then lyophilised. The 

lyophilised NAcFeMP11 was redissolved in sodium carbonate buffer (2 mL; 
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0.2M; pH 9.5) and the scarlet compound was desalted on a Sep-Pak® cartridge. 

Neutral NAcFeMP11 was clarified using a Millex® syringe-filter before being 

lyophilised. The red-brown product was routinely stored at -20 oC under argon. 

The reaction was monitored by TLC (Section 2.2.1.1) and HPLC (Section 
2.2.3.2). NAcFeMP11 was identified by mass spectroscopy. Concentration was 

determined spectroscopicaly using ε397= 1.48 x 105 M-1 cm-1.25 

 

2.2.1.3 Synthesis of NAcMP11 by the reductive demetalation of NAcFeMP11 

The demetalation procedure was adapted from Sannasy3 and Primus et al.15. 

Care was taken to avoid exposure to light and air. The metal-free compound 

has a tendency to decompose.3 Thus, once the metal ion was removed, care 

was taken to complete the subsequent steps in the shortest possible time. 

 

Oven-dried Schlenk apparatus was connected to a high-vacuum line and 

flooded with argon (Figure 2.3). The following reactants were added to the 

reaction vessel under a blanket of argon: NAcFeMP11 (10.00 mg, 6.64 μmol); 

10.00 mL glacial acetic acid; 166 μL concentrated HCl. The brown-red reaction 

mixture was then frozen under argon using liquid nitrogen. After ensuring that 

the reactants were thoroughly frozen, the reagents were degassed by three 

freeze-thaw cycles under vacuum, purging with argon between cycles. After the 

final freeze-thaw cycle the reaction vessel was covered with aluminum foil to 

prevent light-exposure. The system was opened briefly under argon to add 

iron(II)chloride (10.00 mg, 80.16 μmol, 12.07 equiv.) to the reaction mixture and  

the system was immediately sealed. The reaction was allowed to stir with a 

magnetic stirrer for about 1 hour at room temperature, resulting in a change of 

colour from an opaque brown-red solution to a clear bright-purple solution. The 

reaction was monitored by UV-Vis spectroscopy. 

 

The purification steps were conducted in a dark room. The reaction mixture was 

diluted by adding deionised water (~ 50 mL) to the Schlenk tube. The sample 

was immediately loaded onto a Sep-Pak® cartridge for desalting and removal of 

acids. The neutral purple NAcMP11 solution was then clarified using a syringe-
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filter before being frozen with liquid nitrogen and lyophilized in the dark. The 

light purple spongy solid was stored briefly at -20 oC under argon before the 

remetalation step. 

 

Figure 2.3  Photograph showing the typical reduced pressure/inert atmosphere 
demetalation set-up. (A) Schlenk apparatus usually light-protected using foil attaches 
to the (B) high vacuum line coupled to an argon line..  
 
 2.2.1.4 Synthesis of NAcCoMP11 by the oxidative remetalation of NAcMP11 

The metalation procedure was adopted from Primus et al.,15 Lin and Marzilli23 

and from Ashley and Au-Young24 for the syntheses of MnMP8, CoTMPyP and 

CoTPPS, respectively.  

 

The demetalated NAcMP11 (10 mg) was dissolved in deionised H2O (5 mL) in a 

light-protected flask. The pH was adjusted to 8 using concentrated NaOH and 

the solution was set to reflux. A 100-fold excess of clarified cobaltous acetate 

dissolved in a minimum volume of MeOH was added to the flask and allowed to 

stir under reflux (2 hr). The reaction was monitored using UV-Vis spectroscopy. 

A 

B 
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After the refluxing process the sample could be exposed to white light. 

NAcCoMP11 was purified and concentrated using a Sep-Pak® cartridge. The 

purity was assessed using HPLC. The neutral dark-pink NAcCoMP11 solution 

was clarified using a Millex® syringe-filter and then lyophilized. The pink spongy 

NAcCoMP11 was routinely stored under argon at -20 oC and protected from 

unnecessary light. 

 

  2.2.1.5 Synthesis of NAcCoMP8 by the tryptic digestion of NAcCoMP11 

NAcCoMP11 (20 mg) was incubated with trypsin (30 mg; activity: 12700 units 

mg-1) in 0.1 M phosphate buffer (20 mL) at pH 8.5 at 35 oC in a thermostatted 

cell for 8 hours under gentle stirring. The reaction was monitored using TLC as 

reported previously (Section 2.2.1.1).  
 

NAcCoMP8 was then precipitated by lowering the pH to 3.5 with dilute H3PO4. 

Solid (NH4)2SO4 was added to NAcCoMP8 on ice until saturated. Then a 

saturated (NH4)2SO4 solution was added (ca. 15 drops) and the reaction mixture 

was centrifuged for 45 min at 7000-8000 rpm. If the supernatant was still 

coloured, the salting-out step was repeated on the said supernatant until 

colourless. The colourless supernatant was decanted and the NAcCoMP8 pellet 

was dissolved in 5 mL of deionised water. The pH was readjusted to 7.00 with 

NaOH and desalted using a Sep-Pak® cartridge. The NAcCoMP8 solution was 

clarified using a Millex® syringe-filter and then lyophilized. NAcCoMP8 was 

identified by mass spectrometry (Section 2.2.3.3). The dark pink spongy 

NAcCoMP8 was routinely stored under argon at -20 oC and protected from 

unnecessary light. Concentration was determined spectroscopically using3 ε415 

= 1.61 x 105 M-1 cm-1. 

 

This was the final step of a multi-step synthesis. With no further steps pending, 

brevity allowed for the utilisation of the salting out procedure despite the 

temporarily increased ionic strength. The final step was also typically carried out 

on a smaller scale relative to previous steps thus, the salting out procedure was 

favoured in order to maximize yields on this scale 



 

 
 

• 71 •
 2.2.2 Isolation of NAcCoMP8 

NAcCoMP8 and related products aggregate in solution at high concentrations, 

pH and ionic strength. It is therefore imperative that the purification steps were 

performed quickly, at neutral pH where possible and in low salt concentrations. 

The utilisation of salts and buffers that were easier to remove were also 

favoured e.g. (NH4)2CO3 which could be removed by lyophilisation as ammonia 

and carbon dioxide. Refer to previous sections for materials (Section 2.4.1; 

2.4.2).  

 

  2.2.2.1 Sep-Pak® cartridges and Millex® filters 

The use of Waters Sep-Pak® C18 reverse-phase cartridges (500 mg or 10 g, 

depending on the quantity of product to be purified) proved to be useful in this 

regard (Figure 2.4). Sep-Pak® cartridges are prepacked plugs containing a 

silica-based bonded phase with strong hydrophobicity (C18 resin) used to 

adsorb analytes from aqueous solutions. The products appeared to be 

immobilized on the C18 resin thereby limiting aggregation during the rapid 

desalting process. 

  

The utilization of Sep-Pak® cartridges was a five-step process. Firstly, activation 

was achieved by passing one cartridge-volume of a mobile phase through 

slowly (50% CH3CN, HPLC grade). Secondly, equilibration was achieved by 

passing five cartridge-volumes of the washing-solution through (deionised 

water). Thirdly, the sample was loaded slowly using 1 mL aliquots to prevent 

leaching and to anticipate overloading. The best loading occurred when the 

samples were slightly diluted. Next, the sample was washed exhaustively with 

deionised water. Washings were tested spectroscopically for sample-leakage 

and salt (Appendix 2.2). Washings were also tested with silver nitrate solution 

to detect the presence of salt through precipitation (white for chloride; yellow for 

phosphates and sulfates). Lastly, the sample was eluted using the mobile phase 

mentioned above.  

 

Prolonged acetonitrile usage at high concentrations has a tendency to degrade 



 

 
 

• 72 •
the cartridge and the samples eluted appeared murky, probably because of loss 

of the C18 from the silica support. Samples were clarified using Millex® syringe-

filters (0.45 μm) before lyophilisation (Figure 2.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4  Photograph showing two purification systems adapted for 
microperoxidase isolation. (A) Sep-Pak® and (B) Millex® set-up for NAcCoMP8 work. 
 

  2.2.2.2 Gel permeation chromatography 

Proteolytic digestion of cytochrome c yields microperoxidases of different 

sizes.5,6 Gel permeation chromatography separates molecules on the basis of 

their size. The smaller molecules enter pores (with specified size) in the solid 

phase, while the larger molecules travel in the mobile phase and are eluted first. 

Thus, gel permeation chromatography is a useful way to purify cytochrome c 

digestion products. 

 

The optimal utilization of gel chromatography was achieved in four-steps. 

Firstly, the appropriate resin for the separation of microperoxidases and 

impurities was selected. Sephadex G50 was used in a 3 x 40 cm column 

(Pharmacia Fine Chemicals) allowing small molecules (between 1 500-30 000 
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Da) to pass through the pores in the solid phase and the larger molecules (> 30 

000 Da) to travel in the mobile phase. This allowed for the efficient separation of 

salts, amino acids (with or without heme) and the various microperoxidases. 

Secondly, the resin was packed as a slurry using degassed and ultra-filtrated 

(NH4)2CO3 (0.1 M) as the solvent. Care was taken to handle the resin gently so 

as not to damage the beads as this was shown to lead to false band-

separation/merging as well as lengthening of elution times. Damaged beads 

were removed by “de-fining”; the gel was stirred with a glass rod until the finer 

(damaged) particles surfaced. These particles were then decanted and the 

remaining beads were used in the column. Thirdly, equilibration was achieved 

by passing the solvent through the column at a flow rate of 10 mL h-1 over 24 

hours. Lastly, the sample was then loaded carefully using a Pasteur pipette and 

eluted using said solvent. A Watson-Marlow 101U peristaltic pump was used for 

elution and the fractions were collected using an ISCO 1850 fraction collector 

 

 2.2.3 Characterisation of NAcCoMP8 

NAcCoMP8’s propensity towards aggregation tends to complicate 

characterization, particularly if sample preparations require high concentrations, 

pH and ionic strength. Thus characterization methods need to be quick and 

simple to execute at low concentrations (< 30 µM). Methods used to 

characterize NAcCoMP8 were UV-vis spectroscopy; HPLC; mass spectroscopy 

and Inductively Coupled Plasma-Optical Emission Spectroscopy-(ICP-OES). 

Sources of reagents, technical specifications and specialized methods may be 

found in sections 2.4.1 (Table 2.3), 2.4.2 (Table 2.4) and 2.2.2, respectively. 

 

  2.2.3.1 UV-Vis spectroscopy 

All UV-vis spectra were recorded on Cary spectrophotometers, using quartz 

cuvettes (Helma, matched sets #284) with a path length of 1.0 cm. Temperature 

was maintained using a thermostatted cell-holder with a built-in stirrer attached 

to a Peltier unit. The instruments were allowed to warm up for approximately 

one-hour prior to use to ensure optimum performance. Samples to be analysed 
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were degassed and clarified using a Millex® syringe-filter. Depending on the 

experiment, all samples were run using either Scan® or Kinetics® onboard Cary 

software. Samples were run against a background applicable to that 

experimental system (i.e. against the appropriate buffer(s) and ionic strength 

adjuster). Full spectra were recorded between 300 – 700 nm where possible. 

These spectra were imported as *.csv files so that they could be opened in 

Microsoft Excel® spreadsheets and analysed statistically using SigmaPlot® or 

CurveFit (see later, Table 2.4).  

 

Low temperature spectroscopic studies were problematic due to ambient 

moisture condensing along the cuvette walls as well as on the inner walls of the 

spectrophotometer chamber. The system had to be best optimized to reduce 

moisture without allowing additional light into the spectrophotometer chamber. 

Very thin (5 mm) high quality silicon tubing was used to lead argon into the 

spectrophotometer chamber from the top of the spectrophotometer whilst 

nitrogen was used to flood the chamber from below. Drying the chamber air with 

a heat gun reduced ambient moisture. The floor of the chamber was covered 

with a calcium chloride ‘blanket’ (calcium chloride embedded into cotton wool) 

to absorb any further ambient moisture. The cuvette was wiped dry externally, 

fitted with a septum and very carefully flooded with argon internally until just 

before use. The outer cover of the spectrophotometer was covered with a piece 

of black material to reduce any stray light. 

 

  2.2.3.2 HPLC 

The assessment of purity of the products was important in instances were co-

elutions were suspected (e.g. cytochrome c and FeMP9 tend to co-elute21). 

HPLC was useful in this assessment.  

 

All HPLC separations were performed initially with a Spectra-Physics SP8800 

ternary gradient pump, a Linear UV-Vis 200 detector (set at 410 nm), and a 

Varian 4290 integrator. Separations were later performed on a Dionex reverse-

phase system using the onboard Chromeleon© software package for analysis. 
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Phenomenex analytical columns were used (5 μ; 150 X 4.6 mm C18 reverse-

phase) coupled to a guard column (4 x 3.0 mm; C18).  

 

All solutions were freshly prepared and filtered (0.45 μm) under vacuum before 

use. All solvents were HPLC grade. Phosphate buffer was freshly prepared (50 

mM; ca. pH 7). NaCN (1 mM dissolved in the phosphate buffer) was used as a 

strongly coordinating ligand in order to monomerize the products being 

separated. Samples were allowed to reach equilibrium by stirring at room 

temperature for about an hour. Where possible, samples were prepared in 

degassed phosphate buffer, and clarified using a Millex® syringe-filter.  

 

The HPLC column was flushed with deionised water for 10 minutes then with 

phosphate/acetonitrile (98%) for one-hour. A Hamilton gastight HPLC syringe 

was used to inject 20 μl samples onto the column using a Rheodyne valve and 

eluted by a linear gradient elution (Table 2.1). Blanks (deionised water) were 

run between samples. The column was flushed with phosphate/acetonitrile 

(75%) and then water after every five runs (or when necessary) (Appendix 2.2).

 

Table 2.1 Linear gradient HPLC (RP) elution program used for microperoxidases 

 

Time  
(min) 

% 
Phosphate 

% 
Acetonitrile 

Flow Rate 
(mL min-1) 

0 98 2 2 
2 98 2 2 
4 75 25 2 
6 65 35 2 
8 65 35 2 
10 75 25 2 
12 98 2 2 
18 98 2 2  
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  2.2.3.3 Mass spectrometry 

NAcCoMP8 and related products were identified by mass using mass 

spectrometry. Samples were run on a Thermo® LXQ MS using an ESI source in 

both positive and negative modes. Where liquid chromatography mass 

spectrometry (LCMS) analysis was used, the column specifications were the 

same as that of the HPLC column (Section 2.2.3.2). Thermo® standards were 

used for calibrating the LXQ for high molecular masses. Samples were 

prepared fresh in methanol (HPLC grade) and clarified using Millex® syringe-

filters before running. Samples were typically allowed to stir at room 

temperature for about 1 hour to reach equilibrium. The LXQ method typically 

used is shown in (Table 2.2). 

 

Table 2.2 A typical ESI-MS LXQ method used for microperoxidases 

 

LXQ Parameter Setting

Polarity Positive mode

Ionisation LC/ESI-MS

Regulation Field

Resolution 1000

Scan Rate Continuous scan

Start Mass 2000

End Mass 100

Elution Method Isocratic

Sample Injection 50 μL
 
 

  2.2.3.4 ICP-OES analysis 

Inductively Coupled Plasma-Optical Emission Spectroscopy-(ICP-OES) was 

used to determine the extinction coefficient of NAcCoMP8. It was assumed that 
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the amount of cobalt detected was proportional to the concentration of 

NAcCoMP8 once a blank correction was taken into account. NAcCoMP8 was 

accurately weighed out using a six figure Sartorius CP2P balance and 

transferred quantitatively into a 25 mL A grade volumetric flask kept at 25.0 °C, 

which was then filled to the mark with distilled water. A set of calibration 

standards was prepared using a 10 ppm Spectro-multi-element stock solution. 

The calibrating solutions were sprayed into the plasma and standard curves 

were obtained (Spectro-Ciros ICP-OES instrument). The samples were then 

sprayed into plasma and the average concentration of cobalt was determined 

using data from calibration standards and appropriate dilution factors. 

 

Investigation 1.2: Solution Behaviour of NAcCoMP8 

 

The preparation of a spectroscopically stable monomeric solution of NAcCoMP8 

was found to be affected by various factors. These factors included 

susceptibility to aggregation and degradation. Aggregation was found to be 

affected by conditions such as increasing ionic strength, high concentration, 

choice of buffers/dispersal agents and extreme temperature (ca. 5-10 oC and 

35-45 oC). Degradation was found to be affected by exposure to light and air. It 

was thus necessary to qualitatively investigate the solution behaviour of 

NAcCoMP8 in relation to these conditions in order to prepare solutions 

containing a stable monomer. These experiments also defined the limits (pH, 

ionic strength, concentration etc.) within which further NAcCoMP8 solution 

chemistry studies could be designed. For brevity, sources of reagents (Section 
2.4), technical specifications (Section 2.4), specialized (Sections 2.2.2; 2.2.3) 

and general techniques (Section 2.5) may found elsewhere. 

 

 2.2.4 Effects of Time (equilibrium observations) 

The absorbance spectrum of a freshly prepared sample of NAcCoMP8 in 

deionised water was observed to increase over time (hyperchromism) before 

spectroscopic stability was achieved. Stability is critical for the reproducibility of 
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subsequent quantitative spectroscopic data. It was thus necessary to determine 

how long it was required to stir a freshly prepared sample of NAcCoMP8 in 

order to reach equilibrium.  

 

A stock solution of NAcCoMP8 (ca. 1.25 µM; pH 7) was freshly prepared in 

degassed deionised water. A 2 mL sample was transferred into an argon-filled 

1.0 cm pathlength cuvette fitted with a septum. An initial spectrum was recorded 

between 300 – 700 nm. Thereafter a spectrum was recorded ever 5 minutes for 

an hour. The sample was protected with aluminum foil between recordings. 

 

 2.2.5 Effects of Light  

NAcCoMP8 was observed to degrade when exposed to light. The degradation 

was observed as a systematic decrease in absorbance of the Soret band 

(hypochromism). It thus became necessary to spectroscopically monitor the 

effect of light exposure to a sample of NAcCoMP8 as a function of time.  

 

A stock solution of NAcCoMP8 (ca. 1.25 µM; pH 7) was freshly prepared in 

degassed deionised water. A 2 mL sample was transferred into an argon-filled 

1.0 cm pathlength cuvette fitted with a septum. An initial spectrum was recorded 

between 300 – 700 nm. This sample was then systematically exposed to 

ambient light over a period of 3 days and the absorbance of the Soret band 

(415 nm) was recorded at various intervals as a function of time. 

 

 2.2.6 Effects of Air (oxygen sensitivity) 

NAcCoMP8 was observed to degrade when exposed to air (oxygen). The 

degradation was observed as a systematic decrease in absorbance in the Soret 

band (hypochromism). It thus became necessary to spectroscopically monitor 

the effect of air exposure to a known sample of NAcCoMP8 as a function of 

time 

 

A stock solution of NAcCoMP8 (ca. 1.25 µM; pH 7) was freshly prepared in 
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degassed deionised water. A 2 mL sample was transferred into an argon-filled 

1.0 cm pathlength cuvette fitted with a septum. An initial spectrum was recorded 

between 300 – 700 nm. A gentle stream of O2 was allowed to bubble into the 

sample whilst stirring. Absorbance was recorded at Soret band (415 nm) every 

5 minutes for 60 minutes. Sample was protected with aluminum foil between 

readings. 

 

 2.2.7 Effects of Ionic Strength 

Ionic strength has previously been associated with aggregation in some 

microperoxidases14. It was thus necessary to find ionic strength limits between 

which monomeric NAcCoMP8 is stable.  

 

These ionic strength limits were determined spectroscopically by the addition of 

aliquots (between 10 – 100 uL) of a degassed stock solution of NaClO4 (5 M) to 

a solution of degassed NAcCoMP8 (ca. 1.25 µM; pH 7; 1.5 mL) contained in an 

argon-filled 1.0 cm pathlength cuvette fitted with a septum. After each addition 

of NaClO4 the sample was gently stirred and allowed to reach equilibrium for 1 

minute. An absorbance spectrum was then recorded between 300 – 700 nm 

using NaClO4 in deionised water as the reference solution. All absorbance 

readings were corrected for dilution. Total ionic strength was determined 

(Equation 2.1). 

  

  Equation 2.1

where µ is total ionic strength of a solution; ci is the molar concentration of the ith 

ion (mol.dm-3); and zi is the charge number of that ion, with the sum taken over 

all ions in the solution 

 

 2.2.8 Effects of Concentration (Beer’s law investigation) 

A concentrated stock solution of NAcCoMP8 (ca. 20 μM) was prepared in 

deionised water. Aliquots (ca. 2 - 100 μL) were added successively to a known 

volume of deionised water in a 1.0 cm pathlength cuvette. After each addition of 

i i   
21 c z2= ∑µ
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NAcCoMP8 the full absorbance spectrum was recorded using a Cary 300 Bio 

UV-vis spectrophotometer at 25 oC. After the absorbance reached 2.0 a.u., 200 

μl of the final 1.0 cm pathlength curvette mixture was transferred to a 0.1 cm 

pathlength curvette. Similarly, small increments of stock NAcCoMP8 solution 

were added to the 0.1 cm pathlength curvette. The absorbance was recorded 

as before. The data were corrected for dilution and a Beer-Lambert plot of 

NAcCoMP8 in deionised water was plotted according (Equation 2.2) 

  

  Equation 2.2

where Aλ is absorbance at some monitoring wavelength λ, ε is the absorbtivity 

at λ (M-1.cm-1), c is the concentration (M) and l is the pathlength (cm). 

 

 2.2.9 Effects of pH (pKa investigation) 

The titration procedure for the determination of spectroscopic pKas of 

NAcCoMP8 was adopted from Sannasy3. Spectroscopic pKas were determined 

using a well-insulated continuous flow cell system set up in a thermally-

controlled environment as indicated in (Figure 2.5). The study was conducted 

as a function of temperature (10 - 35 oC) at constant ionic strength (0.1M by 

NaNO3) by titrating with negligible volumes of either concentrated acid (sulfuric; 

between pH 1.0-6.5) or base (NaOH; 8 M; between pH 5.5-14). 

 

The pH of NAcCoMP8 (40 mL; 8.01 μM) in a multi-component buffer (Section 
2.5.2) was adjusted with either acid or base using a drawn out capillary tube 

and the pH measurements were recorded. After each pH adjustment, the 

system was allowed to circulate and thermo-equilibrate before a full spectrum 

(300 – 700 nm) was recorded using a Cary 3E UV-vis spectrophotometer. In 

this way, a full speciation profile was obtained for NAcCoMP8 at 25 oC. 

 

Spectroscopic pKa experiments with NAcCoMP8 were time-consuming. Lengthy 

experimental times exacerbated the aggregation of NAcCoMP8, particularly at 

higher temperatures. Thus, the system needed to be re-designed in such a way 

A εcl
λ

=
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as to minimize the experimental time at these temperatures. This was achieved 

by decreasing the monitored pH and spectroscopic ranges, respectively, since 

only the pKa for the aqua/hydroyl species was of primary interest. Thus, 

subsequent pKa studies were conducted over shorter wavelength (ca. 360 – 450 

nm) and pH ranges (ca. pH 5-10) in order to reduce the total experimental time. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5  Photograph showing the typical pKa set-up using a thermostatted cell  
with an argon line. A well-insulated thermostatted cell (A) was fitted with an electrode 
(B) attached to pH meter (C), stirring unit (D) and argon line (E) to maintain an inert 
atmosphere and reduce evaporation. Temperature was maintained by a water bath 
using high quality silicon tubing (F). Sample was circulated into a spectrophotometer 
(G) using a peristaltic pump fitted with high quality silicon tubing (H).  
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For a species A with n ionisable functional groups, the following equilibria apply 

(Equation 2.3): 

  

  

  

  

  Equation 2.3

  

where the charge on the species AHi (i = 1 to n) is omitted for convenience. If AT 

is the absorbance at the some monitoring wavelength, and Ai the absorbance 

due to the ith species at that wavelength, then (Equation 2.4): 

 

  

  

  

  Equation 2.4

The experimental data were fitted using standard non-linear least-squares 

methods employing a Newton-Raphson procedure with (Equation 2.4) as 

objective function and all Ai and Ki values as variables (Appendix 2.3). 

 

 2.2.10 Effects of Temperature 

A qualitative temperature study of NAcCoMP8 at various temperatures was 

attempted in deionised water in order to observe any spectral shifts.  

 

A stock solution of NAcCoMP8 was prepared in deionised water (ca. 1.25 µM; 

pH 7) and degassed using argon. NAcCoMP8 (ca. 2 mL) was added to a clean, 

dry, argon-filled cuvette fitted with a septum. The temperature was increased in 

5 oC increments between 10 – 45 oC using a Peltier device and the spectrum 

was recorded between 300 – 700 nm at each temperature. 
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 2.2.11 Effects of Dispersing Agents and Buffers 

Various dispersing agents were investigated in the preparation of monomeric 

NAcCoMP8. These included Triton X-100, PEG, SDS 5% and TWEEN-20. A 

stock solution of NAcCoMP8 was prepared in deionised water (ca. 1.25 µM; pH 

7) and degassed using argon. NAcCoMP8 (ca. 2 mL) was added to a clean, 

dry, argon-filled cuvette fitted with a septum. An initial spectrum was recorded 

from 300 – 700 nm at 25 oC. To this sample, excess dispersal agent (ca. 200 μL 

in two additions) was added under argon, gently stirred for an hour and the 

spectrum was recorded every 5 minutes for 30 minutes under these conditions. 

This procedure was repeated for each dispersing agent listed above. All 

samples were light-protected when not in immediate use. 
 

Various buffers were investigated for coordination in the preparation of 

monomeric NAcCoMP8. These included CAPS, CHAPS, HEPES, MES, MOPS 

and Tris/HCl. Separate stock solutions of NAcCoMP8 (ca. 1.25 µM; pH 7) were 

prepared using Good buffers (ca. 0.1 M; pH 7) and allowed to stir for an hour 

whilst degassed. A 2 mL sample was then transferred into an argon-filled 1.0 

cm pathlength cuvette fitted with a septum. One spectrum per hour over 10 

hours was recorded between 300 – 700 nm for each sample. 

 
 2.2.12 Effects of Reducing Agents 

A qualitative study of the reduction of NAcCoMP8 using various reducing 

agents was attempted in deionised water in order to observe the changes in the 

electronic spectrum. The reducing agents used were sodium dithionite, sodium 

borohydride, ascorbic acid and zinc in methanol, respectively.  
 

A stock solution of NAcCoMP8 was prepared in deionised water (ca. 1.25 µM; 

pH 7) and degassed using argon. NAcCoMP8 (ca. 2 mL) was added to a clean, 

dry, argon-filled cuvette fitted with a septum. An initial spectrum was recorded 

from 300 – 700 nm at 25 oC. To this sample, previously dried excess reducing 

agent (ca. 0.5 g in two additions) was added under argon, gently stirred and a 

spectrum was recorded every 5 minutes for 30 minutes under these conditions. 

This procedure was repeated for each reducing agent listed above. 
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2.3 QUANTITATIVE ASSESSMENT OF THE SOLUTION CHEMISTRY OF 

NAcCoMP8  

 

Investigation 2.1: Thermodynamics of ligand substitution reactions of 

NAcCoMP8 

 

 2.3.1 Determination of equilibrium constants in NAcCoMP8 with selected 

donor ligands (pH 7.0; µ = 0.1) as a function of temperature 

 

Equilibrium constants (log K) were determined for the substitution of the 

coordinated water in NAcCoMP8 (and in vitamin B12a
†) by various exogenous 

ligands. The distally coordinated water was substituted by neutral and anionic 

ligands, L, and this substitution (Equation 2.5) was monitored 

spectroscopically. The anionic ligands examined were: cyanide, nitrite, sulfite 

and azide; the neutral ligands were: pyridine, N-methylimidazole, hydroxylamine 

and methoxyamine. These studies were conducted as a function of temperature 

(15 – 40 oC) at constant ionic strength (0.1 M) and pH (pH 7) in order to 

determine values for ∆H and ∆S. For brevity, sources of reagents (Section 2.4), 

technical specifications (Section 2.4), specialized (Sections 2.2.2; 2.2.3) and 

general techniques (Section 2.5) may be found elsewhere 

 

Equation 2.5

 

The equilibrium constants for the coordination of NAcCoMP8 (and of vitamin 

B12a) by exogenous ligand, L, were determined spectroscopically. NAcCoMP8 

(2 mL; 3 μM (70 μM for B12a); pH 7) was titrated with ligand (0.1 – 0.001 M) in a 

1.0 cm path length cuvette housed in the thermostatted cell block of a UV-vis 

                                                 
† Vitamin B12a solutions were made by dissolving a known mass of powder into the relevant 
buffer. The concentrations were determined spectophotometrically by conversion to the 
dicyano-complex (ε367nm = 3.04 x 104 M-1 cm -1 from Hill, J. A.; Pratt, J. M.; Williams, R. J. P., J. 
Chem. Soc., 1964, 5149. 

  [Y -Co(III)Por -H2O] +  L ⎯ → ⎯  [Y -Co(III)Por -L] +  H2O
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spectrophotometer. Between 15 and 30 aliquot additions were made in each 

titration and full absorbance spectra were recorded. All absorbance readings 

were corrected for dilution. The solutions were buffered with multi-component 

buffer (Section 2.5.2). All solutions were freshly prepared, protected against 

light with aluminium foil, degassed with argon, clarified and stored at 4 oC when 

not immediately in use  

 

The spectrophotometric determination of log K values is often assumed to be 

independent of the monitoring wavelength.  This should indeed be the case if 

the reactions are simple and the reaction mixture during the course of the 

titration consists only of the aqua- and exogeneous ligand-ligated form of the 

metal complexes. In the case of NAcCoMP8, the spectral changes associated 

with substitution of coordinated water can be quite small and it is not always 

clear where the greatest signal-to-noise ratio occurs.   

 

To determine whether the values of log K are indeed independent of the 

monitoring wavelength, and also to average out any possible wavelength-

dependence bias in the determinations, spectroscopic data for log K values 

were obtained at every 1 or 2 nm between 300 and 700 (for titrations with 

NAcCoMP8 and with B12a) but excluding wavelengths (such as those close to 

isosbestic points) where the absorbance change was small. 

 

The analysis of absorbance data were fitted by a non-linear least squares 

method using SigmaPlot.18 For instances where log K values were small (log K 

< 4), it is assumed that [L]free ≈ [L]total thus, a simple binding isotherm was used 

(Equation 2.6) 

  

  Equation 2.6

where Aλ is the absorbance at some wavelength λ. A0, A1 and K were the 

parameters to be optimized. A0 and A1 are the absorbance values at λ 

corresponding to 0 and 100% complex formation.  

 

o 1 A = (A  + KA [L]) / (1+K[L])λ
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In the instance where log K > 4, the assumption of [L]free ≈ [L]total is no longer 

valid and an expression for the amount free ligand (LF) in solution has to be 

compensated for (Equation 2.7).25 

  

  Equation 2.7

Where LF = (-a2 ± (a2
2 - 4a1a2)½) / 2a1 and a1 = K; a2 = 1 + K[M] total – K[L] total; a3 

= -[L]total. 

 

Only values of log K obtained from fits for which the correlation coefficient r2 > 

0.97 were accepted.  K was then found from a weighted average, weighted by 

the reciprocal of the variance, 1/σ2, where the standard deviation σ = (standard 

error of the fit)/n½ for n data points in the titration. Values were corrected for pH 

(Equation 2.8), the temperature-dependent aqua/hydroxo pKa and for the 

protonated (non-binding) form of the ligand. This is based on the assumption 

the hydroxo complex of NAcCoMP8 does not complex the exogenous ligand. 

  

  Equation 2.8

Values for ∆H and ∆S were determined from slope and intercept, respectively of 

van’t Hoff plots of ln K vs 1/T. 

 

Investigation 2.2: Kinetics of ligand substitution reactions of NAcCoMP8 

 

 2.3.2 Kinetics of substitution in NAcCoMP8 with selected donor ligands 

(pH 7.0; µ = 0.1) as a function of temperature 

 

For a monomeric Co(III) macrocycle (NAcCoMP8 or B12a) in aqueous solution, 

the kinetics of substitution reactions with probe ligands is described by 

(Equation 2.5):  

 

o 1 A = (A  + KA [LF]) / (1+K[LF])λ

LigandCo p -pHpH - p
 obsK= K  (1 + 10 )(1 + 10 ) KK
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  Equation 2.5

  

where L represents the incoming probe ligand that replaces the axial water with 

a second order rate constant kII. These absorbances were monitored under 

pseudo first order conditions where [L] >> [NAcCoMP8]. The rate was 

monitored spectrophotometrically at selected wavelengths as described below. 

For brevity, sources of reagents (Section 2.4), technical specifications (Section 
2.4), specialized (Sections 2.2.2; 2.2.3) and general techniques (Section 2.5) 

may be found elsewhere. 

 

NAcCoMP8 (ca. 3 μM (30 μM for B12a)) was added to a 1.0 cm path length 

cuvette housed in the thermostatted cell block of a UV-vis spectrophotometer. 

To this a known concentration of the probe ligand was aliquotted and the rate of 

the reaction was monitored using the onboard Cary Kinetics® software by 

recording the increase or decrease of absorbance over time at 415 or 425 nm, 

respectively for NAcCoMP8, and at 350 or 360 nm, respectively for B12a. Five to 

eight ligand concentrations were used each differing in concentration roughly by 

a factor of 10. All solutions were freshly prepared, degassed (argon) and 

buffered with multi-component buffer (pH 7 by NaOH (8 M), μTotal = 0.1 M by 

NaNO3).  

 

The observed pseudo first order rate constants, kI
obs, was obtained by fitting a 

standard exponential function employing a Newton-Raphson procedure using 

SigmaPlot to the absorbance/time traces obtained for each titration (Equation 
2.9, if the absorbance increases and Equation 2.10 if it decreases with time).In 

the equation A0, A1 and kI
obs are variables. 

 

  Equation 2.9

  Equation 2.10

  

IIk
2 2CoH O L  CoL H O+ ⎯⎯→ +

Iobs
1 1 o

Iobs Iobs
o 1 o

(-k t)

(-k t)(-k t)

A  = A -(A  - A )e

A  = -A e - A e + A

λ

λ
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Thereafter the values for kI

obs were also corrected for dilution and for the pKa of 

NAcCoMP8 (Equation 2.8) given the assumption that the hydroxo complex of 

NAcCoMP8 (and of B12a) does not complex the exogenous ligand. 

  

  Equation 2.8

Second order rate constants, kII, were obtained from a linear least-square plot of 

corrected kI versus [L] where L is the concentration of the incoming ligand. 

Values of ΔH‡ and ΔS‡ were determined from weighted linear least squares 

Eyring plots of ln(kIIh/kBT) against T-1, where h and kB are the Plank and 

Boltzmann constants, respectively. 

 

2.4 SUMMARY OF MATERIALS 

 

 2.4.1 Chemicals 

 

Table 2.3 Summary of chemicals used in this work. 

 

Chemical  Supplier  Grade 

Acids and Bases 

Acetic Acid (glacial)  BDH  AR 

Ammonia (as 25% NH4OH)  Merck  AR 

Ascorbic acid  Sigma  AR 

Hydrochloric Acid  Saarchem  GR 

Nitric acid  Saarchem  GR 

Perchloric acid  ACE  CP 

Phosphoric acid (99%)  Aldrich  AR 

Sodium hydroxide (pellets)  Merck  GR 

Sulphuric acid  ACE  GR 

Enzymes, Proteins, Metalloporphyrins 

CoTPPS  Frontier Chemicals  CP 

CoTMPyP  Frontier Chemicals  CP 

Cytochrome c (horse heart)  Seravac  BP 

Pepsin (porcine)  Sigma  CP 

TMPyP  Sigma; Frontier Chemicals  CP 

TPPS  Sigma; Frontier Chemicals  CP 

Trypsin (bovine)  Sigma  CP 

Vitamin B12a   Roussel  BP 
 

obs-corr p a - pH
 I obsk = k  (1 + 10 ) K



 

 
 

• 89 •

   

Chemical  Supplier  Grade 

Fine Chemicals, Reagents, Ligands 

Acetic anhydride  Merck  GR 

Ammonium sulphate  Saarchem  AR 

Calcium chloride  Sigma  CP 

Cobaltous acetate  Saarchem  AR 

Hydroxylamine sulphate  Sigma  AR 

Iron(II)chloride  Merck  AR 

Methoxyamine hydrochloride  Sigma  AR 

N-methyl imidazole  Sigma  AR 

Potassium chloride  Aldrich  AR 

Potassium permanganate  Sigma  AR 

Pyridine  Sigma  AR 

Silver chloride  Effective lab supplies Ltd  AR 

Sodium acetate  Merck  AR 

Sodium borohydride  Sigma  AR 

Sodium cyanide  Merck  AR 

Sodium dithionite  Hopkin & Williams Ltd  AR 

Sodium azide  Fluka  AR 

Sodium nitrate  Merck  CP 

Sodium nitrite  Merck  CP 

Sodium perchlorate  Sigma  AR 

Sodium sulphite  Merck  CR 

Zinc  BDH  GR 

Solvents and Gases 

Acetone  Merck  CR 

Acetonitrile  Agros-Organics  HPLC 

Argon (gas)  Afrox  AR 

Chloroform  Sigma  HPLC 

Deionised water  Millipore 18 MΩcm 

Ethyl acetate  Sigma  CR 

Helium (gas)  Afrox  AR 

Methanol  BDH  HPLC 

Nitrogen (liquid)  Afrox   

Nitrogen (gas)  Afrox  UHP 

Oxygen (gas)  Afrox  AR 

Buffers and Surfactants 

Ammonium hydrogen carbonate  BDH  AR 

Ammonium carbonate  BDH  AR 

CAPS  Sigma  AR 

CHAPS  Sigma  AR 

CHES  Sigma  AR 

Dipotassium hydrogen phosphate  Merck  GR 

HEPES  Sigma  AR 

MES  Sigma  AR 

MOPS  Sigma  AR 

PEG 1000  BDH  CP 
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Chemical  Supplier  Grade 

Buffers and Surfactants/ continued… 

Potassium dihydrogen phosphate  Merck  GR 

Potassium hydrogen phthalate  Saarchem  GR 

SDS (5%)  Merck  GR 

Sodium hydrogen carbonate  Merck  CP 

Sodium carbonate  Merck  CP 

Tris  BDH  CP 

Triton-100  Merck  GR 

Tween-20  Merck  GR 

Metrohm Standard Buffer 4.0  Metrohm   

Metrohm Standard Buffer 7.0  Metrohm   

Metrohm Standard Buffer 9.0  Metrohm   

 

 2.4.2 Equipment 

 

Table 2.4 Summary of equipment and software used in this research. 

 
Material Source Part No.: / Specification 

General Equipment and Instrumentation 

Antistatic gun Sigma ZerostatTM Cat. No.: Z108812 

Cuvettes Helma Quartz; 1 cm; flow cell; #284 set. 

Electrodes Metrohm 6.0258.010 or 6.0234.100 

Freeze dryer Virtis Unitrap II, Gardiner, NY, 12525 

HPLC Dionex Reverse phase system 

Mass spectrometer Thermo Thermo LXQ 

Peristaltic pump * Watson-Marlow 101U 

pH meter Metrohm Metrohm 605, 713 or 780 

Thermostatted cell Metrohm 6.1418.150 (5 – 70 mL) 

UV-Vis spectrophotometers Cary, Varian 1E, 3E and 300 Bio  

Separation and Filtration 

Amicon® Cell Millipore Model 8050. Cat. No. 5122 

Deionised Water system Millipore DirectQ UV3 18.2 MΩ.cm / 25 oC 

Gel filtration columns Pharmacia  1 m x 0.03 m 

HPLC column Phenomenex 5 μ; 150 X 4.6 mm C18 RP 

HPLC guard column Phenomenex 4 x 3 mm; C18 RP 

Millex® syringe-filters Millipore 0.45 μm, non-sterile, PTFE 

Sephadex G50 Sigma G50; 20 -50 μ M 

Sep-Pak® Cartridges Waters 500 mg and 10 g C18  

TLC Plates Fluka Silica gel plates 254 nm, 0.2 mm  
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Software 

Material Source Part No.: / Specification 

Excel© Microsoft® Ver 11.6.3(101208) 2004 

Chromeleon© Dionex Ver 2.10(100) 2009 

CurveFit©† Wits Ver 1.00 

Xcalibur® Thermo® Thermo Electrons 1998-2005 

Kinetics© Cary, Varian Ver 3.00(182) 2002 

Scan© Cary, Varian Ver 3.00(182) 2002 

SigmaPlot© Systat Software Ver 11.0 (2008) 

† Perry, C. B., CurveFit, a computer programme for non- linear least-squares fitting using the Marquard algorithm, University of the 
Witwatersrand, Johannesburg, South Africa, 1998.  

 

2.5 GENERAL METHODS 

 

 2.5.1 pH Measurements 

All pH measurements were performed using one of the pH meters listed 

(Section 2.4.2) with a combination glass electrode (either 6.0258.010 or 

6.0242.101). The instruments were operated according to the respective 

manufacturer’s manual. Instruments were calibrated two hours prior to use with 

Metrohm standards (pH 4.00, 7.00 or 9.00 at 25.0 °C). Care was taken to 

ensure thermoequilibration.  Electrodes were routinely maintained as per 

manufacturer’s manual. 

 

 2.5.2 Buffer Preparations 

Buffers were freshly prepared (0.1 M) in degassed deionised water and stored 

at ca. 4 oC until just before use. The pH of the solutions were adjusted using an 

acid or base that was appropriate to the experiment being run. All buffers were 

filtered under pressure. The multi-component buffer was made up to an overall 

ionic strength of 0.1 M (Table 2.5). 
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Table 2.5 Summary of the multi-component buffers used in this research. 

 

 

Buffers pKa Useful pH range 

(NH4)2CO3 7.8 6.8 – 7.0 

CHES 9.3 8.6 – 10.0 

MES 6.1 5.5 – 6.7 

Tris/HCl 8.1 7.0 – 9.0 

MOPS 7.2 6.5 – 7.9 

Multi-component buffer * - 4.0 – 10.0 

                   * (CHES, MES, Tris, MOPS, Potassium hydrogen phthalate 

 

 2.5.3 Lyophilisation 

Lyophilisation is a process of cryo-dessication that allows for the removal of 

solvent from a sample through sublimation. The lyophilisation process typically 

requires that the sample be highly concentrated in the smallest possible 

volume. This however, poses a problem for NAcCoMP8 samples given its 

propensity towards aggregation at such high concentrations. Thus, samples are 

not reduced to minimum volume but rather to ca. 40 mL with a concentration of 

ca. 2 μM on a UniTrap II Virtis freeze dryer. Furthermore, this volume is frozen 

around a large round-bottomed flask (250 mL) in order to increase the surface 

area and thus reduce lyophilisation run-time. All samples must be clarified using 

a Millex® syringe-filter else NAcCoMP8 tends to lyophilise around the glass as a 

fine sticky powder as opposed to a spongy solid. The latter is far easier to 

handle and does not require the use of an anti-static gun. When samples have 

been dried, they need to be flooded with argon and stored at -20 oC in a light-

protected moisture-free flask. Any moisture will, upon warming up to room 

temperature, condense and dissolve the extremely hydrophilic NAcCoMP8, 

forming a highly concentrated solution. 
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2.6 MISCELLANEOUS EXPERIMENTS 

NAcCoMP8 tends to aggregate in solution and is often prepared in small 

quantities or reclaimed where possible. For this reason, cheaper alternatives 

are used for all preliminary experimental optimisations. These alternatives are 

typically synthetic cobalt(III) porphyrins. 

 

 2.6.1 Synthesis of CoTPPS and CoTMPyP 

Synthetic cobalt (III) porphyrins are typically used as model-systems for vitamin 

B12a. These include a variety of water-soluble cobalt porphyrins such diaqua-

5,10,15,20-tetra-p-phenylsulfonyporphinato-cobalt(III) (CoTPPS) and 5, 10, 15, 

diaqua-5,10,15,20-tetra-p-phenyl-N-methyl-4-pyridylporphinato-cobalt(III) 

(CoTMPyP) (Figure 2.6). For brevity, sources of reagents (Section 2.4), 

technical specifications (Section 2.4), specialized (Sections 2.2.2; 2.2.3) and 

general techniques (Section 2.5) may found elsewhere. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6  The cheaper synthetic Co(III) porphyrins used to develop synthesis 
protocols in this work. (A) CoTPPS and (B) CoTMPyP. 
 

The synthesis of CoTPPS was based on the methods employed by Herrmann27 

et al., and of Abwoa-Konya28 et al., (CoTMPyP was based on the methods of 

Lin and Marzilli23 and Herrmann27 et al.,) with modifications. The notable 

A 

B 
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modification is against the use of perchlorate salts as these are known to be 

explosive particularly since synthesis requires heating.  
 

Methods: Freebase porphyrin obtained from Sigma-Aldrich was purified as 

mentioned below. Freebase porphyrin (10 mg) was dissolved in basic deionised 

water (ca. 2 mL; pH 9 (NaOH)) and refluxed with cobalt acetate (100 fold 

excess) under argon for 30 minutes in the dark. The cobalt acetate (ca. 0.5 g) 

was prepared by dissolving in dry methanol (ca. 1.5 mL) and allowed to stir until 

dissolved. The cobalt acetate solution was then clarified using a Millex® syringe-

filter before addition into reflux vessel (ca. 50 uL). Thereafter, the reaction was 

allowed to stir without heat for three hours in air (ca. pH 6 in vivo). Synthesis 

was monitored spectroscopically by the shift in soret from 414 nm to 424 nm 

(424 nm to 437 nm in CoTMPyP). Once cooled, the metalloporphyrin was 

precipitated out as dark pink flakes (purple-red in the case of CoTMPyP) using 

cold acetone. The CoTPPS was recrystallized as dark rhombic purple-black 

crystals using (2:2:1 ethyl acetate: acetone: water) diffusion system in H-tubes 

at reduced temperature (ca. 4 oC).  CoTPPS was characterized using UV-Vis 

spectroscopy, NMR and ESI-MS.  

 

Purification: It was typically observed that freebase TPPS (Sigma-Aldrich) was 

contaminated by the more hydrophobic tri- and di-substituted derivatives as well 

as water-soluble salts used in the isolation process. TPPS was purified using 

C18 Sep-Pak® cartridges. The cartridges were activated using HPLC grade 

CH3CN (20%) and washed several times with deionised H2O to equilibrate the 

column. The TPPS sample was then dissolved in minimal volume deionised 

water and loaded slowly onto the Sep-Pak® to avoid leaching. Once loaded, the 

porphyrin was washed several times with deionised water to remove other 

water-soluble salts used in the isolation process. The porphyrin was then eluted 

as a single purple band using acetonitrile (20%) and lyophilized overnight. This 

procedure may also be used to purify the metalloporphyrins if required. 
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 2.6.2 Recovery of NAcCoMP8 

NAcCoMP8 had to be recovered from the various experiments in order to be 

utilized in others. This was more time-efficient than re-making NAcCoMP8. 

These samples included NAcCoMP8 in various aqueous buffered solutions (e.g. 

Beer’s Law, pKa and other qualitative studies) as well as samples from ligand 

binding studies where the axial position was not occupied by water. Each of 

these samples was treated separately to avoid cross-contamination. 

 

NAcCoMP8 in various buffered solutions were adjusted to pH neutral (with 

either concentrated NaOH or H2SO4) if required (e.g. in the case of pKa 

samples) and concentrated on a C18 Sep-Pak® cartridge primed with HPLC 

grade CH3CN and equilibrated with deionised water. The sample was then 

washed exhaustively with deionised water (ca. 1.5 L). Eluents were checked for 

salts using silver nitrate. The sample was eluted using 50% CH3CN, filtered 

using a Millex® syringe-filter and lyophilized. Solid was weighed and identified 

using HPLC, Uv-Vis and mass spectroscopy. 

 

NAcCoMP8 samples reclaimed from ligand binding studies were diluted and 

washed with copious amounts of water (ca. 5 L per ligand) on an Amicon© cell 

under pressure (nitrogen) over 24 hours. Samples were routinely checked for 

salts using silver nitrate. NAcCoMP8 was monitored using Uv-Vis spectroscopy 

(415 nm). NAcCoMP8 was then concentrated on a C18 Sep Pak® cartridge and 

treated as before. 
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CHAPTER 3 
MONOMERISATION OF NAcCoMP8: 

SYNTHESIS ASPECTS 
 

3.1 INTRODUCTION 

  

The proteolytic digestion of cytochrome c yields a variety of hemepeptides 

called microperoxidases.1,2 These microperoxidases at neutral pH typically 

contain a covalently bound heme that retains a histidine residue in the 5th axial 

position and a readily replaceable water molecule at the 6th axial position. The 

availability of this 6th axial position for ligand binding studies demonstrates the 

attractiveness of microperoxidase as a biomimetic model.3 However, it has been 

suggested that ligand binding studies with microperoxidase is often under-

utilised.3 The most apparent reason for this is the propensity of microperoxidase 

towards aggregation.3-5 

 

Microperoxidases are notoriously prone towards aggregation.3-5 Aggregation 

has been observed with FeMP114,6, FeMP97,8, FeMP89 and FeMP511. Findings 

as early as in the 1950s suggested that microperoxidase aggregates could 

exhibited apparent molecular masses of up to 10 000!12 Thus, the implications 

towards a complicated solution chemistry is obvious. In this work aggregation is 

referred to as the process whereby a monomer rearranges from dimer to 

oligomer to polymer and finally to aggregate. Here, polymer refers to oligomers 

of very high masses. Aggregates, unless otherwise specified, refer to insoluble 

polymers that have precipitated, usually irreversibly. 

 

Two types of aggregation have been found amongst microperoxidases: non-

covalent π-π interactions and covalent metal–side-chain coordination. Non-

covalent π-π interactions occurs through one or more porphyrin faces.13-15,19 
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This may result in a variety of conformations including  head-to-tail16 or plane-

to-plane17. Metal–side-chain aggregation refers to the coordination of the 6th 

axial position of one hemepeptide moiety by an amine group of another 

hemepeptide moiety.3,19 These co-ordinating amines may be α-amines (e.g. 

Cys-14, Val-11) or ε-amines (e.g. Lys-22, Lys-13) and lead to the presence of 

multiple species in solution.4,12,20,22  

 

The various microperoxidase derivatives formed through aggregation tend to 

significantly complicate the solution chemistry of these species.3,26,27 The 

kinetics of disaggregation may further confound ligand binding data. Moreover, 

aggregation has solubility repercussions that reduce the attractiveness of 

microperoxidase as biomimetic models.3 Thus, the need for monomerisation of 

microperoxidase becomes apparent.  

 

Monomerisation of microperoxidase may be considered a two-fold approach. 

Firstly, monomerism may be encouraged by regulating the solution environment 

through the factors that directly influence aggregation. These factors comprise 

pH, concentration, ionic strength and temperature and regulation may include 

the utilisation of mixed-solvents, detergents, low ionic strength and so on (see 

Chapter 4).24,25 Typically, this works well for non-covalent π-π aggregates.16-18 

Secondly, in the case of metal–side-chain coordination it is often necessary to 

structurally modify the co-ordinating moieties by derivatisation, for example, by 

acetylation (this Chapter). Acetylation of the amines to suppress intermolecular 

bond formations significantly minimises this type of aggregation. 3,21,22,25 

 

Aggregation is a feature not exclusive to iron-containing porphyrins but is 

common in most metalloporphyrins.15,18,19 These include metalloporphyrins that 

contain cobalt.10,13 Thus it was expected that CoMP8 would be prone to 

aggregation as well. Preliminary work on CoMP8 demonstrated aggregation 

and revealed complicated, irreproducible solution chemistry data (Appendix 
3.1). Thus, CoMP8 was aceylated, to produce NAcCoMP8, in which the 

terminal amino group of Cys-14 is acetylated in order to reduce the effects of 

aggregation.21,23 However, despite this, NAcCoMP8 was found to aggregate in 
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solution under certain conditions (see Chapter 4). This then led to the idea of 

combining various aspects of the two-fold approach towards monomerism 

mentioned earlier.  

 

The aim of the work presented in this Chapter was therefore to optimise the 

NAcCoMP8 yields by minimising aggregation during synthesis (cf. Investigation 

1.1, Chapter 2). Aggregation was minimised by employing a two-fold approach 

towards monomerism: acetylation in order to prevent metal–side-chain co-

ordination and by regulating the solution environment with regards to 

microperoxidase concentration and pH to limit π-π interactions. (Figure 3.1). 

  

 

 

 

 

 

 

 

 

 

Figure 3.1 A flow diagram of the different aims and results focussed on in Chapter 
3. Achieving monomerism involved the minimisation of metal–side-chain interactions by 
the protection of the co-ordinating moieties through acetylation. Monomerism was also 
explored by the regulation of the factors that influence aggregation in solution such as 
pH and concentration.  
  

3.2 RESULTS AND DISCUSSION 

  

The rationale behind the acetylation investigation was prompted by the 

generally low yields observed in synthetic Route A.23 The low yields suggested 

that perhaps aggregation occurred during the synthesis. This led to the idea that 

perhaps the acetylation step to protect against metal–side-chain coordination 

occurred too late in the synthesis of NAcCoMP8 and should be effected sooner. 

Monomeric
NAcCoMP8 

Metal–side-
chain 

pH and Concentration

General Observations 

Optimising Acetylation 

General Observations

π-π  
interaction 
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Thus, the first step in this investigation explored when exactly the acetylation 

step should occur in order to maximise NAcCoMP8 yields (Figure 3.1).  

 

The rationale behind the synthesis protocol optimisations was centred on the 

factors that influenced aggregation in solution such as pH and microperoxidase 

concentration. The synthesis of NAcCoMP8 often required the intermediate 

microperoxidases to be at non-neutral pH in high concentration; concentration 

and pH are both known to promote aggregation.24, 25 Thus, the second focus of 

the investigation explored synthetic procedures that minimised high 

microperoxidases concentrations at non-neutral pH (Figure 3.1). Often 

synthetic cobalt porphyrins were used to optimise these reactions before testing 

on other cobalt microperoxidases. CoTPPS was utilised for this purpose in this 

work (Appendix 3.7). 

  

 3.2.1 Optimisation of the acetylation process of NAcCoMP8 

   

The acetylation of NAcCoMP8 was investigated in terms of (i) a comparative 

investigation of yields of the various microperoxidases in Routes A, B, C and D, 

and (ii) a comparative investigation of three different cobalt microperoxidases 

and their acetylated derivatives. 

   

  3.2.1.1 Percentage yields in NAcCoMP8 synthesis 

    

Four different synthetic routes were explored in order to minimise aggregation in 

NAcCoMP8: Routes A, B, C and D (Chapter 2; Appendix 2.1). The primary 

difference pertained to the position of the acetylation step relative to the 

demetalation step. Route A represents the original synthesis as described by 

Sannasy.23 Routes B and D represents earlier acetylation and demetallation, 

respectively. Route C represents an amalgamation of the two whereby both 

acetylation and demetallation are effected earlier relative to Route A. The 

overall yields for NAcCoMP8 in each route were compared. 
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Synthesis via Routes A, B, C and D were carried out as described previously 

(Chapter 2; Appendix 2.1). Percentage yields were determined, by mass, for 

microperoxidases in each route and are reported as a percentage conversion 

dependent upon the microperoxidase used in the preceding step. Yields could 

have been estimated by concentration using electronic spectroscopy. However, 

since absorptivities for some microperoxidases are not known, yields were 

estimated by mass. The percentage yields reported represent an average of 

three repeated syntheses for each route (Table 3.1). Masses were obtained on 

a 6-figure balance at reduced temperature to minimise the effects of static 

(Appendix 3.2). In this regard, an anti-static gun was also used as per 

manufacturer’s instructions.  

 

Table 3.1 Percentage yield (by mass, with standard deviations in parentheses) of 
the various microperoxidases obtained in synthetic Routes A, B, C and D. The 
underlined synthetic Route C was explored in this work. Percentage yield values for 
NAcCoMP8 are italicised across the synthetic routes 
 

Route A Route B Route C Route D 

FeMP11 84.6(6) FeMP11 92.7(6) FeMP11 93.1(7) FeMP11 91(1) 

FeMP8 57.1(5) FeMP8 57.8(3) NAcFeMP11 95.1(5) MP11 90.0(4) 

MP8 68.7(5) NAcFeMP8 87.6(5) NAcMP11 98.2(1) CoMP11 85.9(6) 

CoMP8 65.1(3) NAcMP8 76.0(2) NAcCoMP11 95.1(2) NAcCoMP11 66.7(9) 

NAcCoMP8 69.0(1) NAcCoMP8 72.4(5) NAcCoMP8 76.7(7) NAcCoMP8 74.9(3) 

        

 

The overall yields for the initial peptic digestion product, FeMP11, for Route A, 

B, C and D were 85%, 93%, 93% and 91%, respectively. The overall yields for 

the final cobalt(III) substituted digestion product, NAcCoMP8, for Route A, B, C 

and D were 69%, 72%, 77% and 75%, respectively. The previously reported 

NAcCoMP8 yield (Route A’) was 58%.23  

 

Routes C and A were found to have the highest (77%) and lowest (69%) yields, 
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respectively. Yields for Route B and D were 72% and 75%, respectively; both 

yields were an improvement on Route A and A’.  

 

Route A yield for NAcCoMP8 reported here (69%) was comparable to that 

obtained previously for Route A’ (58%).23 The improvement in yield noted (11%) 

was likely due to the implementation of Sep-Pak® cartridges as opposed to the 

Amicon® cell during the desalting and concentrating steps (Section 3.2.1.1). 

This improvement was also observed in the FeMP8 synthesis (ca. 2%) when 

FeMP8 was desalted by implementing the Sep-Pak® system rather than the 

Amicon® system.  

 

Route B yield for NAcCoMP8 (72%) was higher than that obtained for Route A’ 

(58%)23 and Route A (69%). The increase in yield from Route A’ to B (ca. 14%) 

was likely as a consequence of shifting the acetylation procedure ahead of the 

metal-removal step. Removing the metal allows the His-18 moiety to become 

uncoordinated from the metal centre. This unbound His-18 moiety now has a 

greater degree of freedom; side-chain aggregation of the Cys-14 moiety onto 

another microperoxidase molecule is readily facilitated (Figure 3.2A). Thus, 

protection of the terminal amino groups on the Cys-14 by acetylation prior to 

removing the metal ion limits the His-18 moiety’s propensity for side-chain 

coordination despite the degrees of freedom (Figure 3.2B). Similarly, the 

process of metal ion-removal requires very concentrated and low pH conditions 

which promote the formation of metal–side-chain aggregation before the metal 

is actually removed. Additionally the slight increase in yield from Route A to B 

(ca. 3%) may be attributed to the utilisation of Sep-Pak® cartridges in addition to 

the shift in acetylation step.  

 

Route D yield for NAcCoMP8 (75%) was higher than that obtained for Route A’ 

(58%)23 and Route A (69%). The increase in yield from Route A’ to D (ca. 17%) 

was likely a consequence of early FeMP11 demetallation, it being the initial 

precursor in the NAcCoMP8 synthesis. Since the typical overall masses 

obtained for FeMP11 (ca. 40 mg) are larger than those obtained for FeMP8 (ca. 

20 mg), the errors during synthesis were relatively smaller. Thus the 
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demetallation and cobalt insertion steps of FeMP11 were easier to manage 

practically than that of FeMP8. Additionally, the slight increase in yield from 

Route A to D (ca. 6%) may be attributed to the utilisation of Sep-Pak® cartridges 

in addition to the shift in acetylation step. 

 

Route C yield for NAcCoMP8 (77%) was higher than that obtained for Route A’ 

(58%)23 and Route A (69%). The increase in yield from Route A’ to C (ca. 19%) 

was likely due to a combination effect of both early acetylation and 

demetallation of FeMP11, the initial precursor in the NAcCoMP8 synthesis. This 

was the earliest possible step in which acetylation and demetallation could be 

carried out. Additionally the slight increase in yield from Route A to C (ca. 8%) 

may be attributed to the utilisation of Sep-Pak® cartridges in addition to the shift 

in acetylation step (Section 3.2.2.1). 

 

From this investigation, it is observed that that the position of the demetallation 

and acetylation steps play an important role in the amount of NAcCoMP8 

synthesized. The yield of NAcCoMP8 appeared to be more dependent on the 

position of the demetallation step rather than the acetylation step. Thus shifting 

both the acetylation and demetallation steps improved the overall yield of 

NAcCoMP8 by ca 19%.  
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Figure 3.2 The effect of acetylation on side-chain aggregation in metal-free 
microperoxidase. Metal-free CoMP8 could encounter side-chain aggregation at the non 
acetylated amines on the Cys-14 group (A). However, the demetalated NAcCoMP8 is 
unable to form those interactions (represented by X) due to the acetylation of those 
amino-groups (B).  
 

 3.2.1.2 General observations of three cobalt microperoxidases 

    

The proteolytic digestion of cytochrome c yields a variety of microperoxidases 

(Figure 3.3). The controlled peptic and tryptic digestion of cytochrome c 

typically yields FeMP8, sometimes with FeMP11, FeMP6 and FeMP5 as 

impurities. In principle, these microperoxidases could be isolated, demetalated 

and have cobalt inserted. Thus, two other cobalt microperoxidases were 

isolated as an artefact of the NAcCoMP8 synthesis (Section 2.2.1). These were 

CoMP11 and CoMP6. Both derivatives were acetylated and qualitatively 

compared against CoMP8 and NAcCoMP8, respectively. All associated 

methods, procedures and equipment referred to may be found elsewhere 

(Chapter 2; Appendix 2.1). 
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A stock solution of each cobalt microperoxidase (ca. 1.80 µM; pH 7) was freshly 

prepared in degassed deionised water. The samples were allowed to stir for 

about 2 hours to reach equilibrium before filtering with Millex® syringe-filters. 

Thereafter, a 2 mL sample was transferred into an argon-filled 1.0 cm 

pathlength cuvette fitted with a septum. A UV-vis spectrum was recorded 

between 300 – 700 nm (Figures 3.4 - 3.6). HPLC and TLC data were recorded 

using samples recovered whilst monitoring the acetylation reactions at different 

intervals; chromatograms and TLC examples are included in the Figures. 

  

Figure 3.3 Representation of hemepeptides that may be isolated through the 
proteolytic digestion of cytochrome c. The porphyrin moiety (blue) is denoted as heme-
c to reflect the porphyrin’s cytochrome c origins. Porphyrin moieties derived from 
heme-c contain Fe(III) as the metal ion. Adapted from Chuang et al.11 
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Figure 3.4 The UV-vis spectrum of CoMP11 (red) and NAcCoMP11 (blue). All samples were run in degassed deionised water, ca. pH 7, 25 
oC. The corresponding HPLC chromatogram appears alongside with NAcCoMP11 (blue) and CoMP11 (red). The hemepeptide representation 
refers to CoMP11 (red) with acetylated NAcCoMP11 (blue) represented by n = -COCH3 group. Typically heme-c has iron(III) as the central 
metal ion in the porphyrin moiety. Here this has been replaced by cobalt(III). 

TLC solvent front 

TLC Rf = 0.78 

(417 nm) 

(419 nm) 
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Figure 3.5 The UV-vis spectrum of CoMP8 (red) and NAcCoMP8 (blue). All samples were run in degassed deionised water, ca. pH 7, 25 
oC. The corresponding HPLC chromatogram appears alongside with NAcCoMP8 (blue) and CoMP8 (red). The hemepeptide representation 
refers to CoMP8 (red) with acetylated NAcCoMP8 (blue) represented by n = -COCH3 group. Typically heme-c has iron(III) as the central metal 
ion in the porphyrin moiety. Here this has been replaced by cobalt(III). 

TLC solvent 
front

TLC  
Rf = 0.83

(415 nm) 

(417 nm) 
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Figure 3.6 The UV-vis spectrum of CoMP6 (red) and NAcCoMP6 (blue). All samples were run in degassed deionised water, ca. pH 7, 25 
oC. The corresponding HPLC chromatogram appears alongside with NAcCoMP6 (blue) and CoMP6 (red). The hemepeptide representation 
refers to CoMP6 (red) with acetylated NAcCoMP6 (blue) represented by n = -COCH3 group. Typically heme-c has iron(III) as the central metal 
ion in the porphyrin moiety. Here this has been replaced by cobalt(III). 

TLC  
Rf = 0.92

TLC solvent front 

(412 nm) 

(413 nm) 
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The cobalt microperoxidases CoMP11 and NAcCoMP11 were obtained as by-

products of NAcCoMP8 synthesis (Route D). These were isolated using 

Sephadex G-50 gel permeation chromatography. Contaminants were possibly 

undigested cytochrome c and presumably CoMP9.28 These were present in 

trace amounts, insufficient for LCMS analysis. CoMP9, though briefly isolated, 

formed insoluble aggregates and could not be analysed further. Acetylation was 

attempted on the aggregated CoMP9 sample without success (Appendix 3.5). 

  

NAcCoMP6 was obtained as a by-product of NAcCoMP8 synthesis through the 

trypic digestion of NAcCoMP11 (Route D). CoMP6 was obtained when CoMP8 

was synthesized through the tryptic digestion of CoMP11. Both NAcCoMP6 and 

CoMP6 were purified using Sephadex G-15 gel permeation chromatography. 

Contaminants were possibly undigested cytochrome c and presumably 

CoMP5.28 These were present in trace amounts insufficient for LCMS analysis.  

 

Electronic spectra were recorded for all cobalt(III) microperoxidases (Figures 
3.4-3.6). Spectral features common to all samples were the four distinct bands 

observed at ca. 350 nm, 415 nm, 530 nm and 560 nm. The broad N-band and 

intense Soret-band (B-band) occurred at ca. 350 and 415 nm, respectively. The 

Soret usually occurred with a vibrational component present as a high-energy 

shoulder, B(1,0).35 In contrast, Mn(III)MP8 displayed split Soret-bands which 

was attributed to inequivalent interactions between the pophyrin px and py 

LUMOs and dp electrons in the manganese ion.29 In NAcCoMP8 the Q-bands 

were found at 530 (Qv) and 560 nm (Qo), respectively with no charge transfer 

bands observed in that region. In contrast, FeMP8 species exhibited charge 

transfer bands in the 550- 650 nm region.23 Both the Qo and Soret-bands are 

due to transitions from π (a1u, a2u) to π*(eg*) porphyrin orbitals.35 

 

Importantly, whilst the Soret was observed to shift (ca. 4-5 nm) between the 

non-acetylated and acetylated species in each cobalt(III) microperoxidase 

spectrum, the overall spectral profile remained the same. This observation 

suggested that the acetylation procedure may be an acceptable protection 

method since the electronic structure of the porphyrin appeared unperturbed. 
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Interestingly, the Soret exhibited a small blue shift when going from a non-

acetylated to acetylated cobalt(III) microperoxidase species. If it is assumed that 

this blue shift is due to the monomerisation of cobalt(III) microperoxidases upon 

acetylation, then this suggests a red shift (bathochromic) in the electronic 

spectrum of the aggregate. Bathochromic shifts in organic dyes have been 

associated with the so-called J-type aggregation in solution.30-34 J-type 

aggregates typically undergo supramolecular self-organisation to exhibit a one-

dimensional parallel end-to-end type molecular arrangement.30 This type of 

molecular arrangement may have several conformations such as ‘ladder’, 

‘staircase’ and ‘brickwork’ (Figure 3.7).30 H-type aggregates, by contrast, exhibit 

a perpendicular face-to-face molecular arrangement that conforms to a 

‘sandwich’ type of stacking.34 Whilst current information pertaining to H- and J-

type aggregates is relatively limited,34 this information does present an idea of 

what type of aggregation may be occurring in cobalt(III) microperoxidases in 

solution (Figure 3.7). It is more plausible that cobalt(III) microperoxidases 

exhibit a J- rather than H-type aggregation given the positioning of the bulky 

proximal His-18 ligand. This type of aggregation was suggested and explored in 

FeMP11 and FeMP8 as well. 16, 17 

 

The supporting HPLC and TLC data indicate that the acetylated cobalt(III) 

microperoxidases moved faster through the solid phase than their non-

acetylated counterparts, undoubtedly due to interaction between the free amino 

groups in the latter and the solid support.  

 

 

Figure 3.7 An adapted30 representation of the various J-type aggregates that may 
be exhibited by concentrated cobalt(III) microperoxidases in solution.  
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 3.2.2 Factors influencing the aggregation of NAcCoMP8 during synthesis

   

The factors influencing aggregation of NAcCoMP8 during synthesis were 

investigated in terms of (i) a comparative investigation of the effect of 

aggregation on NAcCoMP8 by varying isolation procedures utilised during 

synthesis from Amicon® cell to Sep-Pak® cartridges; (ii) a comparative analysis 

of FeMP11 band separation using gel permeation chromatography and, (iii) a 

spectroscopic observation of aggregation, degradation and pH in NAcCoMP8. 

   

  3.2.2.1 Amicon® vs Sep-Pak® observations on NAcCoMP8 

    

High concentrations of the hemepeptides and a high ionic strength have been 

reported to promote aggregation.24.25 Both these conditions are common during 

the synthesis of NAcCoMP8 and initiate the aggregation effects observed 

during the solution studies. For example, high microperoxidase concentrations 

are utilised in the acetylation and demetalation procedures (Section 2.2.1). A 

high ionic strength environment occurs in the ammonium sulphate ‘salting-out’ 

step traditionally employed to precipitate proteins and peptides (Route A). Both 

high microperoxidase concentrations and high ionic strengths are found during 

the desalting step that utilises an Amicon® cell over many hours. Thus, it 

followed that synthetic strategies needed to be effected in order to limit 

prolonged exposure to these conditions. One strategy employed to limit these 

conditions was to replace the Amicon® cell desalting and concentrating step with 

a Sep-Pak® cartridge.   

 

Synthetic Route C was utilised twice in this investigation (Section 2.2.1). The 

first synthesis utilised the Amicon® cell as the means of isolation, desalting and 

concentrating whilst the second synthesis utilised the Sep-Pak® cartridge for 

this purpose. The procedures employed for the utilisation of both isolation 

procedures were conducted as previously mentioned (Chapter 2). The 

NAcCoMP8 sample obtained from each synthesis was then clarified and 
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lyophilised. Percentage yields, UV-vis, HPLC and TLC were compared (Table 
3.2; Figure 3.8). 

 

 

Table 3.2 Comparison of Amicon® cell and Sep-Pak® cartridge desalting 
procedures. Percentage yields, HPLC and TLC data for NAcCoMP8 obtained from 
Amicon® and from Sep-Pak® desalting methods. 

 

 

 
 

 

 

 

 

 

 

 

Desalting 
Method 

Estimated 
Procedure Time 

(Hours) 

HPLC Rt 
(Min)b 

TLC  
Rf 

b 
% Yield 

(by mass) 

     

Amicon Cell 5 - 6 15.22 Streaka 64.3 

Sep-Pak® 1 - 2 13.51 Solvent front 76.1 

     
  
a sample streaked from baseline to solvent front. 
b methods as previously described (Chapter 2). 
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Figure 3.8 The effect of separation technique on the aggregation of NAcCoMP8. UV-vis spectra of NAcCoMP8 from Amicon® (red) and 
from Sep-Pak® (blue) were obtained in degassed deionised water, ca. 25oC, pH 7. 

(415 nm) 

(419 nm) 
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The Amicon® and Sep-Pak® method of desalting and concentrating were 

investigated using synthetic Route C. HPLC, TLC, masses and electronic 

spectra were compared for each sample. HPLC data suggested that there was 

a cleaner separation after the Sep-Pak® system was applied as compared to 

the Amicon®. In the case of the Amicon® cell, samples had broader peaks that 

were retained longer (ca. 2 minutes longer) by the column than by the Sep-Pak® 

system.  

 

Supporting TLC evidence suggested that there were mixed species in the 

Amicon® sample. The Amicon® sample exhibited irreproducible, non-

concentration dependent streaking patterns from baseline to solvent front (e.g. 

feathering, tailing, eclipsing) (Appendix 3.4). This streaking may also be 

attributed to microperoxidase interactions with the solid phase. In the case of 

the Sep-Pak® system, NAcCoMP8 moved with the solvent front as was 

consistent with the evidence found in other acetylated cobalt(III) 

microperoxidases systems (Figure 3.4-3.6). 

 

Percentage yield, by mass of NAcCoMP8 using the Sep-Pak® system was 

consistent with the yield obtained in Route C (Section 3.2.1.1). In contrast, the 

Amicon® system revealed a lowered in yield (ca. 12%) as compared to Route C. 

This lowered yield may be attributed to loss of mass after filtering out the visible 

insoluble aggregates that were observed during clarification. The Sep-Pak® 

system showed a significant improvement in yield as compared to the Amicon® 

system (ca. 12%). This improvement was consistent with the yields found in 

Route A and A’ (ca. 11%) and Route A and C (ca. 8%), where the main 

synthetic difference was in the use of Sep-Pak® cartridges (Section 3.2.1.1).23  

 

The electronic spectrum for NAcCoMP8 samples obtained using the Amicon® 

system were broader relative to the spectrum from the Sep-Pak® system. After 

purification using the Sep-Pak® system, there was a small blue shift observed in 

the spectrum (Section 3.2.1.2).  

 

Desalting, concentration and purification using the Amicon® cell was estimated 
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to take about 50% longer than the Sep-Pak® system. This is perhaps the main 

contributing factor that lowers the yields in the Amicon® system. Lower yields 

are directly related to the amount of aggregation in the system; aggregation is 

exacerbated by microperoxidases being in solutions of high concentration and 

ionic strength over extended periods of time. It is postulated that in the case of 

the Sep-Pak® system, NAcCoMP8 is immobilised onto the C18 resin thereby 

limiting self-interactions. The sample is then rapidly washed with fresh aliquots 

of deionised water in order to swiftly remove salts and lower the overall ionic 

strength of the system. This is in direct contrast to the Amicon® system where 

the sample stirs in the same solution of high concentration and ionic strength as 

the salts are slowly removed by pressure diffusion through a membrane.  

 

  3.2.2.2 Gel permeation chromatography of FeMP11 

    

The synthesis of a specific microperoxidase is often contaminated by other 

digestion products.25 These digestion products may include unreacted 

cytochrome c or other microperoxidases. These microperoxidases are of 

varying peptide chain length, but the central porphyrin chromophore is still 

retained in each. Thus it would be anticipated that the spectroscopic properties 

of these various microperoxidases in solution would be similar. It therefore 

becomes critical to remove these contaminating microperoxidases so as not to 

further complicate the solution chemistry data. 

 

The peptic digestion of cytochrome c to synthesize FeMP11 has other digestion 

products present in very small quantities (ca. < 5%) as contaminants. FeMP11 

is a precursor to FeMP8 and thus to the target molecule, NAcCoMP8. It is 

therefore important that the initial precursors are free from contaminants. The 

contaminants found in FeMP11 may be separated during the gel permeation 

chromatography (Section 2.2.2) part of the synthesis.  

 

Synthesis of FeMP11 and associated procedures were carried out as described 

previously (Chapter 2, Route C). Purification by gel permeation 
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chromatography revealed three bands (Table 3.3). Each band was clarified, 

lyophilised and weighed (Section 3.2.1.1). Masses, HPLC, TLC and UV-vis 

data were compared. UV-vis data were acquired as described (Appendix 3.3). 
 

A stock solution of each band (ca. 1.80 µM; pH 7) was freshly prepared in 

degassed deionised water. The samples were allowed to stir for about 2 hours 

to reach equilibrium before filtering with Millex® syringe-filters (Section 2.2.2). 

Thereafter, a 2 mL sample was transferred into an argon-filled 1.0 cm 

pathlength cuvette fitted with a septum. A UV-vis spectrum was recorded 

between 300 – 600 nm (Figure 3.9).  

 

Table 3.3 Analysis of the bands obtained after FeMP11 gel permeation 
chromatography. Estimated percentage composition, HPLC and TLC data for each 
component for each band (contaminant) is compared.  
 

G-50 Band 
Separation d 

Possible 
Identity 

Estimated 
Composition (%)a 

MS 
(m/z) 

HPLC 
Rt (Min) 

TLC 
Rf  

A     

FeMP9 3 1635 11.77 0.20c 

     

B     

FeMP11 97 1863 8.22 0.27 

     

C     

Cytochrome-c <1 b 12.58 0.00 

 

     

a Estimated over total mass of A, B and C. FeMP11 was lyophilised and weighed before size exclusion 
chromatography. Each band was collected, lyophilised and weighed separately after lyophilisation. 
These masses were used to estimate percentage composition of each microperoxidase over the total 
mass before separation. 

b Too little sample to obtain reliable data; identity estimated by UV-Vis and TLC. 
c Irreproducible TLC data due to excessive aggregation; value estimated over 5 plates (Appendix 3.5). 
d The diagram is a schematic representation of the G-50 column after ca 90 minutes of elution. 
   

A

 B 

 C 
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Figure 3.9 UV-vis spectra of the iron microperoxidase contaminants after FeMP11 purification on gel permeation chromatography. UV-vis 
spectra of cytochrome c (black), FeMP11 (red) and FeMP9 (blue) were obtained in degassed deionised water, ca. 25oC, pH 7. 

(410 nm) 

(407 nm) 

(405 nm) 

HEME-C 
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FeMP11 was purified using gel permeation chromatography and bands were 

separated based on molecular size. The separation was not immediately 

obvious as the bands moved as a unified smear. However, after ca. 90 minutes, 

three bands became apparent: a small dark pink-red band (A); a major thick red-

brown band (B); and a very light pink shadow (C). These bands were desalted, 

clarified, lyophilised, weighed and analysed where possible (Table 3.3).  

 

Masses revealed that band B was the major product (ca. 97%) of the 

cytochrome c peptic digestion whilst bands A and C were minor products (ca. 

3%). Band B was confirmed as FeMP11 using MS and UV-vis (Table 3.3). Band 

C was identified as cytochrome c by UV-vis spectroscopy and by TLC. 

Elucidating the identity of band A was problematic as the sample appeared to 

aggregate almost immediately; this was particularly noticeable on TLC plates. 

Data for band A were therefore estimated at very low concentrations (Figure 
3.9).  
 

 

  3.2.2.3 General spectroscopic observations in NAcCoMP8 

    

NAcCoMP8 displayed an array of colours in solution during synthesis. These 

colours were observed to fluctuate in relation to factors such as pH, states of 

aggregation and of degradation.  

 

The pH of the solution was found to affect the spectra of NAcCoMP8. A stock 

solution of NAcCoMP8 (ca. 1.80 µM; pH 7, 25 oC) was freshly prepared in 

degassed deionised water. The sample was allowed to stir for about 2 hours to 

reach equilibrium before filtering with a Millex® syringe-filter. A 2 mL sample from 

the prepared stock solution was transferred into an argon-filled 1.0 cm 

pathlength cuvette fitted with a septum. An initial UV-vis spectrum of 

monomerised NAcCoMP8 was recorded between 300 – 700 nm. Thereafter, the 

pH of this sample was lowered (ca. pH 2-3) using negligible amounts of neat 

perchloric acid. The sample was allowed to stir (ca. 15 minutes) under argon 
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before the UV-vis spectrum stabilised.  The procedure was repeated with a fresh 

sample of NAcCoMP8 for the basic region (ca. pH 8-10; NaOH; 8 M). The 

spectra are reported alongside samples showing the relevant colour changes of 

NAcCoMP8 in solution. For comparison a photograph of a sample of deionised 

water is included (Figure 3.10).  

 

The effects of aggregation on NAcCoMP8 spectra were observed as follows. An 

initial UV-vis spectrum of monomerised NAcCoMP8 was recorded as described 

in the pH experiment above. The NAcCoMP8 sample was then allowed to stir 

overnight at room temperature and a spectrum was recorded as previously. This 

procedure was repeated with the same sample over a few days in order to 

elucidate the different stages of aggregation. No stable spectra were obtained 

for insoluble aggregates in solution. The spectra are reported alongside samples 

showing the relevant colours of NAcCoMP8 in solution (Figure 3.11). 

 

The effects of degradation on NAcCoMP8 spectra were monitored in a similar 

manner. An initial UV-vis spectrum of monomerised NAcCoMP8 was recorded 

as described in the pH experiment above. Thereafter, the sample was 

transferred to a round-bottomed flask under argon and treated in a sonic bath 

(ca. 30 minutes) to expedite degradation. The sample was transferred back into 

the cuvette and a spectrum was recorded. This procedure was repeated in order 

to facilitate complete degradation (a further 30 – 60 minutes). The spectra are 

shown in (Figure 3.12). 

 

The NAcCoMP8 solutions mentioned above were also used to acquire the 

superimposed supporting data where available (cf. TLC and HPLC; Section 
2.2.2). However, given the various states of speciation, aggregation and 

degradation in solution as well as related solubility issues, supporting data were 

found to be irreproducible. As such, the supporting data were typically estimated 

as an average of 3 repeats.  
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Figure 3.10 UV-vis spectra of NAcCoMP8 at varying pH: (A) neutral, (B) basic and (C) acidic pH in (D) deionised water. 
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Figure 3.11 UV-vis spectra of NAcCoMP8 at varying states of aggregation: (A) monomer, (B) dimer, (C) polymer in (E) deionised water. 
Spectrum of (D) visible aggregates could not be obtained. 
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Figure 3.12 UV-vis spectra of NAcCoMP8 at varying states of degradation: (A) clear monomer, (B) turbid incomplete and (C) complete 
degradation in (D) deionised water.  
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The effects of pH on NAcCoMP8 UV-vis spectra were observed. The orange-

pink basic (ca. pH 8 – 10) sample exhibited a slight red shift relative to the clear 

light-pink neutral species. In contrast, the darker pink acidic (ca. pH 2 – 3) 

sample exhibited a slight blue shift. The TLC data suggests that the basic 

species travels slower up the solid phase than the acidic species. This may be 

due to the interaction of the deprotonated carboxylic groups on the 

microperoxidase with the solid phase. 

 

The dark orange-pink dimer sample exhibited a pronounced red shift and 

hypochroism relative to the light pink monomer sample. The shift is probably 

due to initial π-π interactions and subsequent coordination of the His-18 moiety 

to the cobalt(III) ion of another microperoxidase (see Chapter 4). This ordering 

may be the reason why the dimer moved faster on TLC relative to the 

disordered polymer. The disordered lighter slightly cloudy orange polymer 

formation exhibited an even more pronounced red shift coupled to distinct 

hypochroism, band broadening and N-band formation. When the polymer 

sample was allowed to reach a higher concentration through slow evaporation, 

insoluble aggregates became visible.  

 

Sonication of NAcCoMP8 causes its degradation which is clearly observed in 

the UV-vis spectra. The orange-brown partially degraded solution exhibits a 

distinct red shift relative to the light pink monomer sample. Furthermore, a band 

formation was observed in the UV region (ca. 350 nm). The solution itself 

became turbid, producing a noisy spectrum. The completely degraded solution 

turned bright yellow with a complete disappearance of the Soret. This is likely 

caused by the oxidation and cleavage of the porphyrin ring resulting in the 

formation of the bright yellow biliverdin.36 
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3.3 SUMMARY AND CONCLUSIONS 

This Chapter dealt with the optimisation of NAcCoMP8 yields by minimising 

aggregation during synthesis. Aggregation was minimised by optimising the 

acetylation step to limit metal–side-chain interactions and by regulating the 

solution environment with regards to concentration and pH in order to limit π-π 

interactions. This was achieved by investigating the effects of acetylation on 

percentage yield of NAcCoMP8; by observing the spectral changes of three 

different acetylated cobalt(III) microperoxidases; by observing the effects of 

desalting and concentrating procedures on the yield of NAcCoMP8; and by 

observing spectral changes in NAcCoMP8 relative to pH, aggregation and 

degradation. 

 

Acetylation and demetallation steps of NAcCoMP8 were investigated in terms of 

percentage yield. Percentage yields for NAcCoMP8 syntheses suggested that 

acetylating and demetallating the precursor FeMP11 as soon as possible in 

addition to utilising the Sep-Pak® system afforded the greatest increase in yield 

(ca. 19%).  

 

Three cobalt(III) microperoxidases were investigated in relation to their 

acetylated counterparts. These were CoMP11, CoMP8 and CoMP6; and their 

acetylated counterparts, NAcCoMP11, NAcCoMP8 and NAcCoMP6. UV-vis 

data suggests that although a slight blue shift may be observed in the 

acetylated species, the spectral profile remains consistent with the non-

acetylated species. TLC and HPLC data suggested that the acetylated species 

moved faster through the solid phase than the non-acetylated species.  

 

The effects of desalting and concentrating procedures on the yield of 

NAcCoMP8 were investigated. The utilisation of Sep-Pak® cartridges increased 

the yield by ca. 12% relative to the Amicon® cell. This is likely due to the 

immobilisation of NAcCoMP8 onto the C18 resin followed by the rapid desalting 

procedure as compared to the previously utilised Amicon® cell. 

 

The spectral changes in NAcCoMP8 relative to pH, aggregation and 
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degradation were investigated. Distinctive colour changes were observed in 

acidic and basic solutions as compared to neutral solutions; in monomer, dimer 

and polymer solutions; and in partially degraded and fully degraded solutions 

(see Chapter 4).  
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CHAPTER 4 
MONOMERISATION OF NAcCoMP8: 

SOLUTION BEHAVIOUR 
 

4.1 INTRODUCTION 

  

Microperoxidases1-10, like most metalloporphyins11-15 have a tendency to aggregate 

in solution. In the context of this work, aggregation refers to the process whereby a 

monomer rearranges from dimer to oligomer to polymer and finally to aggregate. 

As previously described, two types of aggregation were found to be prevalent 

amongst microperoxidases: non-covalent π-π interactions and covalent metal–

side-chain interactions. Also emphasised previously was the need to limit such 

interactions in order to produce reliable and reproducible solution chemistry data 

(Section 3.1).  

 

The limiting of such interactions is particularly significant if the basis of the 

technique used for data acquisition is sensitive towards aggregation. For example, 

electronic spectroscopy of FeMP11 (10 µM, pH 6.9) showed time-dependent 

spectral changes on dilution, and this was attributed to metal–side-chain 

aggregation.31 In addition to electronic spectroscopy19 other techniques such as 

Mössbauer,34 ESR,46 Raman,49 NMR,42,45 optical rotatory dispersion,19 circular 

dichroism19 and magnetic studies34,45-48 were reported to confirm the presence of 

FeMP11 aggregation, either in solution or in the solid state. Whilst methods to limit 

aggregation with these techniques exist, they ideally need to mimic physiological 

conditions without additional optical interference. Thus, understanding the factors 

that contribute to each type of interaction assists in forging an experiment-specific 

plan to limit aggregation relevant to that particular technique. 



 • 131 •

Non-covalent π-π interactions are common in metalloporphyrins15-17 and certainly 

in microperoxidases.18,19 In the case of microperoxidases, this form of aggregation 

was observed using spectroscopic techniques such as optical rotation, circular 

dichroism and difference absorbance spectroscopy.18,19 Those studies indicated 

that in the case of FeMP11 and FeMP8, non-covalent π-π interactions occurred 

between the distal faces of two or more moieties (Section 3.1).18,19 Further studies 

suggested that those interactions were strongly influenced by concentration, ionic 

strength, temperature and pH.20-23 Evidence also indicated that, in general, this 

type of aggregation might be minimised by dilution18,19 and elevated 

temperatures.18,19 Though not always ideal in mimicking physiological conditions, 

the use of detergents,24,25 non-aqueous26,27and mixed solvents28-29 have also been 

used to limit aggregation in microperoxidases.  

 

Instances of covalent metal–side-chain interaction in microperoxidases are 

common.2,31-37 As described previously, this aggregation refers to the coordination 

of the 6th axial position of one hemepeptide moiety by an amino group of another 

hemepeptide moiety2,31-34 thereby leading to multiple species in solution.2,10,34,35 For 

example, in the case of FeMP11, the involvement of Val-11 and/or Lys-13 amino 

groups in aggregation are well documented.2,33,45 Interestingly, however, when 

these amino groups are removed, as in the case of FeMP8, the aggregation is 

observed to diminish relative to FeMP11 thereby leading to a simpler solution 

chemistry.40,31,32,36  However, aggregation in FeMP8 is still expected to occur via 

the terminal Cys-148 (Section 3.1). 

 

This evidence suggests two important observations: firstly, that these particular 

amino groups are instrumental in microperoxidase aggregation (cf. CoMP9 data, 

Appendix 3.1); and secondly, the removal or alternatively, protection, of these 

amines should minimise aggregation.31,32 The protection of these coordinating 

amines through acetylation to successfully limit aggregation in microperoxidases 

has been well documented (Section 3.2.1).1,4,31,32,35,43,44 This type of aggregation 

was also found to be strongly influenced by pH, concentration and 
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temperature.10,31,32 Interactions were minimised further by the introduction of 

strongly coordinating axial ligands that compete for the distal coordination site, 

though this approach is less than ideal and indeed is inappropriate for ligand 

binding studies.10,31,32,41,42  

 

Reproducible data relies upon the cobalt(III) microperoxidase† being monomeric in 

solution (cf. CoMP8 data, Appendix 3.1). The overall strategy towards attaining a 

monomeric cobalt(III) microperoxidase solution was discussed previously (Section 
3.1). Monomerisation was first approached from a synthesis perspective whereby 

CoMP8 was structurally modified by acetylation (NAcCoMP8) to suppress metal–

side-chain aggregation (Section 3.2.1). Additionally, the synthesis was tailored to 

minimize high temperature, concentration and ionic strength conditions (Section 
3.2.2). However, despite these modifications, NAcCoMP8 was found to aggregate 

and/or degrade, in solution under certain conditions (Figure 4.1).  
 

The aim of the work presented in this Chapter was therefore to qualitatively 

investigate the conditions under which a spectroscopically stable and monomeric 

NAcCoMP8 solution may be prepared (cf. Investigation 1.2, Chapter 2).  
  

 
 
 
 
 
 
 
 

Figure 4.1 A flow diagram of the results focussed on in Chapter 4. In order to achieve 
a spectroscopically stable and monomeric NAcCoMP8 solution, the factors affecting 
aggregation and degradation were qualitatively explored in solution.  

                                                 
† It was anticipated that cobalt(III) microperoxidase would be susceptible to aggregation based on 
the precedence set by FeMP835 and other cobalt(III) porphyrins39 in this regard (Section 3.1). 
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4.2 RESULTS AND DISCUSSION 

  

The rationale behind this investigation was prompted by the initially irreproducible 

and unstable spectral behaviour of NAcCoMP8 in solution. NAcCoMP8 displayed 

apparently time-dependent spectral shifts (ca. 25oC, pH 6.89, deionised water; cf. 

Figure 3.11, Chapter 3). In some instances, these spectral shifts were either small 

or large and the resulting solution was either dark pink or yellow-orange.  

 

The disparity in spectral shifts indicated that the preparation of a spectroscopically 

stable monomeric solution of NAcCoMP8 may be affected by various factors which 

influenced the compound's susceptibility to aggregation and to degradation. As 

noted previously, aggregation was found to be affected by conditions such as ionic 

strength, concentration, pH, equilibration time and temperature. Degradation was 

affected by exposure to light, air, reducing agents, dispersants and buffers 

(Section 3.2.2.3). It was thus necessary to qualitatively investigate the solution 

behaviour of NAcCoMP8 in relation to these conditions in order to prepare 

solutions containing a stable monomer (Figure 4.1). Sources of reagents (Section 
2.4), technical specifications (Section 2.4), specialized (Sections 2.2.2; 2.2.3) and 

general techniques (Section 2.5) are given elsewhere. 

  

 4.2.1 Effects of Time (equilibrium observations) 

   

At 25 oC a sample of NAcCoMP8 in deionised water at neutral pH exhibited 

apparently time-dependent spectral shifts (cf. Figure 3.11, Chapter 3). These 

spectral shifts appeared to be irreproducible. The spectroscopic stability of 

NAcCoMP8 is critical for the reproducibility of subsequent quantitative solution 

chemistry data. It was thus necessary to determine how long, and under what 

conditions, a freshly prepared sample of NAcCoMP8 was required to stir in order to 

reach equilibrium.  
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UV-visible spectra were recorded for NAcCoMP8 over a period of an hour so as to 

observe any time-dependent spectral shifts at low and at high concentration 

(Figure 4.2). As described previously (Section 2.2.4), a 2 mL sample of freshly 

prepared NAcCoMP8 (ca. 1.25 µM; pH 6.89; degassed deionised water, 25 oC) 

was transferred into an argon-filled 1.0 cm pathlength cuvette fitted with a septum. 

An initial spectrum was recorded between 300 – 700 nm. Thereafter a spectrum 

was recorded ever 5 minutes for an hour (Figure 4.2A). The sample was protected 

from light with aluminium foil between recordings. This procedure was then 

repeated with a higher NAcCoMP8 concentration (ca. 10.0 µM; Figure 4.2B).  

 

Spectral features common to all samples were the four distinct bands observed at 

ca. 350 nm, 415 nm, 530 nm and 560 nm. These correspond to the N, B (Soret) 

and two Q bands (Section 3.2.1.2; Section 5.2.1). However, what is immediately 

obvious is the distinct hypochromic red shift at the Soret (417  424 nm) observed 

at the higher NAcCoMP8 concentration with a well-defined isosbestic point at 422 

nm (Figure 4.2B). There are also distinctive shifts in the Q band region (530  

538 nm and 560  568nm, respectively) with isosbestic points observed at 533, 

554, 570 nm (Figure 4.2B, insets). The final pink-orange solution was reminiscent 

of those observed previously (cf. Figure 3.11, Chapter 3).  

 

This is in stark contrast to the slight hyperchromic blue shift observed at the lower 

NAcCoMP8 concentrations (417  415 nm) (Figure 4.2A). There are two poorly-

defined isosbestic points observed at 417 and 418 nm, suggesting the presence of 

multiple equilibria (Figure 4.2A, insets). However, an important observation is that 

despite this initial solution complexity, NAcCoMP8 at low concentration exhibits 

only small changes to the overall spectral profile. Furthermore, this 415 nm species 

reproducibly exhibits spectroscopically stability after an hour. The final solution was 

a slightly darker pink product (cf. Figure 3.11, Chapter 3).  

 

The equilibration times are compared in Figure 4.3. At high NAcCoMP8 

concentration (Figure 4.3B) the appearance of the 424 nm species and the decay 
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of the 417 nm species follow apparently simple first order kinetics with k1 = 0.096 ± 

0.002 and 0.087 ± 0.002 min-1, respectively, and a half life of between 7.2 and 8.0 

min. The rate constants appear to be wavelength-independent. In contrast, at low 

concentration these parameters show a distinct wavelength-dependence (Table 
4.1). This dependence supports the spectroscopic findings in Figure 4.2A that 

suggested the presence of multiple equilibria. Thus, k values for the appearance of 

the 415 nm species and decay of the 417 nm species were averaged for selected 

wavelengths on either side of the Soret (k1ave = 0.030 ± 0.010 and 0.080 ± 0.03 

min-1, respectively). Apparent half life values at low NAcCoMP8 concentrations 

were between 8.7 and 23.1 min (Figure 4.3A, showing absorbance data at 407 

and 424 nm as an example). Therefore an hour at neutral pH is sufficient time to 

allow a dilute aqueous solution of NAcCoMP8 at 25 oC to reach equilibrium. 

 

These observed complexities in the solution behaviour of NAcCoMP8 may be an 

artefact of isolation (Section 2.2.2.1). NAcCoMP8 is typically eluted off C18 solid 

phase cartridges (Sep-Pak®) using CH3CN. The purified highly concentrated 

NAcCoMP8 solution is then frozen and lyophilised in this non-coordinating, 

dispersing solvent. Under these conditions, it seems plausible that NAcCoMP8, 

through non-covalent π-π interactions, 18,19 lyophilises as a mixture of weakly 

associated and disordered oligomers; very likely dimers and tetramers (cf. ionic 

strength evidence, Section 4.2.4). On dilution, these moieties then disperse at 

different rates depending on the identity of the moiety and the mixed dispersal is 

reflected by the presence of different isosbestic points. 

 

At low concentration, monomeric NAcCoMP8 forms a spectroscopically stable 

solution with λmax = 415 nm. At sufficiently high monomer concentration, 

NAcCoMP8 associates further and forms a tightly packed dimer, similar to those 

observed by Munro and Marques in NAcFeMP8.35 This likely occurs covalently 

through metal–side-chain coordination and is observed spectroscopically as a well-

defined isosbestic point at 422 nm. Once formed, the 424 nm species does not 

revert to the 417 nm (or the 415 nm species) on dilution with water or methanol. 
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Table 4.1 Rate constants (min-1) for the observed conversion of NAcCoMP8 from the 417 
to the 415 nm species at low concentration and the conversion of the 417 nm species to 
the 424 nm at high concentration for selected wavelengths (nm) averaged on either side of 
the Soret band. 
 

Low [NAcCoMP8] High [NAcCoMP8] 

λ k1 k1ave  λ k1 k1ave 

(nm) (min-1) (min-1)  (nm) (min-1) k (min-1) 

415 0.017(8)   419 0.082(2)  

414 0.024(7)   418 0.085(2)  

413 0.028(7)   417 0.087(2)  

412 0.030(7)   416 0.089(2)  

411 0.034(7)   415 0.091(2)  

410 0.033(7)   414 0.093(2)  

409 0.034(7)   413 0.095(2)  

408 0.033(8)   412 0.098(2)  

407 0.035(9) 0.030(10)  411 0.099(2) 0.091(2) 

       

427 0.062(9)   432 0.079(3)  

426 0.066(9)   431 0.081(3)  

425 0.070(9)   430 0.082(3)  

424 0.073(9)   429 0.083(3)  

423 0.078(9)   428 0.084(3)  

422 0.08(10)   427 0.086(3)  

421 0.09(10)   426 0.087(4)  

420 0.11(20)   425 0.090(5)  

419 0.13(40) 0.080(30)  424 0.096(9) 0.089(6) 
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Figure 4.2   The effects of equilibration time on the absorbance of NAcCoMP8 at (A) low 
(ca. 1.25 µM) and (B) high (ca. 10.0 µM; irreversible) concentration in deionised water pH 
6.89. 
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417 nm 

415 nm 
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417 nm 
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Figure 4.3   Estimated half lives (min) at specific wavelengths for NAcCoMP8 during the 
equilibration time study at low (A) low (ca. 1.25 µM) and (B) high (ca. 10.0 µM) in 
deionised water at pH 6.89.  

A 

B 
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 4.2.2 Effects of Light 

 
NAcCoMP8 was observed to degrade when exposed to light (cf. Figure 3.12, 

Chapter 3). The degradation was observed as a systematic decrease in 

absorbance of the Soret band (hypochromism). It thus became necessary to 

spectroscopically monitor the effect of light exposure to a sample of NAcCoMP8 as 

a function of time.  
 

A stock solution of NAcCoMP8 (ca. 1.25 µM; pH 7) was freshly prepared in 

degassed deionised water (Section 2.2.5). A 2 mL sample was transferred into an 

argon-filled 1.0 cm pathlength cuvette fitted with a septum. An initial spectrum was 

recorded between 300 – 700 nm. This sample was then systematically exposed to 

ambient light over a period of 3 days and the absorbance of the Soret band (415 

nm) was recorded at various intervals as a function of time (Figure 4.4). 

 

Figure 4.4 The effect of light exposure on the absorbance of NAcCoMP8 at 415 nm (ca. 
1.25 µM; pH 7, deionised H2O). 
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Initially, a small decrease in absorbance was observed over the first hour of light 

exposure (ca. 2.5%.). After the first hour however, there was a significant decrease 

in absorbance (ca. 15%.). The overall decrease in absorbance at 415 nm was ca. 

15%. This suggests that the chromophore is rapidly disintegrating, the products of 

which appear to exacerbate the degradation process. The apparent half life for the 

overall process was found to be t1/2apparent = 478 min for k1 = 0.0015 ± 0.0002 min-1. 

 

Cobalt porphyrins are routinely light-protected during synthesis and solution 

chemistry experiments.51,52 There has been evidence to suggest that cobalt 

porphyrins that are exposed to light undergo slow photo-reduction and/or 

photolysis.50 However, the final product was a turbid solution and exhibited a pale 

yellow colour with a slight green tinge. Whilst this solution was too turbid to obtain a 

stable and realistic absorbance spectrum for comparison59 (cf. Figure 3.12, 

Chapter 3), the colouring is typical of bile pigments or bilins.56 Bilins are typical 

open-chain tetrapyrrolic porphyrin decomposition products. Common bilins include 

the initial green-yellow water-soluble biliverdin and the final yellow-orange water-

insoluble bilirubin.56-58 The turbidity of the sample is probably due to a mixture of 

biliverdin and bilirubin as a result of incomplete photo-degradation.56 

 

 4.2.3 Effects of Air (oxygen sensitivity) 

   

An aerated aqueous solution of NAcCoMP8 exhibited a systematic decrease in 

absorbance over time. It thus became necessary to spectroscopically monitor the 

effect of air exposure to a known sample of NAcCoMP8 as a function of time. 

 

A stock solution of NAcCoMP8 (ca. 1.25 µM; pH 7) was freshly prepared in 

degassed deionised water (Section 2.2.6). A 2 mL sample was transferred into an 

argon-filled 1.0 cm pathlength cuvette fitted with a septum. An initial spectrum was 

recorded between 300 – 700 nm. A gentle stream of O2 was allowed to bubble into 

the sample whilst stirring. Absorbance was recorded at Soret band (415 nm) every 
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5 minutes for 60 minutes (Figure 4.5). The sample was protected from light with 

aluminium foil between readings. 

 

There was a significant decrease in absorbance after the first 10 min of oxygen 

exposure (ca. 10%.). Thereafter, the decrease in absorbance appeared to level off 

after 30 min (ca. 15%). The overall decrease in absorbance was ca. 16%. This 

suggests that the decomposition of the chromophore upon exposure to dioxygen 

proceeds rapidly with an apparent half life of t1/2apparent = 7.81 min for k1 = 0.089 ± 

0.009. The yellow-orange colour is typical of the porphyrin decomposition product, 

bilirubin (Section 4.2.2).56 

 

Figure 4.5   The effects of oxygen exposure on the absorbance of NAcCoMP8 at 415 nm 
over one hour (ca. 1.25 µM; pH 7, deionised H2O). 
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 4.2.4 Effects of Ionic Strength 

   

Ionic strength has previously been associated with aggregation in some 

metalloporphyrins53-56 and microperoxidases.35 It was thus necessary to determine 

the effects of ionic strength on absorbance of aqueous NAcCoMP8 at neutral pH. 

These observations were made at both high and at low NAcCoMP8 concentrations. 

 

These ionic strength limits were determined spectroscopically as described 

previously (Section 2.2.7). Aliquots of degassed NaClO4 (5 M; between 10 – 100 

uL) was added to degassed NAcCoMP8 (ca. 1.25 µM; pH 7; 1.5 mL, 25 oC) in an 

argon-filled 1.0 cm pathlength cuvette fitted with a septum. After each addition of 

NaClO4 the sample was gently stirred and allowed to reach equilibrium for 1 

minute. An absorbance spectrum was then recorded between 300 – 700 nm using 

NaClO4 in deionised water as the reference solution. Absorbance data were 

corrected for dilution (Figure 4.6). The experiment was subsequently repeated at 

higher NAcCoMP8 concentration (ca. 10.0 µM; pH 7; 1.5 mL, 25 oC) 

 

UV-visible spectra were recorded for both high and low NAcCoMP8 concentrations 

with increasing ionic strength (0 – 4 M) so as to observe any spectral shifts (Figure 
4.6). What is immediately obvious is the red shift of the Soret band (417  424 

nm) observed at high NAcCoMP8 concentrations with a well-defined isosbestic 

point at 422 nm (Figure 4.6B); this is accompanied by a small decrease in the 

intensity of the Soret band. There are also distinctive shifts in the Q band region 

(530  538 nm and 560  568nm, respectively) with isosbestic points observed at 

533, 554, 570 nm. The final solution was pale yellow-orange.  

 

This is in stark contrast to the slight red shift observed at low NAcCoMP8 

concentrations (415  417 nm) (Figure 4.6A) which is accompanied by a very 

large decrease in the intensity of the Soret band.  There are no readily discernable 

isosbestic points. The final diluted solution was a lighter pink colour. 
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Clearly two different equilibria are present at low and at high concentration of 

NAcCoMP8. These equilibria were thus explored by comparing the ionic strength 

dependence of the Soret bands at each concentration (Figure 4.6, insets); this was 

found to be distinctly sigmoidal. 

 

If we assume that at low NAcCoMP8 concentration an increase in ionic strength 

induces a simple  dimerisation process (Equation 4.1; Appendix 4.1), 

1 12M D .....(D = dimer)                                                                     Equation 4.1

then: 

+ ⎯ ⎯→1K
12 M + n L D                                                                             Equation 4.2

where M refers to monomeric NAcCoMP8 at pH 7.0, D1 represents the dimer 

formation on binding of n cations (L+) by M. 

 

The total absorbance AT is given by (Equation 4.3): 

∑
2

T m m
m=1

A = A α                                                                                       Equation 4.3

where Am is the absorbance of the mth species, and αm is the fraction of that 

species in solution.35 

 

Thus, a non-linear least squares fit of the data with 

n
1

M n
1

-1+ 1+8K [L]
α =

4K [L]
                                                                             Equation 4.4

1D
1- [M]α =

2
                                                                                          Equation 4.5

in Equation 4.3 (Figure 4.6A, inset) at 25 oC gave K1 = (0.080 ± 0.008) M-4, n = 3.4 
± 0.3, and there is a good fit of this simple model to the experimental data. 
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At high NAcCoMP8 concentration sigmoidal behaviour is again observed. It seems 

likely that the process at high concentration is that of the aggregation of two dimers 

since the spectroscopic end product in the low concentration study 

spectroscopically is the same as the starting product in the high concentration 

study (both at 417 nm).  If the assumption is made that the dimeric species D1 

forms a tetramer  (Equation 4.6; Appendix 4.1): 

1 L2D T                                                                                            Equation 4.6

then:  

2K
1 L2 D + jL T⎯ ⎯→                                                                        Equation 4.7 

where TL represents a tetramer on binding of j cations (L+) by D1.  

 

The total absorbance AT is given by (Equation 4.3). The values obtained from a 

non-linear least-squares fit with 

j

1 j

2
D

2

-1+ 1+8K [L]
α =

4K [L]
                                                                             Equation 4.8

L

1
T

1- [D ]α =
2

                                                                                            Equation 4.9

at 25 oC gave K2 = (2.19 ± 0.09) M-5, j = 3.7 ± 0.1 

 

These findings show that the spectrum of NAcCoMP8 is strongly dependent on 

ionic strength. The simplest model consistent with the experimental data suggests 

that this dependence is the consequence of the presence of two equilibria, the first 

being the formation of a dimer at low concentration (415  417 nm) which is driven 

by the binding of 3 cations (n = 3.4 ± 0.3) which is subsequently followed by a 

second equilibrium, the formation of a putative tetrameric species (417  424 nm), 

driven by the binding of approximately 4 further cations (j = 3.7 ± 0.1).  
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There are striking similarities between the ionic strength dependence work 

presented here and those in the equilibrium time study (Section 4.2.1). 

Comparatively, both studies show distinctly different solution behaviour at low and 

at high NAcCoMP8 concentrations. This indicates a significant concentration-

dependence (cf. Beer’s Law investigation, Section 4.2.5). At high NAcCoMP8 

concentrations for both ionic- and equilibrium studies, there is an irreversible 

hypochromic redshift with a well-defined isosbestic point at 422 nm. In both studies 

the shift did not revert back on dilution with methanol or other dispersing agents. 

This suggests that the type of species formed (putatively a tetramer) may involve 

interaction between the metal of one dimeric species and the polypeptide side-

chain of another.  In a similar study with NAcFeMP8 the second equilibrium was 

attributed to a tighter packed π-π dimer species.35 

 

Interestingly, disparity between the two studies is observed at low NAcCoMP8 

concentration. Here, NAcCoMP8 over time shows a small hyperchromic blueshift 

(417  415 nm) with two indistinct isosbestic points (417 and 418 nm). In contrast, 

the ionic strength study exhibits no discernable isosbestic points but rather a 

remarkably hypochromic yet small redshift in the opposite direction (415  417 

nm) is noted. Whilst the latter is consistent with aggregation,35 the former may be 

attributed to the monomerisation of a loosely packed π-π dimer species.35 

Monomer–π-π dimer equilibriums are not uncommon in metalloporphyrins. The 

diminished electrostatic repulsions due to charge neutralisation on the porphyrins 

by the binding of cations facilitates the formation of π-π dimers.20,22,35  

 

This evidence suggests two important features in the preparation of a 

spectroscopically stable monomeric NAcCoMP8 solution. Firstly, the formation of 

the irreversible NAcCoMP8 species at high concentration occurs more as an 

artefact of concentration-dependence than ionic- or time-dependence. Yet, the 

reversible species at low NAcCoMP8 concentration shows distinctive ionic strength 

dependence and is a precursor to the 424 nm species. Thus, it is not sufficient to 

prepare NAcCoMP8 at low concentrations but at low ionic strength as well. 
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Figure 4.6   The effects of ionic strength on the absorbance of NAcCoMP8 at (A) low (ca. 
1.25 µM) and (B) high (ca. 10.0 µM; irreversible) concentration in deionised water pH 6.89 
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 4.2.5 Effects of Concentration (Beer’s Law investigation) 

   

The solution behaviour studies of NAcCoMP8 thus far suggest a distinct 

concentration dependence of its properties. It was thus necessary to determine the 

effects of concentration on absorbance of aqueous NAcCoMP8 at neutral pH. An 

effective method for assessing concentration-dependence of aggregation in 

microperoxidases is through the extent of adherence to Beer’s Law.12 Deviation 

from Beer’s Law signals aggregation of the absorbing species whilst a single set of 

isosbestic points denote a simple equilibrium, such as that of a monomer-dimer.35 

 

The Beer’s law study was conducted as previously described (Section 2.2.8). A 

known volume of deionised water was titrated with aliquots of concentrated 

NAcCoMP8 stock solution (ca. 20 μM; 25 oC; between 2 - 100 μL) in 1.0 cm 

pathlength cell. The full absorbance spectrum from 300 – 700nm was recorded 

after each addition. The data were corrected for dilution and then a Beer-Lambert 

plot was constructed for NAcCoMP8 in deionised water (Figure 4.7B). Similar 

studies were conducted for CoMP8, NAcCoMP11 and CoMP11 (Figure 4.7A). 

There were however, insufficient quantities of NAcCoMP6 and CoMP6 for a 

comparative study. 

 

The absorbance of the acetylated species was found to be slightly higher than that 

of the non-acetylated species in both sets of cobalt(III)microperoxidases (Figure 
4.7).  This might suggest monomerism of the acetylated species relative to the non-

acetylated species since aggregation diminishes the absorbance (for example, in 

Figure 4.6A). Nevertheless, a plot of absorbance as a function of concentration for 

both CoMP11 and CoMP8 give apparently good straight lines (r2 > 0.999 in both 

cases); in the absence of other evidence (cf. CoMP8 irreproducibility, Appendix 
3.1) monomerism of a species in solution might be erroneously concluded.  It is 

therefore concluded that the apparent adherence to Beer's Law in these systems is 

in itself an insufficient reason for concluding that the species is monomeric.  The 
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limiting slope for NAcCoMP11, CoMP11, NAcCoMP8 and CoMP8 were recorded 

(25 oC, deionised water, neutral pH; x 105 M-1 cm-1): (2.13 ± 0.01), (1.84 ± 0.01), 

(1.94 ± 0.01) and (1.81 ± 0.01), respectively. This suggests that the acetylation 

process is an effective means of limiting the formation of aggregating species, 

particularly by metal–side-chain coordination.  

 

The limiting slopes of various microperoxidases are compared (Table 4.2). In this 

work the values for the limiting slope were found to be higher in cobalt 

microperoxidases than the iron species. Sannasy’s NAcCoMP8 work corroborates 

this finding.60 This suggests that changing the central metal ion from iron to cobalt 

significantly changes the limiting slope. Furthermore, the data in Table 4.2 

suggests that the limiting slope is affected by ionic strength.  

 
Table 4.2   A comparison of Beer’s law limiting slopes for various microperoxidases (pH 

7.0, 25 oC). 

 

Ionic Strength Limiting slope Microperoxidase 
Species (M) (105 M-1 cm-1) 

FeMP88 0.1 M (NaClO4) 1.57 ± 0.01 

NAcFeMP835 0.50 M (NaClO4) 1.55 ± 0.01 

NAcCoMP860 0.0 M (H2O) 1.80 ± 0.01 

NAcCoMP860 0.1 M (NaClO4) 1.66 ± 0.01 

CoMP8† 0.0 M (H2O) 1.81 ± 0.01 

CoMP11† 0.0 M (H2O) 1.84 ± 0.01 

NAcCoMP11† 0.0 M (H2O) 2.13 ± 0.01 

NAcCoMP8† 0.0 M (H2O) 1.94 ± 0.01 

†    this work   
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Figure 4.7  The effects of concentration on the absorbance of NAcCoMP8 in deionised 
water (pH 7.0, 25 oC). 

A 

B 
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 4.2.6 Effects of pH (pKa investigation) 

   

The titration procedure for the determination of spectroscopic pKas of NAcCoMP8 

was described previously60 (Section 2.2.9). The study was conducted as a function 

of temperature and ionic strength (10 - 35 oC; 0.1 M by NaNO3) by titrating 

NAcCoMP8 (40 mL; 8.01 μM) with negligible volumes of either concentrated acid 

(sulfuric; between pH 1.0-6.5) or base (NaOH; 8 M; between pH 5.5-14). After each 

pH adjustment, the system was allowed to thermo-equilibrate before a full 

absorbance spectrum (300 – 700 nm) was recorded at 25 oC. For temperatures 

other than 25 oC, the absorbance and pH were recorded only in the region of 

interest (ca. 360 – 450 nm; pH 5-10) (Section 2.2.9). 

 

The absorbance of NAcCoMP8 was found to vary with pH (Figure 4.8A, Figure 
4.8B). At low pH the spectral features are consistent with those expected for 

NAcCoMP8 (Figure 4.8A; cf. Figure 3.10, Section 3.2.2.3). As pH decreases from 

neutral to acidic, the Soret band undergoes a blue shift from 415  410 nm with a 

possible isosbestic point at 413 nm. This is accompanied by band broadening 

especially at ca. pH 1. On the other hand, the Q-bands exhibit greater 

differentiation as the pH is lowered (hyperchromism at 560 nm with isosbestic 

points at 530, 570 and 590 nm). These shifts were consistent with those reported 

previously.60 
 

This type of spectral behaviour is contrasted to that observed at higher pH values 

(Figure 4.8B). The Soret band shows a red shift (415  418 nm) whilst the Q-

bands exhibit hyperchromism with increasing pH. These band shifts consistent with 

those observed previously.60 The bands are also broader than those observed at 

lower pH values. Whilst both the acidic and basic solutions are a darker pink than 

the original neutral solution, the latter solution exhibits an orange tinge (cf. Figure 

3.10, Section 3.2.2.3). 
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Figure 4.8   The effects of pH on the absorbance of NAcCoMP8 (ca. 1.25 µM; pH 7, multi 
component buffer). The acidic (A) and basic (B) regions are reflected. 

A 

B 
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The pH dependence of absorbance in NAcCoMP8 was observed at 415 nm in the 

25 oC study (Figure 4.9A). This curve was fitted to an ionisation isotherm in order 

to calculate the acid dissociation constants (pKa) for NAcCoMP8. The experimental 

data in the acid region (ca. pH 1 – 7) were fitted to an ionisation isotherm involving 

3 pKas whilst the basic region (ca. pH 7 – 12) was fitted to 2 pKas (Equation 2.3 
and Equation 2.4, Section 2.2.9). Five pKa values are discernible for NAcCoMP8 

across the pH range at 25 oC (Figure 4.9A).   

 

The pKas were assigned by analogy with the trivalent NAcFeMP8 system (Figure 
4.9B).35 The pKas were thus attributed to the deprotonation of the imidazole of His-

18 and its displacement of H2O (or possibly the C-terminal carboxylate, or that of 

the side chain of Glu-21) from the proximal coordination site of Co(III) (pKa = 1.74 ± 

0.04), successive deprotonation of the heme carboxylates (4.08 ± 0.02 and 5.80 ± 

0.05); ionisation of the axial H2O ligand 7.81 ± 0.03; and ionisation of the imidazole 

of His-18 to form an imidazolate (12.00 ± 0.03).   

 

These values were then compared to those observed in trivalent NAcFeMP8. The 

analogous pKa values in trivalent NAcFeMP8 are 2.1(2) and 3.12(7) ― only one 

pKa, at 1.74(4) is observed in the present system; 4.95(7) and 6.1(3); 9.59(1); and 

12.71(5).  The acid dissociation constant for the ionisation of the axial water is of 

significance as it is the value used in pKa corrections in the subsequent 

NAcCoMP8 ligand binding studies. The pKa value for the ionisation of the distally 

coordinated water in vitamin B12a is 8.10(12).61,62 This is only marginally higher than 

that observed here for trivalent NAcCoMP8 (7.81(3)).  This suggests that the metal 

ion is more polarising towards coordinated H2O in the porphyrin system than in the 

corrin system, despite the net formal charge at the metal centre being lower, viz. 

+1 in the porphyrin system (Co3+ and a porphyrin dianion) but +2 in the corrin 

system (Co3+ and a corrin mono-anion). Also, the higher acidity of H2O coordinated 

to low spin Co(III) compared to high spin Fe(III) is consistent with the smaller ionic 

radius (and hence higher Lewis acidity) of the former (0.545 Å) than the latter 

(0.645 Å).63  
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Figure 4.9  Possible species distribution for NAcCoMP8. Five pKa values are discernible 
for NAcCoMP8 across the pH range at 25 oC (A) NAcCoMP8 species (B) assignment as a 
function of pH (ca. 1.25 µM; pH 7, multi component buffer). (†) refers to this work and (‡) 
refers to 3-cyanopyridine. Diagram adapted from literature.30, 35 
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It is essential to know the pKa for the ionisation of the bound axial water in 

NAcCoMP8. Knowing this pKa enables corrections to be made to all kinetic and 

thermodynamic data such that pH-independent values are obtained. However, two 

factors made it difficult to obtain reliable data.  Firstly, to ensure a monomeric 415 

nm species, low concentrations of NAcCoMP8 had to be used. This inevitably 

meant that the spectroscopic data was noisier than might be hoped for (Figure 
4.10A, showing data at 30 oC, as an example).  Secondly, there is a relatively small 

change in the spectrum on ionisation of the axially coordinated H2O (in contrast to 

B12a itself, or indeed trivalent NAcFeMP8 where ionisation is accompanied by a 

spin change in the metal ion).   

 

The ionisation occurs with a well-defined isosbestic point at 415 nm with a shift of 

the Soret band from 415 nm to 418 nm with an increase in its intensity.  Above pH 

9.1, the intensity of the Soret decreases and it undergoes a red shift as His-18 

ionises to form an imidazolate.  In order to average out the noise, the spectral 

changes 10 nm on either side of the isosbestic point were fitted with to an equation 

(Equation 2.4) involving a single pKa.  The values obtained from twenty such fits at 

each temperature were then averaged.  Figure 4.10B and Figure 4.10C show 

absorbance data against pH at 30oC as an example.  The values obtained are 

given in Table 4.3. 
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Table 4.3 pKa values for the ionisation of coordinated H2O in trivalent NAcCoMP8 was a 
function of monitoring wavelength at 30 oC. 
 

λ  

(nm) 
pKa σ  r2 

403 7.78 0.05 0.979 

404 7.79 0.05 0.981 

405 7.77 0.04 0.985 

406 7.79 0.04 0.987 

407 7.78 0.04 0.992 

408 7.75 0.04 0.991 

409 7.77 0.04 0.992 

410 7.76 0.04 0.991 

411 7.77 0.04 0.993 

412 7.82 0.05 0.987 

    

419 7.78 0.03 0.993 

420 7.79 0.03 0.995 

421 7.80 0.02 0.995 

422 7.80 0.02 0.995 

423 7.82 0.02 0.996 

424 7.83 0.02 0.997 

425 7.83 0.03 0.996 

426 7.84 0.03 0.994 

427 7.86 0.03 0.995 

428 7.87 0.04 0.993 

429 7.88 0.04 0.992 

430 7.90 0.05 0.990 

    

Mean 7.83   

σ 0.04   
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The mean pKa values obtained by a similar procedure between 10.0 and 39.5 oC is 

given in Table 4.4. 

 

 
Table 4.4.  Dependence of the pKa of coordinated H2O in trivalent NAcCoMP8 as a 
function of temperature. 
 
 

T 

(oC) 
mean pKa σ 

10.0 7.55 0.10 

15.0 7.67 0.16 

20.3 7.88 0.10 

20.0 7.93 0.16 

25.0 7.57 0.14 

30.1 7.83 0.04 

34.9 7.28 0.06 

39.5 7.43 0.11 

 

 

There is no clear dependence of pKa on temperature.  This means that the 

temperature-dependence of this value is small compared to the uncertainty in the 

measurement.  Hence, an average value for the pKa, viz., 7.64, was used for all 

determinations of rate and equilibrium constants.  
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Figure 4.10. (A) Illustrating the dependence of the Soret region of NAcMP8 on pH at 30 
oC.  The insert shows the absorbance at 417 nm was a function of pH. (B) Fits of the 
change in absorbance between 403 and 412 nm, and between (C) 419 and 430 nm, for 
NAcMP8 at 30 oC to an equation involving one single pKa 
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 4.2.7 Effects of Temperature 

 

The thermal stability of NAcCoMP8 in deionised water was assessed as previously 

described (Section 2.2.10).  A stock solution of NAcCoMP8 was prepared in 

degassed deionised water (ca. 1.25 µM; pH 7). NAcCoMP8 (ca. 2 mL) was added 

to a clean, dry, argon-filled cuvette fitted with a septum. The temperature was 

increased in 5 oC increments between 10 – 45 oC using a Peltier device and the 

spectrum was recorded between 300 – 700 nm at each temperature. 

 

The absorbance changes as a function of temperature were observed at low and 

high NAcCoMP8 concentrations in deionised water (Figure 4.11). At low 

NAcCoMP8 concentrations (Figure 4.11A) a small redshift of the Soret band was 

observed as temperature increased (415  417 nm); this was accompanied by a 

systematic decrease in absorbance, together with band broadening (Figure 4.11A, 
inset). Interestingly however, the 417 nm species present at ca. 50 oC reverted 

back to the 415 nm species when diluted with 50% methanol.  

 

This is in stark contrast to the spectral changes observed at high NAcCoMP8 

concentrations (Figure 4.11B). At high NAcCoMP8 concentrations the spectral 

profile changed significantly with an increase in temperature (Figure 4.11B, inset; 
415  422 nm; 527  537nm; 560  574 nm). Discernable isosbestic points were 

observed at 420, 530, 553 and 567nm.  

 

The observations at low NAcCoMP8 are consistent with the formation of the 

loosely packed π-π dimer already observed in the concentration-dependence study 

(Section 4.2.5) and the effect of ionic strength (Section 4.2.4). Similarly, at higher 

NAcCoMP8 concentrations and increase in temperature promotes the formation of 

a species with a Soret at 422 nm, very close to that observed to the putative 

tetramer found in the study of the effect of ionic strength.  
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Figure 4.11   The effects of temperature on the absorbance of NAcCoMP8 at (A) low (ca. 
1.25 µM) and (B) high (ca. 10.0 µM; irreversible) concentration in deionised water pH 6.89 
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B 
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 4.2.8 Effects of Dispersing Agents and Buffers 

   

Metalloporphyrins are readily solubilised in detergents, mixed solvents, biological 

buffers and crown ethers.24-29 However, these alternatives need to be applied 

judiciously as they may not be practical a alternative. This is particularly true in the 

case of biomimetic systems and the biological environments they aim to mimic. 

Certainly with the complex biomimetic system, NAcCoMP8, they should be 

screened for possible optical interference before any spectrophotometric-based 

solution studies are conducted. To this end, various dispersal agents and biological 

buffers were screened for optical interference and/or binding in NAcCoMP8. 

 

Various dispersing agents were investigated in the preparation of monomeric 

NAcCoMP8 as described previously (Section 2.2.11). These included Triton X-

100, PEG, SDS 5% and TWEEN-20. A stock solution of NAcCoMP8 was prepared 

in deionised water (ca. 1.25 µM; pH 7) and degassed using argon. A 2 mL sample 

of this stock solution was then added to a clean, dry, argon-filled cell fitted with a 

septum. An initial spectrum was recorded from 300 – 700 nm at 25 oC. To this 

sample, excess dispersal agent (ca. 200 μL in two additions) was then added to 

the cell under argon. This solution was gently stirred and allowed to reach 

equilibrium for one hour. Thereafter, a spectrum was recorded every 5 minutes for 

30 minutes under the same conditions. This procedure was repeated for each 

dispersing agent listed above. All samples were light-protected when not in 

immediate use. 

 

Similarly, various buffers were also investigated in the preparation of monomeric 

NAcCoMP8 (Section 2.2.11). These included CAPS, CHAPS, HEPES, MES, 

MOPS and Tris/HCl. Separate stock solutions of NAcCoMP8 (ca. 1.25 µM; pH 7) 

were prepared using Good buffers (ca. 0.1 M; pH 7) and allowed to stir for an hour 

whilst degassed. A 2 mL sample was then transferred into an argon-filled 1.0 cm 

pathlength cuvette fitted with a septum. One spectrum per hour over a 10 hour-
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period was recorded between 300 – 700 nm for each sample. Only the samples 

showing any significant spectroscopic changes were reported here. 

 

The dispersing agents explored in this study exhibited varying degrees of optical 

interference on the absorbance spectrum of NAcCoMP8 (Figure 4.12A, with the 

dispersing agents inset). These interferences were observed mainly in the near UV 

region and may be attributed to two features. Firstly, the dispersing agents 

explored could be spectrophotometrically active in the UV region. This could be 

particularly problematic in the case of nitrite binding studies for example, whereby a 

distinctive band is observed in the UV region. Furthermore, some 

metalloporphryins have been observed to take a longer time to reach spectroscopic 

stability when certain detergents were used.39 This was certainly the case with the 

NAcCoMP8 sample that contained SDS 5%. 

 

Secondly, some dispersing agents exhibited evidence of binding as suggested by 

the distinct Soret shifts. For example, this may be observed in the SDS 5% study 

where the Soret shifted significantly from 415  418 nm. Presumably the 

coordination is by a hydroxyl group on the SDS 5% moiety as it competes for the 

distal position on NAcCoMP8. This is especially problematic when trying to design 

ligand binding experiments in a system such as NAcCoMP8. The addition of any 

unknown potentially competing ligands should be avoided as they only add 

spectroscopic interference to an already complex system.  

 

In the case of buffers, it was found that HEPES (0.1 M, pH 7.0, 25 oC) effected a 

blueshift in the Soret band (415  413 nm) again suggesting coordination of the 

metal ion (Figure 4.12B, with the structure of HEPES and possible point of 

coordination with Co(III) in NAcCoMP8 inset). HEPES consists of hydroxyl and 

sulfonate moieties. The other sulfonate-containing buffers and Tris exhibited no 

evidence of coordination. This suggests that HEPES then likely coordinated 

through the terminal hydroxyl group as it is sterically unhindered.  
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Figure 4.12   The effects of dispersing agents (A) and of 0.1 M HEPES buffer (B) on the 
absorbance spectrum of aqueous NAcCoMP8 (pH 7.0, 25 oC).  

413 nm 415 nm 

A 

B 
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 4.2.9 Effects of Reducing Agents 

   

A qualitative study of the reduction of NAcCoMP8 using various reducing agents 

was attempted in deionised water in order to observe the changes in the electronic 

spectrum. The reducing agents used were sodium dithionite, sodium borohydride, 

ascorbic acid and zinc in methanol, respectively. The study was conducted as 

described previously (Section 2.2.12). 

 

A stock solution of NAcCoMP8 was prepared in deionised water (ca. 1.25 µM; pH 

7) and degassed using argon. NAcCoMP8 (ca. 2 mL) was added to a clean, dry, 

argon-filled cuvette fitted with a septum. An initial spectrum was recorded from 300 

– 700 nm at 25 oC. To this sample, previously dried excess reducing agent (ca. 0.5 

g in two additions) was added under argon, gently stirred and a spectrum was 

recorded every 5 minutes for 30 minutes under the same conditions. This 

procedure was repeated for each reducing agent listed above. 

 

The absorbance spectrum of NAcCoMP8 only exhibited significant spectral 

changes in the presence of NaBH4. It was therefore the only reducing agent 

spectrum reported here (Figure 4.13). There was considerable difficulty in 

obtaining a well-defined absorbance spectrum of NAcCoMP8 with NaBH4. After the 

first NaBH4 addition the sample bubbled vigorously and thus contributed 

significantly to the spectral noise. However, after the second addition of NaBH4, 

solution became slightly yellow-pink and turbid. 

 

The spectral changes observed in the NaBH4 study were rapid and occurred in two 

main regions. Firstly, the addition of NaBH4 prompted the disappearance of the 

Soret band at 415 nm. This was followed by the brief emergence of a band at 

395nm which also subsequently disappeared. The final band formed was at 345 

nm. There were also noticeable shifts in the UV region as compared to the initial 

NAcCoMP8 sample, but these were masked by spectral noise. Secondly, the Q 
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band region exhibited significant albeit noisy shifts. Both the Q bands disappeared 

after 1 minute and were replaced by a band at 540 nm and possibly by a band in 

the 500 nm region (Figure 4.13, inset). 

 

The spectral shifts observed in NAcCoMP8 on the addition of NaBH4 appeared to 

be consistent with the reduction of the trivalent CoTPPS52 and CoTMPyP64 It is 

thus plausible that the cobalt metal ion in NAcCoMP8 was rapidly reduced from 

Co(III) Co(II) (red trace). The short-lived putative Co(II) species was then further 

reduced from Co(II) Co(I) (blue trace). The re-oxidation of the putative 

Co(I) Co(II) Co(III) should be observed by the re-emergence of the initial 

NAcCoMP8 spectrum (black trace). The initial Soret band attempted to re-emerge 

at 415 nm when the cuvette was exposed to air (gray trace) however the yellow 

solution suggests degradation.. 

 

Figure 4.13   The effects of the reducing agent NaBH4 on the absorbance sof NAcCoMP8 
(degassed using argon, deionised water, 25 oC, pH 7.0). 

415 nm 

395 nm 

345 nm 
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3.3 SUMMARY AND CONCLUSIONS 

  
This Chapter deals with the preparation of a spectroscopically stable monomeric 

NAcCoMP8 solution. A monomeric solution of NAcCoMP8 was obtained by 

qualitatively assessing the factors that affected aggregation and degradation, 

respectively. Aggregation was found to be affected by factors such as ionic 

strength, concentration, pH, equilibration time and temperature. Degradation was 

affected by exposure to light, air, reducing agents, dispersants and buffers. All 

these spectroscopic findings and qualitative observations are summarised (Table 
4.5, 4.6). Whilst this Chapter dealt with the solution preparation conditions of 

monomeric NAcCoMP8, it would be remiss not to comment on the interesting 

solution behaviour exhibited by this compound during these experiments. 

 

The solution behaviour of NAcCoMP8 is complex; it appears to exist as three 

concentration-dependent species. These are tentatively termed the monomeric 415 

nm species, the intermediate 417 nm species and the irreversible 424 nm species. 

When solid NAcCoMP8 is dissolved in deionised water, the first species observed 

is at 417 nm. This transient light pink species then transforms depending on its 

concentration in solution. If the solution is concentrated (ca. 10 µM or with an 

absorbance >0.7 a.u.) the 417 nm species converts rapidly to the 424 nm species. 

This orange-pink 424 nm species exhibits broad absorbance spectra and is 

spectroscopically unstable, especially towards ligand binding (see Chapter 5 where 

all three species were exposed to a test ligand, cyanide, and their respective 

binding behaviours were qualitatively compared). Furthermore, the formation of the 

424 nm species appears to be irreversible when external pressures were applied 

(temperature, dilution with 50% MeOH and extreme changes in pH). When this 

species is left standing at room temperature for a few days, visible aggregates form 

(Figure 3.11) and characterisation data were irreproducible (Table 4.5, 4.6). 

 

On the other hand, at low concentration, the 417 nm species converts slowly to the 
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415 nm species (ca. 1-2 µM or with an absorbance <0.3 a.u.). This slightly darker 

pink species was the most spectroscopically stable and reproducible 

characterisation data were obtained (Appendix 3.6). This species also responded 

reproducibly to ligand binding studies using a test ligand (Chapter 5) and was thus 

isolated for use in other solution chemistry studies. The characterisation data 

obtained for this species was also comparable to those observed previously.60 

 

Some fascinating observations were noted about the 417 nm species. It appears 

as though this species is always in equilibrium with either 424 or 415 nm species 

depending on its concentration. Though seemingly short-lived, the 417 nm species 

could be promoted by external factors such as changes in temperature and ionic 

strength (Section 4.2.4; Section 4.2.7) but only from the 415 nm species. This 

suggests that it may be possible to isolate higher concentrations of the 415 nm 

species by diluting an intermediate concentration of the 417 nm species (ca. 3-6 

µM or with an absorbance ca. 0.4-0.6 a.u.) with a non-coordinating and dispersing 

solvent at this stage such as 50% methanol. However, this approach was not 

explored as it lacks the practicality in mimicking the physiological conditions 

necessary for the comparative vitamin B12a studies it was intended to provide 

insight into.   

 

This peculiar and irreversible solution behaviour of the 424 nm species also 

provides some interesting insights towards the preparation of monomeric 

NAcCoMP8. It suggests that the formation of this species is entirely concentration 

dependent and its formation at high ionic strength and temperature is merely an 

artefact of the transient 417 nm species being at sufficiently high concentration and 

rapid kinetics at this concentration (a half life of formation of under 10 minute). 

There is no wavelength dependence and one set of neat isosbestic points 

suggests a simpler reaction. It is likely that the species formed occurs through 

covalent metal–side-chain interaction. 

 

Subsequently, the abovementioned behaviour provides ample insight into the 
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formation of the monomeric 415 nm species. Its formation is complex and the 

evidence suggests mixed equilibria. It seems plausible that since NAcCoMP8 

lyophilises at high concentrations in dispersing solvents such as acetonitrile, it 

forms a mixture of loosely packed π-π dimers and/or tetramers. These species 

then monomerise at different rates when diluted. The monomerisation of the dimer 

is expected to be simpler than that of the tetramer and hence faster which accounts 

for the large discrepancy in half life values (between 10 – 20 minutes). 

 

However, once the 415 nm species is formed, it is spectroscopically stable enough 

to perform solution-based experiments on. It was found that monomeric 

NAcCoMP8 has 5 pKa values at 25 oC. The pKa of interest, the aqua/hydroxyl 

equilibrium, occurs at 7.81 ± 0.03 which is lower than both that of vitamin B12a and 

NAcFeMP8. It was also observed that acetylation was important in the facilitation of 

monomerism and that adherence to Beer’s Law is not a sufficient indicator of 

monomerism in this case. Additionally, NAcCoMP8 shows a greater sensitivity 

towards air exposure than light exposure and degrades to a mixture of presumably 

biliverdin and bilirubin under prolonged exposure to both conditions. NAcCoMP8 

may be reduced chemically with NaBH4. This reduction is reversible. Detergents 

add optical interference and HEPES buffer provides a competing ligand. 

 

Thus, a spectroscopically stable and monomeric NAcCoMP8 solution can be 

prepared by dissolving lyophilised NAcCoMP8 to degassed deionised water or low 

ionic strength buffer (<0.1M). Solid NAcCoMP8 should be stored under argon and 

handled whilst still frozen, possibly with the aid of an antistatic gun. Buffers and/or 

detergents should be pre-screened for spectroscopic interferences. Solutions 

should be stirred before use to promote the monomeric aqua species (1-2 hours; 

25 oC; pH 7; λmax = 415 nm at ca 0.3 a.u.; ca. 1-2 µM). Extreme light-, oxygen- and 

heat exposure should be avoided. Extreme oxygen and light exposure promotes 

degradation to bilins whilst extreme temperatures promote 417 nm species 

contamination. Samples should be clarified with a syringe filter before experiments 

and should be distinctly pink in colour.  
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Table 4.5   Summary of all the results obtained in Chapter 4. 
 

†Shifts /nm ‡‡Intensity /% 
Factor Condition 

Final 
Colour Soret Q-bands Soret Q-bands 

Data obtained from study 

↓ [Time] Dark 

pink 

417 415 None ↑ (5) ↑ (5),  

↑ (10) 

t1/2(424nm) = 7.24 min; 

t1/2(417nm) = 7.98 min 

k1(424nm) = 0.096 ± 0.002;  

k1(417nm) = 0.087 ± 0.004 

↑ [Time] Pink 

orange 

417 424 

(422) 

530 538; 560 568; 

(533, 554, 570) 

↓ (30) ↓ (10), 

↓ (20) 

t1/2(424nm) = 9.97 min;  

t1/2(417nm) = 19.57 min 

k1(424nm) = 0.070 ± 0.007;  

k1(417nm) = 0.035 ± 0.005 

↓ [Ionic] Light 

pink 

415 417 None ↓ (70) ↓ (70),  

↓ (75) 

K1 = 0.080 ± 0.008 M-3, 

n = 3.4 ± 0.3 

↑ [Ionic] Yellow 

orange 

417 424 

(422) 

530 538; 560 568; 

(533, 554, 570) 

↓ (30) ↓ (10),  

↓ (20) 

K1 = 2.19 ± 0.09 M-3,  

n = 3.7 ± 0.8 
↓[Temp] Dark 

pink 

415 417 None ↓ (10) ↓ (5),  

↓ (10) 

Linear dependence  

limiting slope (-7.0 x 10-4) 

↑[Temp] Pink 

orange 

415 422 

(420) 

527 537; 560 574; 

(530, 553, 567) 

↓ (30) ↓ (10),  

↓ (15) 

Linear dependence  

limiting slope (-1.12 x 10-2) 

Conc. Dark 

pink 

415 418 None †† †† Linear dependence  

limiting slope 1.94 x 105 M-1 

cm-1 

↓pH Dark 

pink 

415 410 530 526; 

(530, 570, 590) 

- - pKas = 1.74 ± 0.04, 4.08 ± 

0.02, 5.80 ± 0.05 

A
G

G
R

EG
A

TI
O

N
 

↑pH Pink 

orange 

415 418 530 538; 560 568 - - pKas = 7.81 ± 0.03 and 

12.00 ± 0.03. 

Light Pale 

yellow 

‡ ‡ ↓ (15) ‡ t1/2(415) = 478 min  

k1 = 0.0015 ± 0.0002 

O2 Yellow 

orange 

‡ ‡ ↓ (15) ‡ t1/2(415) = 7.81 min  

k1 = 0.089 ± 0.009 

Buffer Bright 

Pink 

415 413 

(414) 

530 528; 560 558 none ↓ (5),  

↓ (5) 

Qualitative;  

HEPES 

D
EG

R
A

D
A

TI
O

N
 

Red. A Pale 

yellow 

415 395

345(400, 

384, 370) 

560 545 540;530

490 diminished 

↓ (60) ↓ (50),  

↓ (60) 

Qualitative;  

NaBH4 

  

↑[x] refers to study [x] conducted at high NAcCoMP8 concentrations where X refers to time, temperature, pH etc. 

↓[x] refers to study [x] conducted at low NAcCoMP8 concentrations where X refers to time, temperature, pH etc. 

† isosbestic point(s) in brackets 

†† the study involved monitoring a shift in absorbance intensity so reporting it here will not be an authentic 

reflection of intensity change in relation to concentration; see rather Time studies. 

‡ absorbance values recorded at Soret only 

‡‡ Intensity increase or decrease denoted by arrows with estimated percentage in brackets  
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Table 4.6   Summary of the qualitative differences observed for the conversion of 
NAcCoMP8 from the 417 to 415 nm species and from 417 to 424 nm. 

 

OBSERVED EQUILBRIA 

417  415 nm  417  424 nm 

1. Light pink to dark pink solution  Light pink to orange-pink solution 

2. Complex (mixed) equilibria  Simple equilibria 

3. Wavelength dependence  No wavelength dependence 

4. Poorly defined isosbestic points  Well defined isosbestic points 

5. Slow kinetics  Rapid kinetics 

6. Reversible  Not reversible 

7. By high ionic strength and temperature  No effect 

8. Forms putative dimer/tetramer by π-π 

stacking  

 Forms putative tetramer by covalent 

metal–side-chain interaction 
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CHAPTER 5 
Equilibrium Constants for Ligand 

Binding by NAcCoMP8 
 

5.1 INTRODUCTION 

  

Studying metal-ligand interactions often reveals important coordination 

information about the nature of the central metal ion in macrocyclic 

compounds.1,2,3  These metal-ligand interactions may be probed using a three-

fold approach. Firstly, the interactions may be investigated by comparing 

physical properties such as spectral shifts in the Uv-vis spectrum, and bond 

lengths and angles in the ground state of each compound (the so-called ground 

state ‘cis- and trans-influences’). Secondly, the comparison of chemical 

equilibria, which measure the difference in free energy between the ground 

states of these compounds, may be compared (‘thermodynamic influences’). 

Lastly, by comparing the rates of reactions exhibited by these compounds, the 

difference between the ground- and transition states may be observed (‘kinetic 

effects’ – see Chapter 6).1  

 

Ligand binding studies offer a useful means of acquiring data pertaining to 

metal-ligand interactions.2,4,5 In these binding studies a metal complex is 

typically reacted with selected ligands and the metal-ligand interactions are 

monitored spectrophotometrically or by some other technique such as NMR or 

potentiometry. By performing comparative ligand binding studies of two related 

compounds with varied cis ligands (such as the corrin in vitamin B12a and the 

porphyrin in NAcCoMP8), the (in this case) macrocyclic influence exerted on the 

metal ion may also be observed (cis influence). This forms the basis of the 

hypothesis used to elucidate the macrocyclic influence on the nature of 

cobalt(III) in vitamin B12a in this work (Chapter 1). 
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In this study, water trans to histidine was substituted with various exogenous 

ligands as a function of temperature in a simple cobalt(III) porphyrin, 

NAcCoMP8. NAcCoMP8 serves as a biomimetic model6 for B12a (Chapter 1) 

and thus presents an excellent candidate for comparative ligand binding 

studies. Cobalt(III)-containing vitamin B12a corrin macrocycle has 5,6-

dimethybenzimidazole (DMB) and water in α and β positions, respectively,7 

whilst the analogous NAcCoMP8 porphyrin has water and histidine, (His) 

respectively.8  The equilibria involving the binding of a single ligand can be 

readily observed using a wide range of exogenous ligands whilst being 

conveniently monitored using uv-vis spectroscopy.6,9 Furthermore, the 

chemistry is not complicated by the formation of cis-trans-isomers as one of the 

axial ligands (DMB and His-18, in B12a and NAcCoMP8, respectively) is tethered 

to the macrocycle (Figure 5.1).10,11  

 

Figure 5.1 Structures of Vitamin B12a and NAcCoMP8. Vitamin B12a axially bound to 
N-donor DMB (red) and NAcCoMP8 axially bound to N-donor His-18 (blue); both 
ligands trans to axially coordinated water.  
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The aim of the work reported in this Chapter is therefore to qualitatively and 

quantitatively assess the cis effects of the equatorial ligand on the metal ion by 

comparing the ligand binding properties of Co(III) in NAcCoMP8 and in B12a. 

Quantitatively, this was achieved by reacting NAcCoMP8 with selected ligands 

in order to observe absorbance changes, from which thermodynamic (log K, ∆H 

and ∆S) data were obtained. The absorbance spectra were also qualitatively 

compared. The anionic ligands examined were: cyanide, azide, nitrite and 

sulfite; the neutral ligands* were: pyridine, N-methyl imidazole, methoxyamine 

and hydroxylamine. These data were then compared to analogous B12a data in 

order to elucidate the effects of the corrin ring on the ligand binding properties of 

the centrally-bound cobalt(III). These data were acquired as a function of 

temperature (ca. 15 – 40 oC) at constant ionic strength (µ = 0.1 M) and pH (ca. 

pH 7; except in HSO3
-
, which was obtained at ca. pH 5 using acetate buffer12) 

(Investigation 2.1, Figure 5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Flow diagram of the different aims and results in Chapter 5 

 

                                                 
* Here and elsewhere vitamin B12a and neutral ligands are abbreviated: B12a, pyridine (Pyr); n-
methyl imidazole (NMI); methoxyamine (MOA) and hydroxylamine (HA).  
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5.2 RESULTS AND DISCUSSION 

  

Absorbance spectra (300 – 700 nm) and thermodynamic data (log K, ∆H and 

∆S) for the substitution of coordinated water by selected anionic (CN-, N3
-, NO2

-, 

HSO3
-) and neutral (Pyr, NMI, MOA, HA) ligands were obtained for NAcCoMP8 

and for B12a (15 – 40 oC; µ = 0.1 M; pH 7). Reagents (Section 2.4), technical 

specifications (Section 2.4), specialized (Sections 2.2.2; 2.2.3) and general 

techniques (Section 2.5) may found elsewhere (Chapter 2). 

 

The following pH-dependent equilibria occur for a monomer in solution:  

 

 

 

 

 

                                                                                                          Equation 5.1
 

where N represents the proximal ligand (His-18 in NAcCoMP8 and DMB in B12a) 

Overall charges have been ignored for convenience. The equilibrium of interest 

refers to the highlighted reaction in Equation 5.1. The incoming ligand L, 

replaces the distally bound water in the coordination sphere of the cobalt ion.  

 

Absorbance spectra were recorded for these ligand-binding reactions and then 

used in two separate investigations. Firstly, spectra were qualitatively compared 

to observe any ligand-dependent spectral shifts (Section 5.2.1.1). Secondly, 

wavelength specific absorbance data were fitted using non-linear least squares 

methods in SigmaPlot13 in order to find log K (Section 5.2.2.1) by applying the 

corrections mentioned previously (Equation 2.6-2.8). Often factors influencing 

log K (i.e. ∆H and ∆S values) are left unexplored by performing binding studies 

at one temperature only.7 In this work, studies were therefore conducted as a 

function of temperature and values for ∆H (kJ mol-1) and ∆S (J K-1 mol-1) were 

determined from slope and intercept, respectively from van’t Hoff plots (ln K vs 

1/T) (Section 5.2.2.2). 



 

 

• 178 •

Monomeric NAcCoMP8 is only spectroscopically stable at very low 

concentrations (see Chapter 4). These low NAcCoMP8 concentrations in 

addition to the small ligand binding absorbance shifts no doubt increased the 

experimental error. Thus, some statistical considerations had to be effected in 

order to average out the inevitable experimental errors. Total absorbance 

changes were found to be small; thus monitoring absorbance at a single 

wavelength would lead to unduly large errors. This potentially wavelength-

dependent14 bias was mitigated by averaging absorbance data across a set of 

wavelengths, typically 20 nm on either side of the isosbestic point in the Soret 

region. The Q-band region was unusable due to the very small absorbance 

changes in that region. However, since some wavelengths give log K values 

with larger errors than others, a weighted averaging procedure† was employed 

in order to compensate for this observation. Furthermore, all absorbance values 

were corrected for dilution, free ligand- and pKa- effects (Section 2.3.1).  

   

 5.2.1 A Qualitative Examination of the Physical Data 

   

A qualitative assessment of the binding of NAcCoMP8 (and of B12a) with various 

exogenous ligands was made in terms of absorbance spectra (Section 5.2.1.1) 

and solid state bond length evidence (Section 5.2.1.2) obtained from the CSD‡.  

    

  5.2.1.1 Absorbance spectra observations 

    

The influences of binding a selected group of exogenous ligands to cobalt(III)-

containing macrocycles with different equatorial ligands may be observed by 

comparing the absorbance spectra obtained during these studies. These may 

be termed ground state cis influences. 

 

                                                 
† The weighting factor was equal to the reciprocal of the residual standard error of the estimate. 
This was then used to find the fractional weighted contribution (relative to the sum of all the 
weighting factors) of log K for each wavelength. The weighted log K was then the sum of these 
contributions such that the absorbance with the higher errors contributed less to the average 
than those values that were within error.15 

 
‡ Cambridge Structural Database, V. 5.32 (updated: Nov 2010), CCDC, Cambridge, UK, 2010. 
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In this Section the ground state cis influences exerted by the porphyrin (and 

corrin) on the binding properties of Co(III) were qualitatively investigated. These 

qualitative investigations were achieved by comparing the absorbance profiles 

of NAcCoMP8 with selected exogenous ligands against similar data obtained 

for vitamin B12a. Since it is the hypothesis that the equatorial ligand imparts 

some unique electronic properties onto cobalt(III), a general overview of the 

electronic influences on the absorbance spectrum of the corrin and porphyrin 

moieties is thus necessary.   

 

There are usually five types of electronic transitions that occur in coordinated 

macrocycles. Firstly, there are the d-d transitions of the central metal ion. Then 

there are transitions predominantly associated with the macrocycle. Thirdly, 

there are internal transitions within the axial ligands (e.g. base on/off in the case 

of DMB in B12a or His-18 in NAcCoMP8). There are also charge transfer 

transitions from the macrocycle to the metal or vice versa (equatorial MLCT or 

LMCT) and lastly from axial ligand to metal or vice versa (axial MLCT or LMCT).

 

In the case of B12a, the important spin-allowed π  π* transitions are observed 

above 300 nm (Figure 5.3A, red).7 The bands with decreasing intensity are: γ 

band (350–370 nm), αβ bands (420–600 nm), δ bands (300-330 nm) and the 

lowest intensity D and E bands (390–420 nm) with no consensus on the δ band 

assignment.7,16,17 These complex transitions were resolved using Gaussian 

analysis;2 however, the simplified version adapted from Kuhn et al.,18 is 

illustrated (inset). The bands below 300 nm are due to either protonated or 

coordinated DMB (280-290 nm).7 Particularly noteworthy is the dependence of 

the absorbance spectrum on the identity of the axial ligands (see later Figure 
5.4).7 This ligand dependence, seen as shifts in the γ band,1,17,19 correlate to the 

extent of cis and trans influences observed.7 The γ band tends to exhibit a red 

shift as the donor strength of the axial ligands increase. 2,7,20  

 

Similarly, the porphyrin electronic transitions are also predominately spin-

allowed π  π*.7 The visible bands with decreasing intensity are: B or Soret 

band (390-420 nm) region, N (330-350 nm) and Q bands (500 – 600 nm) 
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(Figure 5.3A, blue).9 Gouterman21 first rationalised these transitions using the 

‘four-orbital model’ where the absorption bands originate from transitions 

between the frontier orbitals, HOMO and HOMO-1, and LUMO and LUMO+1. 

The energies of these transitions are acutely affected by the identity of the 

metal ion and by the porphyrin substituents (see later Figure 5.5).22 There are 

also strong vibronic bands in the UV-vis region.22 The model used for the 

porphyrin electronic transitions in Figure 5.2 is for a low spin Fe(II) 

hematoporphyrin.9 However the available spin states in iron tend to affect 

transitions most notably in the Q band region.23 Given that cobalt(III) is in the 

low spin state, these transitions are not observed.6 

 

One way to assess the macrocyclic effects on the metal ion would be to 

qualitatively compare the absorbance spectra of each macrocycle. In this case, 

NAcCoMP8 is compared with B12a (Figure 5.3A, blue and red, respectively). 

Both macrocycles exhibit similar absorbance profiles as might be expected 

since their chromophores are strikingly similar.17,22,24  They both have intense 

bands in the 350-400 nm and the 500-600 nm region. These bands correspond 

to γ and Soret bands, and αβ and Q bands, in corrin and porphyrin, 

respectively. However, the αβ bands are more prominent than the Q bands and 

exhibit a significant blue shift relative to the porphyrin bands. This may be a 

consequence of B12a being the lesser conjugated system.17 

 

Another way to observe the effect the macrocycle has on the metal ion would 

be to compare metal- and metal-free spectra (Figure 5.3B). Here, NAcCoMP8 

(blue) is compared to metal-free acetylated microperoxidase (black). The 

corresponding corrin comparison (inset) has B12a (red) superimposed on 

Toohey’s25 metal-free corrinoid (black). Immediately obvious is the distinctive 

blue shift in both the corrin and porphyrin metal-free spectra relative to the 

metallated species. Removal of the metal ion also seems to have a more 

profound effect on the Q bands rather than the αβ bands where the former splits 

into four Q bands in the metal-free porphyrin.  
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Figure 5.3   Comparison of absorbance spectra of NAcCoMP8 (blue) and vitamin B12a 
(red) in deionised water illustrated with possible band assignments for porphyrin9,23 and 
corrin 7,18  (A). These are then compared with the corresponding metal-free analogues 
at neutral pH (B). The spectrum of the metal-free corrinoid from Chromatium is adapted 
from Toohey25 with the spectrum of vitamin B12a superimposed in order to compare 
peaks and relative wavelength shifts but not intensities.  
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The absorbance profiles of NAcCoMP8 with selected neutral and anionic 

ligands were qualitatively compared to corresponding vitamin B12a data. Spectra 

were obtained as previously described (Chapter 2). Aliquots of degassed ligand 

were added to NAcCoMP8 (and similarly to B12a) in an argon-filled 1.0 cm 

pathlength cuvette fitted with a septum. The sample was gently stirred and 

allowed to reach equilibrium for 1 minute. An absorbance spectrum was then 

recorded between 300 – 700 nm. All spectra were run in MOPS (0.1 M; 25 oC 

ca. pH 6.8; spectra for HSO3
- were obtained at pH 5 using NaCH3COO buffer).  

 

Absorbance spectra were obtained for NAcCoMP8 with selected neutral and 

with anionic ligands so as to observe any qualitative spectral trends (Figure 
5.5). It is immediately apparent that the extent of the red shift observed at the 

Soret is far more prominent with the anions than with the neutral ligands. In the 

case of the anionic ligands (Figure 5.5B) the Soret shift (415  425 nm) is 

double than the shift observed with the neutral ligands (Figure 5.5A) (415  

420 nm). This trend is approximated in the Q band region as well however, to a 

lesser extent due to the instrument noise present at low porphyrin 

concentrations. This evidence suggests that there is significantly more metal-

ligand interaction with anionic than neutral ligands in NAcCoMP8.  

 

This significant red shift trend is far more apparent in the corresponding B12a 

spectra (Figure 5.4). Here the anionic ligands (Figure 5.4B) exhibit a red shift 

in the γ band (350  367 nm) that is ca. 65% greater than the equivalent shift in 

the neutral ligands (350  361 nm). Additionally, the αβ bands exhibit far more 

prominent red shifts than the analogous Q bands in the porphyrin. It is even 

more interesting to note that the overall γ red shift observed in B12a with the 

anionic ligands (17 nm) is ca. twice that observed in the analogous NAcCoMP8 

data (10 nm). This trend is also seen with the neutral ligands where the γ red 

shift in B12a (11 nm) was ca. twice that observed in NAcCoMP8 (5 nm). This 

evidence suggests that there is significantly more electronic metal-ligand 

interaction in the corrin than the porphyrin and more so with the anionic ligands 

than with the neutral ligands. 
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Other spectral observations include those that pertain to the anionic ligands 

cyanide and bisulfite in both macrocycles. In the case of the anionic ligand 

cyanide, both vitamin B12a
7,26 (Figure 5.4B, red trace) and NAcCoMP8 (Figure 

5.5B, red trace) show distinct red shifts relative to the other anionic spectra. It is 

in fact the largest red shift observed in both cases in this work. This significant 

red shift suggests that the strong-field cyanide ligand is promoting a smaller 

HOMO-LUMO gap relative to the other ligands in the study. The implication is 

that cyanide, presumably coordinating through the carbon atom,7 is transferring 

significant amounts of electron density onto the cobalt ion in both cases. 

Furthermore, the red shift observed in B12a due to cyanide is ca. 50% greater 

than that observed in NAcCoMP8. This significant disparity in red shift implies 

that the corrin facilitates a much smaller HOMO-LUMO gap with the trivalent 

cobalt ion than the porphyrin. In turn, this suggests that the corrin-cobalt system 

is accepting electron density more efficiently than the porphyrin-cobalt system. 

 

In the case of the bisulfite ligand, coordination is presumably through the soft 

sulfur atom.7 Here, vitamin B12a exhibits a spectrum that is distinctly dissimilar to 

the others in the anionic series (Figure 5.4B, green trace). It may be argued 

that the cobalamin is being reduced since bisulfite is a known reducing agent 

however the reported sulfitocobalamin spectrum is not consistent with that of a 

reduced cobalamin.7 It seems likely that the soft polarisable S-donor ligand 

influences nature of this spectrum; “atypical” vitamin B12a spectra were 

previously documented as being common in soft polarisable ligands bound to 

trivalent cobalt,1,2,12,27  in some organo-ligands complexes7 or with linkage 

isomerism.7,12  On the other hand, NAcCoMP8 does not exhibit this “atypical” 

spectral behaviour with bisulfite (Figure 5.5B, grey trace). There is, in fact, a 

great deal of similarity amongst the NAcCoMP8 spectra in this study. However, 

it is once again interesting to note that the red shift exhibited by B12a is 

approximately 50% greater than that of NAcCoMP8. 
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Figure 5.4   The comparison of spectral data in vitamin B12a in MOPS buffer (0.1 M; pH 
6.8; 25 oC) for some neutral (A) and anionic ligands (B). See Table 5.1 for isosbestic 
points relative to the aqua-species. 

A 

B 
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Figure 5.5   The comparison of spectral data in NAcCoMP8 in MOPS buffer (0.1 M; pH 
6.8; 25 oC) for some neutral (A) and anionic ligands (B). See Table 5.1 for isosbestic 
points relative to the aqua-species. 
 

A 

B 
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Table 5.1   Isosbestic points for the replacement of coordinated water with selected 
exogenous ligands in NAcCoMP8 ligand binding studies 
 

 
Another way to assess the macrocyclic influence of trivalent cobalt corrins and 

porphyrins on their electronic spectra would be to compare λmax values of each 

system. Here, λmax is used to indicate the wavelength (nm) at which the 

maximum absorbance value occurs. This may be at either the γ band in B12a or 

at the Soret in NAcCoMP8. To achieve this, λmax from the previous ligand 

binding spectral data are compared. Firstly, the λmax values of NAcCoMP8 are 

compared to those obtained from NAcCoMP11 in order to have a cobalt(III)-

porphyrin-porphyrin (CoIII-por-por) system for comparison (Figure 5.6A). 

Secondly, the NAcCoMP8 λmax values were compared to those obtained for 

vitamin B12a
12 such that a cobalt(III)-porphyrin-corrin (CoIII-por-cor) system may 

be compared (Figure 5.6B).  

 

The shifts in wavelength in relation to selected anionic and neutral ligands are 

compared in the CoIII-por-por system (Figure 5.6A). This system reveals a 

reasonably linear relationship (R2 = 0.89). This correlation suggests that the 

additional peptides present in NAcCoMP11 do not affect the electronic 

transitions on the chromophore to any appreciable degree. Thus, in general, 

Isosbestic points /nm 

Ligand Vitamin B12a ††NAcCoMP8 

CN- 
†(1st) 325; 356; 386; 418; 533 
†(2nd) 319; 359; 400; 531 

†(1st) 373; 420; 500; 532; 551; 596 
†(2nd) 383; 431; 544; 564  

N3
- 341; 356; 439; 531 360; 421; 470; 530; 547; 574 

NO2
- 340; 356; 404; 420; 494; 519 418; 440; 530; 543; 566 

HSO3
- 337; 361; 455; 502; 525 420; 530; 552; 574 

Pyr 325; 357; 392; 418; 529 418 

NMI 311; 355; 387; 411; 420; 508; 529 367; 418; 548; 567 

MOA 323; 350; 383; 407; 418; 530 417 

HA 325; 353; 383; 406; 421; 444; 528 416; 430; 550 

† refers to 1st and 2nd substitution of cyanide, respectively (see later in the text, Equation 5.2; 5.3)
†† refers to the monomeric 415 nm NAcCoMP8 species only (see later in this Section) 
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NAcCoMP11 and NAcCoMP8 show similar spectroscopic behaviour in solution. 

Both cobalt(III) porphyrins exhibit the largest wavelength deviation with the 

strong-field ligand, cyanide (relative to their respective aqua-complexes). The 

greatest deviation in the linear trend is contributed by the neutral ligand, 

pyridine followed by the anionic ligand, azide. 

 

In contrast, the CoIII-por-cor system exhibits considerably more scatter (Figure 
5.6B). The poorer wavelength correlation in the CoIII-por-cor system (R2 = 0.66) 

emphasises the electronic dissimilarity between the macrocycles. This suggests 

that the corrin macrocycle affects the metal-ligand interaction differently than in 

the porphyrin macrocycle. Whilst the range in wavelength shifts in the CoIII-por-

por system, relative to NAcCoMP11, is 11 nm, the range in the CoIII-por-cor 

system relative to vitamin B12a is 17 nm. Despite this obvious disparity both 

macrocyclic systems exhibit the largest wavelength deviation with cyanide 

(relative to their respective aqua-complexes).  

 

However, in the CoIII-por-cor system the greatest deviation in the linear trend is 

due to nitrite and not pyridine as anticipated from the CoIII-por-por system. In 

this B12a study (ca. 25 oC, pH 7, µ = 0.1 M) the shift in λmax from the aqua to the 

‘nitro’ species was 350  354 nm. This was in agreement with the 

crystallographic evidence54 which indicated that Co(III) in B12a binds NO2
- 

through the relatively softer N-donor atom. This is consistent with the corrin-

Co(III) affinity for the softer donor atom in an ambidentate nucleophile inferring 

a more Co(II)-type nature in this macrocycle.  
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Figure 5.6   Comparison of Sorets (nm) for NAcCoMP8 and NAcCoMP11 (A) and for 
NAcCoMP8 and vitamin B12a (B). The B12a wavelength shifts were consistent with 
values reported previously.12 See Table 5.1 for isosbestic points relative to the aqua-
species. 
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Some examples of the absorbance spectra collected during the titration of B12a 

with the various ligands explored in this work are illustrated below (Figure 5.7, 
isosbestic points in Table 5.1). The titration involving the anionic ligand bisulfite 

exhibited the interesting so-called ‘atypical’ vitamin B12a spectra mentioned 

previously. These spectral profiles are common with B12a-sulphur compounds.2,7 

There is significant absorbance in the δ band region and a distinct 

hypochromism of the γ band, which is considerably red shifted.27 To compare 

the corresponding NAcCoMP8 spectra here would be meaningless given the 

small and noisy spectral shifts. However, the spectral shifts pertaining to the 

binding of the test ligand, cyanide, to NAcCoMP8 revealed some interesting 

spectral differentiation and were subsequently reported on.  

 

Figure 5.7    The titration of vitamin B12a in MOPS buffer (0.1 M; pH 6.8; 25 oC) with 
some examples of anionic and neutral ligands. Refer to Table 5.1 for isosbestic points. 
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Like other microperoxidases,28-30 NAcCoMP8 is prone to aggregation and exists 

as three concentration-dependent species in solution (Chapter 4). These are 

the monomeric 415 nm species present at very low concentrations; the 

transient 417 nm species and the irreversible 424 nm species that occurs at 

higher concentrations. These species were reacted with cyanide as a test 

ligand in order to compare the ligand binding behaviour of each species.  

 

The ligand binding of cyanide with each NAcCoMP8 species was conducted at 

25 oC as previously described (Chapter 2). With each species, aliquots of 

freshly prepared NaCN solution were added to NAcCoMP8 in a 1.0 cm 

pathlength cuvette under argon. The sample was allowed to reach equilibrium 

for 1 minute (Section 4.2.1) after which an absorbance spectrum was recorded 

between 300 – 700 nm (MOPS 0.1 M; ca. pH 7). The wavelength-specific 

absorbance data were then fitted using non-linear least squares methods in 

SigmaPlot13 in order to find log K (Section 5.2.2.1; Equation 2.6; 2.7). It is 

appreciated that since the 417 nm species is only briefly isolated that it 

represents a mixture of 424 nm and/or 415 nm species as well.  

 

Each NAcCoMP8 species exhibits two sets of spectral data, A and B (see 
Figures 5.8-5.10). Here, A and B presumably corresponds to the 1st and 2nd 

ligand substitutions, respectively (Equation 5.2; 5.3, where L is the incoming 

cyanide ligand). It is immediately obvious that the equilibrium observed in the 

415 nm species (Figure 5.8) is unique relative to the 417 (Figure 5.9) and 424 

nm species (Figure 5.10), certainly at the first substitution. At the first 

substitution only the 415 nm species exhibits 3 well-defined, spectroscopically 

stable isosbestic points in the Q band region (Figure 5.8A). In contrast, the 417 

and 424 nm species exhibited poorly defined isosbestic points suggesting the 

existence of mixtures in solution. Thus, it was the monomeric 415 nm species 

that was used for subsequent ligand binding studies.  

His-Co(III)-H2O  +  L ⇌ His-Co(III)-L  +  H2O               Equation 5.2

His-Co(III)-L  +  L ⇌ L-Co(III)-L                                Equation 5.3
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Figure 5.8   The titration of NAcCoMP8 415 nm species in MOPS buffer (0.1 M; pH 
6.8; 25 oC) with NaCN (0.1 M) showing 1st (A) and 2nd axial substitution (B). Refer to 
Table 5.1 for isosbestic points. 
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Figure 5.9   The titration of NAcCoMP8 417 nm species in MOPS buffer (0.1 M; pH 
6.8; 25 oC) with NaCN (0.1 M) showing 1st (A) and 2nd axial substitution (B). Refer to 
Table 5.1 for isosbestic points. 
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Figure 5.10   The titration of NAcCoMP8 424 nm species in MOPS buffer (0.1 M; pH 
6.8; 25 oC) with NaCN (0.1 M) showing 1st (A) and 2nd axial substitution (B). Refer to 
Table 5.1 for isosbestic points. 
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Equilibrium constants (log K) for the binding of cyanide to each NAcCoMP8 

species were obtained (25 oC; pH 7; µ = 0.1 M). Each species had two sets of 

spectral data, A and B, presumably corresponding to the first and second ligand 

substitution. The first substitution is clearly cyanide replacing the distally 

coordinated water on Co(III) in NAcCoMP8 (Equation 5.1). The equilibrium 

constants corresponding to this substitution were anticipated to be similar given 

the structural similarities of the various species (Table 5.2). These were (6.06 ± 

0.06, 6.32 ± 0.05 and 5.77 ± 0.10) for the 415, 417 and 424 nm species, 

respectively. It is interesting to note that for this substitution the 415 and 417 nm 

species have a similar binding affinity for cyanide suggesting perhaps a similar 

coordination environment. On the other hand, the 424 nm species has the lowest 

log K. This would be consistent with an oligomer, possibly a tetramer with a less 

accessible axial water molecule (see Section 4.2.4)  

 

The second substitution is ascribed to the substitution of the proximally 

coordinated histidine ligand on Co(III) by cyanide (Equation 5.3). The log K 

values were considerably lower than for the first substitution (Table 5.2). These 

were (3.50 ± 0.08, 4.02 ± 0.10 and 3.96 ± 0.07) for the 415, 417 and 424 nm 

species, respectively. This was anticipated since the Co-His bond would be 

stronger than the Co-OH2 bond. In contrast to the first substitution, here it is the 

417 and 424 nm species that appear to share a similar coordination environment 

based on the similarity in log K values (see later Figure 5.11).  

 
Table 5.2   A comparison of isosbestic points for the replacement of coordinated water 
with CN- in three NAcCoMP8 species (pH 7; 25 oC; µ = 0.1M) 
 

Species Substitution Isosbestic points Log K 

415 First 373; 420; 500; 532; 551; 596 6.06 ± 0.06 

 Second 383; 431; 544; 564 3.50 ± 0.08 

417 First 371; 423; 431; 465; 551; 580 6.32 ± 0.05 

 Second 433; 450 4.02 ± 0.10 

424 First 388; 425; 507; 537; 558; 578 5.77 ± 0.10 

 Second 389; 431; 469; 546; 563 3.96 ± 0.07 
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NAcCoMP8 exists as three concentration-dependent species (Chapter 4). The 

evidence thus far suggests that these species, 415, 417 and 424 nm, likely 

correspond to a monomer, dimer and tetramer, respectively (Section 3.2.2.3; 

4.2.1; 4.2.4) which is not uncommon for these types of molecules.31-33  

 

It is possible to envisage a variety of routes that lead to the formation of these 

oligomers.  Based on the spectral and thermodynamic evidence amassed in this 

Chapter, two models describing the monomer  dimer  tetramer formations 

are proposed (Figure 5.11). Model One is facilitated by the head-to-tail side-on 

packing arrangement (A1-D1). Model Two is a head-to-head and side-on 

conformation (A2-D2). Both models begin with monomers that form reversible π-

π stacks. As concentration increases these stacks pack closer and form 

irreversible metal–side-chain aggregates. Both models are discussed 

concurrently as monomers, dimers and tetramers. 

 

The monomer formation in both models is straightforward with two possible 

orientations (Figure 5.11). This may be ‘head-up’ (A1) or ‘tail-up’ (A2); both are 

common in non-protein-bound, near-planar porphyrins.34-37 Since the disparity is 

spatial these monomers have the same spectral (both λmax = 415 nm) and 

binding properties. Both axial positions are equally accessible especially the 

axial water. Thus, from a purely steric perspective, the substitution of water by 

exogenous ligands should be fairly unhindered (log K = 6.0 for CN-; Table 5.2). 

These monomers are also prone to π-π stacking depending on concentration, 

ionic strength and temperature (Sections 4.2.1; 4.2.4; 4.2.7). This propensity 

towards stacking then allows for two unique dimer conformations.  

 

The dimer forms two possible conformations through the π-π stacking of two 

monomers (Figure 5.11). This may be head-to-tail side-on (B1) or head-to-head 

side-on (B2). In this instance λmax supposedly occurs at 417 nm. The steric 

crowding around the axial water becomes apparent especially in B1. In B2, the 

axial waters are less hindered thus the binding of CN- is still high (log K = 6.3). 

This conformation may also order the ligand molecules by hydrogen bonding 

thus allowing for a marginally higher log K than the monomer (Table 5.2). 
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Figure 5.11   Possible methods of tetramer formation. Route A1-D1 suggests a head-
to-tail side-on conformation whilst Route A2-D2 suggests a head-to-head side-on 
conformation. The water molecules originally coordinated by the molecule are 
illustrated in blue whilst the water molecules substituted during the tetramer formation 
are represented in purple. Monomers in A1 and A2 are indistinguishable in solution. 

monomer 

tetramer 

Transitional species 
π-π stacking of dimers to 
form either head-to-tail or 
head-to-head tetramers. 

417 nm species 
π-π stacking of monomers to 
form either head-to-tail or 
head-to-head dimer. 

415 nm species 
Monomers formed at low 
NAcCoMP8 concentration. 

424 nm species 
Metal—side-chain 
coordination of dimers to 
form either head-to-tail or 
head-to-head tetramers. 
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The nature of the oligomer, in this case the dimer, was considered. Is the dimer 

a π-π aggregate or a metal—side-chain aggregate? In the case of π-π 

aggregates monomerisation may be achieved by dilution or by the use of 

detergents as was observed with the 417 nm NAcCoMP8 species (See Chapter 
4). Furthermore, the broadened spectra exhibit shifts that are small relative to 

the monomer (415  417 nm), where the extent of the shift depends on H- or J- 

type formations. Reviewing the evidence presented thus far suggests that the 

417 nm species is likely a π-π dimer that then proceeds to stack further and 

form the putative tetramer species (Sections 3.2.1.2; 3.2.2.3; 4.2.1 - 4.2.8). 

 

The formation of the putative tetramer species at sufficiently high concentration 

could produce two possible conformations through the π-π stacking of two 

dimers (Figure 5.11). This may be head-to-tail side-on (D1) or head-to-head 

side-on (D2). In this instance λmax occurs at 424 nm. In contrast to the monomer 

and dimer species, the tetramer’s steric crowding around the axial water is 

considerably large, certainly in the case of D1. This would significantly decrease 

the binding of exogenous ligands such as cyanide relative to the other species 

(lowest log K = 5.8; Table 5.2).  

 

Once again, the nature of the oligomer, in this case the tetramer was 

considered. Is this a π-π aggregate or a metal—side-chain aggregate? Metal—

side-chain aggregation in NAcCoMP8 would involve the coordination of an N-

donor histidine ligand to Co(III). The coordination of an N-donor ligand is 

expected to exhibit larger spectral shifts relative to the monomer similar to those 

observed with the putative tetramer (415  424 nm). A coordinated aggregate 

would also be irreversible by dilution and detergents alone as was the case with 

the 424 nm NAcCoMP8 species (Chapter 4). The evidence thus far infers that 

the 424 nm species is a metal—side-chain aggregate (Section 4.2.4).  

 

ESI-MS evidence was found to be inconclusive for the detection of both 

coordinated- or π-π aggregates. In the case of coordinated aggregates the total 

mass would be beyond the high-mass limit of the instrumentation available (> 

3000 g.mol-1). It was anticipated that the spectra would be irreproducible and 
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comprise a plethora of detectable ions depending on the charges of the various 

species in solution at the time of data-collection. This was observed with the 

putative metal—side-chain 424 nm tetramer in a time-dependent experiment 

which exhibited different masses for the same stock sample over a ca. 40 

minute study. However in the case of π-π aggregation it was anticipated that 

these aggregates would disperse in the chamber and reflect only the monomer 

mass. This was observed in the case of the putative 417 nm π-π dimer which 

remained undetected by ESI-MS in both positive and negative modes. 

 

It is appreciated that the tetramer formation in NAcCoMP8 is complex and that 

the outlined steps represent a probable and simplistic set of events (Figure 
5.11). That said it is not inconceivable that the tetramer formation would first 

proceed through a ‘transitional’ π-π aggregation step (C1, C2). Here two π-π 

dimers associate to form a π-π tetrameric intermediate. This species would be 

expected to share similar spectroscopic and binding properties with B1 and B2. 

As the dimer concentration increases the packing of these tetramers become 

tighter. This close-packing of porphyrin electron densities then destabilises the 

tetramer and facilitates the formation of an irreversible aggregate.  

 

It was also considered that this irreversible 424 nm species is a µ-oxo dimer. 

This is however, unlikely as the solution conditions do not favour the formation 

of such a dimer (Chapter 2). The data for the low spin cobalt(III) system were 

generally obtained at neutral pH and the aqueous system was degassed using 

argon.38,39 Furthermore, a µ-oxo dimer should be stable enough to be 

reproducibly detected by ESI-MS. 

 

This type of aggregation-dependent spectral behaviour is not uncommon in 

acetylated microperoxidases.40-43 Work pertaining to NAcFeMP11 revealed 

absorbance spectra that were exceptionally aggregation-dependent and 

complex. In fact, these were later shown to have a strong correlation with ionic 

strength, not unlike the NAcCoMP8 system. The aggregation in the NAcFeMP11 

system is so spectacularly complex that not only is its formation a function of the 

ionic strength but the nature of that aggregation is heavily dependent on the 
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identity of the anion promoting that aggregation.42,43 

 

Using absorbance spectroscopy, Munro and Marques showed that the 

NAcFeMP8 system was only marginally simpler.40 This system formed π 

stacked dimers as a function of ionic strength where Na+ promoted first a loosely 

packed dimer (ca. 2 Na+) and then a tighter dimer (ca. 4 Na+). These findings 

were not unlike those observed here with NAcCoMP8 (Section 4.2.4). Their 

subsequent exciton theory and Gaussian analysis work revealed fascinating 

conformational insights.41 Their analysis suggested that the second dimer has 

stronger dipole-dipole interactions than the first dimer but not necessarily 

coordinated through metal—side-chain. However, whilst these models provide a 

theoretical basis for the NAcCoMP8 system, the identity of the metal ion (Fe(III) 

vs. Co(III)), and possible spin switch over in the Fe(III) system, means the model 

may not necessarily be applicable to the trivalent NAcCoMP8 . 

 

  5.2.1.2 Structural Evidence (from the CSD) 

    

Before embarking on a description of the ligand binding studies, a brief review of 

information available from solid state studies is appropriate. The solid state 

evidence that adequately verifies the structural effect of the different macrocyclic 

steric demands is limited. For example, dicyano-corrin complexes are common 

whilst the corresponding porphyrin data are not; several pyridine complexes of 

Co(III) porphyrins are known, but have yet to be reported for a corrin. The 

difficulty in selecting appropriate comparisons becomes apparent when 

considering the electronic trans influence; thus the ligand trans to the ligand of 

interest in the corrin and the porphyrin must have similar electronic properties. 

Within these constraints, some porphyrin and corrin complexes were compared 

(Table 5.3) using data available in the CSD.   

 

Coordination with nitrites has been detailed (Table 5.3). There are three reports 

of nitrocobalamin (NO2Cbl) where the coordination is through N rather than O 

since the former is a better donor ligand for Co(III).7,54 The corresponding 

porphyrin data have nitrite coordinated to the metal, trans to an aromatic N-
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donor ligand (imidazole or pyridine). This makes it electronically similar to the 

DMB ligand in vitamin B12a and thus a suitable choice for comparison.  

 

NO2
– is expected to be relatively sterically undemanding given its structure and 

orientation.44   On analysis (Table 5.3), the wide range in Co―NO2 bond length 

data in both corrins and porphyrins, suggest that this type of bond is sensitive to 

the crystal environment; bond lengths seem to be affected by the presence of 

other salts and by solvent. The average Co(III)―N bond length in porphyrins 

(1.92(2) Å) is statistically identical to that in cobalamins (1.93(2) Å) where the 

trans ligand is an aromatic N donor (Table 5.3). 

 

Imidazole is likely to be more sterically demanding than NO2
–. Imidazole is a 

rigid 5-membered ring with two H atoms on the C neighbours of the coordinating 

N-donor. Again there is a great deal of variability in Co―L bond lengths (Table 
5.3). Nevertheless, the bond length to imidazole in a corrin (1.95(1) Å) does 

appear to be somewhat longer than in a porphyrin (1.93(2) Å), but again this 

may not be statistically significant.   

 

Unfortunately there are no data for pyridine cobalamins available.  A pyridine 

should be sterically more demanding than an imidazole (the C―N―C angle is 

wider, viz., 117(3)o (from 1306 observations in 775 compounds in which at least 

one free pyridine is present in the crystal lattice) compared to 105(3)o for 

imidazole (460 observations in 304 compounds where the imidazole is not 

coordinated to a metal ion).  Thus, caution has to be exercised when comparing 

log K values for binding of larger ligands such as pyridines and imidazoles to 

porphyrins and corrins because the steric effect in the latter may very well 

decrease log K.  Smaller and less sterically demanding ligands such as NO2
– 

are not expected to be subject to this caveat. 
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Table 5.3   Bond length data for some selected corrins and porphyrins. 
 

Macrocycle 
Ligand 

(L) 
Trans 

Ligand (T) 
Complex 

Co(III)-L 
/Å 

Co(III)-T 
/Å 

CSD Ref. 

NO2 DMB NitroCbl 1.913  2.013 aHUSPEQ45 

NO2 DMB NitroCbl 1.940 2.008 bEJADOI54 

NO2 DMB NitroCbl 1.942 1.993 cHUSPAM45 
Corrin 

  Average (σ) 1.93(2)   

NO2 Pyr [CoTPP(NO2)(Pyr)] 1.921 2.032 YEQMIQ46 

NO2 3,5-Cl2Pyr [CoTPP(NO2)(3,5-Cl2Pyr)] 1.912 2.044 YEQMOW46 

NO2 3,5-Me2Pyr [CoTPP(NO2)(3,5-Me2Pyr)] 1.948 2.037 NTPOLC47 

NO2 3,5-Me2Pyr [CoTPP(NO2)(3,5-Me2Pyr)] 1.925 2.017 NTPOLC0148 

NO2 1,2-Me2Im [Co(PicketFence)(NO2)(1,2-Me2Im)] 1.917 2.090 dXAFJOD49 

NO2 1-MeIm [Co(PicketFence)(NO2)(1-MeIm)] 1.899 1.994 dXAFJIX49 

Porphyrin 

  Average (σ) 1.92(2)   

His DMB HisCbl 1.951 1.979 GIFYAW50 

Im DMB ImCbl 1.939 2.006 GIFYEA50 Corrin 

  Average (σ) 1.95(1)   

1-MeIm 1-MeIm [CoTCP(1-MeIm)2]+ 1.941 1.943 PACLIO51 

Im Im e[CoTPP(Im)2]+ 1.905 1.905 eTPORCO1052

Im Im e[CoTPP(Im)2]+ 1.945 1.945 eTPORCO1052

Im Im [CoTPA(Im)2]5+ 1.920 1.963 VEGRAA53 

Porphyrin 

  Average (σ) 1.93(2)   

  

a NaCl in lattice 
b Acetone solvated 
c LiCl in lattice  
d Disordered imidazole 
e Two independent molecules in the unit cell 
Pyr = Pyridine 
Im = Imidazole 
Cbl = Cobalamin 
His = Histidine 
Me = Methyl 
TPP = 5,10,15,20-tetraphenylporphyrin 
TCP = 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin 
TPA = 5,10,15,10-tetrakis(N,N,N-trimethylanilinyl)porphyrin 
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 5.2.2 Ligand Binding 

   

Equilibrium constants (log K) for the substitution of coordinated water by 

selected ligands in NAcCoMP8 and B12a (H2OCbl+) were determined 

spectroscopically as a function of temperature (Section 5.2.2.1). From these 

values the ∆H and ∆S parameters were obtained using van't Hoff plots. These 

values were then compared between the two Co(III) systems (Section 5.2.2.2).  

   

  5.2.2.1 Log K trends 

    
Log K data for the binding of selected anionic (Table 5.4) and neutral (Table 
5.5) ligands with NAcCoMP8 (and with B12a) were obtained as a function of 

temperature. Two trends were evident amongst the anionic ligand binding data. 

Firstly, the log K values for the anionic ligands generally decreased with 

increasing temperature in both macrocycles (Table 5.4). These observations 

suggest that the binding of anionic ligands to Co(III) in this system is exothermic 

in nature (see later Section 5.2.2.2), except in the case of bisulfite. The binding 

of bisulfite in both macrocycles exhibits log K values that increased with 

temperature suggesting an endothermic reaction. Secondly, the log K values 

were considerably larger for B12a than for NAcCoMP8 indicating that the corrin is 

the preferred macrocycle for the binding of anions to Co(III) (see later in this 

Section).  

 

The binding of neutral ligands to Co(III) exhibited strikingly different log K trends 

as compared to the anionic ligands (Table 5.5). Firstly, with the exception of 

MOA, the exothermicity in the neutral ligand-binding data appears to be heavily 

dependent upon the identity of the macrocycle encapsulating the Co(III). For 

example, whilst the binding of pyridine is endothermic in the corrin, it is 

exothermic in the porphyrin. On the other hand, the binding of the anionic 

ligands appeared to be generally exothermic regardless of the macrocycle's 

identity. Secondly, unlike the data for the anionic ligands, the log K values for 

the neutral ligands were generally larger in NAcCoMP8 than in B12a indicating 

that in this case it is the porphyrin that is preferred.  
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Table 5.4   Equilibrium Constants for the Substitution of Coordinated H2O in 
NAcCoMP8 by Some Anionic Ligands 
 

B12a  NAcCoMP8 
Ligand 

T 
/oC K /M-1 log K 

ΔH 
/kJ 

mol-1 

ΔS 
/J K-1 mol-1  T 

/oC K /M-1 log K ΔH 
/kJ mol-1 

ΔS 
/J K-1 mol-1 

            
N3

– 15.0 1.70 x 105 5.23(4) -29(1) -1(3)  15.0 2.45 x 102 2.39(3) -20(1) -23(5) 

20.0 1.35 x 105 5.13(3)    20.0 2.09 x 102 2.32(6)   

25.0 1.05 x 105 5.02(5)    25.0 1.91 x 102 2.28(6)   

35.0 7.59 x 104 4.88(3)    30.0 1.74 x 102 2.24(7)   

40.0 6.31 x 104 4.80(2)    35.0 1.38 x 102 2.14(5)   

 

     40.0 1.29 x 102 2.1(1)   

            

CN– 15.0      5.6 4.37 x 106 6.64(4) -47(2) -42(6) 

20.0      15.4 2.00 x 106 6.30(5)   

25.0  ≥1255    18.0 1.82 x 106 6.26(6)   

30.0      20.0 1.41 x 106 6.15(7)   

35.0      25.0 1.10 x 106 6.04(5)   

40.0      28.0 1.00 x 106 6.0(1)   

      35.0 5.37 x 105 5.7(1)   

 

      45.0 3.72 x 105 5.6(1)   

            

NO2
– 15.0 1.74 x 106 6.2(3) -47(3) -44(9)  5.0 1.51 x 103 3.18(7) -20(2) -12(8) 

20.0 9.77 x 105 6.0(2)   10.0 1.35 x 103 3.13(9)   

25.0 7.24 x 105 5.9(1)   15.0 1.17 x 103 3.07(6)   

30.0 5.37 x 105 5.73(9)   25.0 1.00 x 103 3.00(4)   

35.0 4.27 x 105 5.63(7)   35.0 6.31 x 102 2.80(6)   

 

40.0 3.09 x 105 5.49(5)   40.0 5.62 x 102 2.75(8)   

            

HSO3
– 15.0 2.14 x 105 5.3(1) 156(9) 644(31)  20.0 3.98 x 103 3.6(2) 22(2) 143(7) 

20.0 6.31 x 105 5.8(1)   25.0 4.47 x 103 3.7(1)   

25.0 2.88 x 106 6.5(3)   30.0 5.62 x 103 3.75(1)   

30.0 8.13 x 106 6.9(4)   35.0 6.17 x 103 3.8(1)   

35.0 1.38 x 107 7.1(4)   40.0 6.92 x 103 3.84(1)   

 

40.0 2.95 x 107 7.5(5)        
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Table 5.5   Equilibrium Constants for the Substitution of Coordinated H2O in 
NAcCoMP8 by Some Neutral Ligands 
 

B12a  NAcCoMP8 
Ligand 

T 
/oC K /M-1 log K ΔH 

/kJ mol-1 
ΔS 

/J K-1 mol-1  T /oC K /M-1 log K ΔH 
/kJ mol-1 

ΔS 
/J K-1 mol-1

            

Pyr 15.0 0.96 x 101 0.98(4) 6.2(0.5) 40(2)  15.0 1.58 x 105 5.20(6) -30(3) -6(9) 

20.0 1.00 x 101 1.00(4)    20.0 1.17 x 105 5.07(5)   

25.0 1.02 x 101 1.01(3)    25.0 8.51 x 104 4.93(5)   

30.0 1.10 x 101 1.04(2)    30.0 7.41 x 104 4.87(4)   

35.0 1.12 x 101 1.05(2)    35.0 6.61 x 104 4.82(3)   

 

40.0 1.17 x 101 1.07(5)    40.0 5.50 x 104 4.74(4)   

            

NMI 15.0 7.59 x 104 4.9(1) -62(3) -122(11)  10.0 1.82 x 105 5.26(7) 42(3) 250(11) 

20.0 3.98 x 104 4.6(1)    15.0 3.09 x 105 5.49(9)   

25.0 2.69 x 104 4.43(7)    25.0 5.75 x 105 5.76(8)   

30.0 1.70 x 104 4.23(4)    35.0 8.51 x 105 5.93(4)   

35.0 1.20 x 104 4.08(4)    40.0 1.07 x 106 6.03(7)   

 

40.0 8.91 x 103 3.95(5)         

            

MOA 15.0 2.40 x 106 6.4(3) -81(7) -161(23)  10.0 3.02 x 104 4.48(5) -64(6) -138(20) 

20.0 8.13 x 105 5.9(1)    15.0 2.88 x 104 4.46(9)   

25.0 6.03 x 105 5.78(7)    20.0 1.12 x 104 4.05(7)   

30.0 3.72 x 105 5.6(1)    25.0 6.46 x 103 3.81(9)   

35.0 1.66 x 105 5.22(4)    30.0 5.50 x 103 3.74(8)   

40.0 1.29 x 105 5.11(4)    35.0 3.89 x 103 3.59(7)   

 

      40.0 2.82 x 103 3.5(1)   

            

HA 5.5 5.62 x 103 3.75(6) 100(9) 428(30)  12.0 1.78 x 106 6.3(6) -105(13) -248(44) 

10.0 5.25 x 103 3.72(6)    15.0 1.78 x 106 6.3(6)   

15.0 1.26 x 104 4.10(6)    18.0 1.29 x 106 6.1(5)   

20.0 3.47 x 104 4.54(6)    20.0 4.47 x 105 5.7(3)   

25.0 5.25 x 104 4.72(4)    25.0 3.47 x 105 5.5(2)   

30.0 1.51 x 105 5.2(2)    30.0 2.45 x 105 5.4(2)   

35.0 3.98 x 105 5.6(1)    35.0 4.37 x 104 4.6(2)   

 

40.0 3.72 x 105 5.6(2)    40.0 5.25 x 104 4.7(1)   

            

The log K values obtained for vitamin B12a are consistent with those reported in 

literature for both sets of ligands.7, 12, 55-59  Further comparisons and references 

to these values will be made later on when the ligands are discussed under the 

relevant sections.  
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Examples of the spectroscopic changes observed for the substitution of 

coordinated water by NMI are illustrated for NAcCoMP8 and B12a, respectively, 

(Figure 5.12; 5.13). Absorbance data obtained during the course of the titration 

of NAcCoMP8 with NMI (25 oC, pH 6.85, 0.1 M MOPS) were recorded (Figure 
5.12A), and similarly for B12a (Figure 5.13A). These data were then analysed at 

various wavelengths by fitting according to Equations 2.6-2.7 which take free 

ligand concentration into account (Figure 5.12B and 5.13B for NAcCoMP8 and 

B12a, respectively). Forty such fits gave a weighted average of log K = 5.76(8) for 

NAcCoMP8, and 4.43(7) for B12a at 25 oC. Similarly, log K values were obtained 

at various temperatures (10-40 oC) and used to construct van’t Hoff plots in 

order to find ∆H and ∆S (Figure 5.12C and 5.13C for NAcCoMP8 and B12a, 

respectively). A similar approach was used for studying the reaction of 

NAcCoMP8 (and of B12a) with the other ligands listed previously. 

 

 

Figure 5.12: Examples of spectroscopic data obtained in this work. Absorbance data 
obtained in the titration of NAcCoMP8 with NMI (25 oC, pH 6.85, 0.1 M MOPS) (A) were 
fitted according to Equation 2.6-2.7 in order to find log K (B). Similarly log K values 
were obtained at various temperatures between 10 – 40 oC and used to construct van’t 
Hoff plots (C) in order to find ∆H and ∆S.  

A 

C 

B 
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Figure 5.13: Examples of spectroscopic data obtained in this work. Absorbance data 
obtained in the titration of B12a with NMI (25 oC, pH 6.85, 0.1 M MOPS) (A) were fitted 
according to Equations 2.6-2.7 in order to obtain log K (B). Similarly log K values were 
obtained at various temperatures between 10 – 40 oC and used to construct van’t Hoff 
plots (C) in order to find ∆H and ∆S. 
 

 

The log K values at 25 oC for the substitution of coordinated water in 

NAcCoMP8 and in B12a are compared (Figure 5.14). The binding trends 

exhibited by anionic ligands are considered (Figure 5.14, red dots). A striking 

feature of this plot is that all the anionic ligands bind more strongly with the 

corrin than the porphyrin. Furthermore, the plot also shows a positive linear 

correlation between the corrin and the porphyrin log K values; this suggests that 

the binding behaviour in the two systems parallel each other. Another prominent 

feature pertains to the anomalously high log K value estimated for the 

coordination of CN- by B12a. The value is too large to be reliably determined but 

is estimated at log K > 12; literature values range from >1255 to 12.3(5)60 in 80% 

MeOH and 14.1.61 The binding of cyanide to Co(III) in both macrocycles will be 

discussed further below (Section 5.2.2.2). 

 

C 

B 

A 
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In contrast, the binding trends exhibited by the neutral ligands to Co(III) in both  

macrocycles are opposite to those exhibited by the anionic ligands (Figure 5.14, 

blue dots). The most notable contrasting feature here is that the neutral ligands 

bind more strongly with the porphyrin rather than the corrin. A further contrast is 

that the plot exhibits a negative linear relationship between the corrin and the 

porphyrin log K values implying an inverse relationship in the binding behaviour 

of the two systems. Another prominent feature is the anomalously low log K 

value for binding of Pyr to Co(III) in B12a (log K = 1.01(3)). Bauriedel58 observed 

the binding but was unable to quantify it, whilst Knapton and Marques59 found 

log K = 1.23(7) at 25 oC. The binding of pyridine to Co(III) in both macrocycles 

will be discussed further below (Section 5.2.2.2).  

 

A further consideration of the log K trends for the binding of anionic ligands is 

warranted (Figure 5.14; Table 5.4, 25 oC data in bold). A number of conclusions 

can be drawn. Firstly, both macrocycles preferentially bind ligands with softer 

donor atoms: (softer) CN- > HSO3
- > NO2

- > N3
- (harder) (Figure 5.14). 

Secondly, despite this shared preference, each macrocycle binds the anionic 

ligand differently as suggested by the log K range. NAcCoMP8 data range from 

log K = 6.0 to 2.3 whilst the range for B12a is wider, from log K = ~1210,55 to 5.0. 

This implies that the electronic influence exerted by the porphyrin onto Co(III) 

decreases the binding affinity by a remarkable six orders of magnitude! Lastly, 

there is considerable difference in log K values with softer ligands between B12a 

and NAcCoMP8 (∆log K§ for HSO3
- and CN- = 2.8 and ~6, respectively) than 

with harder ligands (∆log K for N3
- and NO2

- = 2.7; 2.9, respectively). Again this 

brings to light the rather large log K value for the binding of CN- to Co(III) in B12a 

in contrast to NAcCoMP8. 

 

 

                                                 
§ Defined here as Δ Log K = |Log KB12a - Log KNAcCoMP8| 
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Figure 5.14   Log K of B12a vs. NAcCoMP8 for neutral (blue) and anionic (red) ligands. 
The binding of neutral ligands (and HSO3

-) are schematically illustrated (inset) where N-
donor ligand refers to DMB or His for vitamin B12a or NAcCoMP8, respectively. The 
dotted equivalence line for which log K (B12a) = log K (NAcCoMP8).  
 

These ligand binding trends seem counter-intuitive. In the case of NAcCoMP8, 

the fully conjugated system allows for more electron density to be distributed 

onto the metal ion. This would suggest that the metal ion has a softer, more 

Co(II)-like nature. Being partially conjugated, the opposite would be anticipated 

in B12a. Furthermore, assuming electronic isolation of the cobalt(III) metal ion 

from the peripheral substituents,§§ the net charge on the monoanionic corrin is 

(+2) and (+1) in the dianionic porphyrin. Thus it would seem reasonable to 

assume a harder Co(III)-like nature in B12a. However, B12a exhibits a clear 

preference for the softer ligands, suggesting that in fact it is the cobalt ion in 

                                                 
§§ The charges on the phosphates in B12a are some 9 Å away. The charges on NAcCoMP8’s 
propionate side chains are between 5.5 - 8.5 Å away, depending on the side chain orientation. 
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B12a that is softer and somewhat Co(II)-like in nature.1,62  These data suggest 

that the ligand binding is far more complex than to be attributed to simply net 

charge effects or ligand charge density distribution in isolation. These trends 

suggest that Co(III)’s binding affinity in B12a depends on the extent to which the 

anionic ligand can donate any available charge density (electronic effects) and 

secondly, the extent to which the macrocycle can distribute that donation.3,12  

 

The effective distribution of charge density may be attributed to the smaller 

macrocyclic cavity size in corrins than in porphyrins.7,12,63-68 Corrins have one 

less methine bridge and more sp3 carbons than porphyrins allowing for greater 

flexibility and buckling around the metal ion. Whilst it has indeed been shown 

that porphyrins too are flexible,69,70 the larger cavity size works against the 

effective distribution of that charge. Rovira et al., presented compelling DFT 

evidence to suggest that the metal-macrocycle specificity is motivated by metal-

size.71 This ‘closer fit’ may allow for a more efficient distribution of electron 

density around the metal ion, albeit having lower electron density for distribution 

than the porphyrin. Thus, comparatively, the metal ion in porphyrin appears 

more Co(III)-like in nature than in corrins barring any steric influences. The 

steric influences may be considered in the absence of additional ligand charges.

 

Log K trends for the binding of neutral ligands was examined further (Figure 
5.14; Table 5.5). Several observations were noted in contrast to the data 

obtained for the anions. Firstly, the porphyrin exhibited a generally higher 

binding affinity for the neutral ligands than the corrin. Secondly, the B12a values 

still exhibit a wider range (log K = 1.0 to 5.8) than NAcCoMP8 (log K = 3.8 to 

5.8). However, these ranges were comparatively smaller in both macrocycles 

than observed for the anionic ligands. Nevertheless, the corrin strongly binds a 

wider range of ligands suggesting that it is the preferred macrocycle. Thirdly, in 

contrast to the anionic ligands, the NAcCoMP8 ligand binding trends (NMI > 

HA> Pyr > MOA) do not mirror those of B12a (MOA > HA > NMI > Pyr). Lastly, 

there is considerable difference in log K values with Pyr between B12a and 

NAcCoMP8 (∆log K = 3.9) than with the other neutral ligands (∆log K for NMI, 

MOA and HA = 1.3, 2.0 and 0.8, respectively).  



 

 

• 210 •

N-donor ligands are known to have a complex binding behaviour.56,57,72-77 These 

complexities are particularly common in the case of neutral ligands such as 

primary amines, pyridines and azoles. Often these complexities are rationalised 

as a combination of steric (either on macrocycle or on axial ligand), electronic 

(dπ-pπ backbonding) or solvent effects.73,76 However, without enthalpic or 

entropic information, those rationalisations often remain unclear. Thus it 

becomes apparent that log K data, particularly at a single temperature, are not 

always sufficient for substantiating those rationalisations; this was found to be 

particularly true in the case of the neutral ligands (Table 5.5). Therefore by 

determining log K as a function of temperature, and hence being able to 

calculate ∆H and ∆S values for these ligand substitution reactions, further 

insight would be gained into the factors that control the magnitude of log K and 

establish whether enthalpic or entropic effects were primarily responsible for 

discrimination between the two systems (Section 5.2.2.2). 

 
    
  5.2.2.2 ∆H and ∆S trends 
   
Values for ∆H and ∆S were obtained for the substitution of water axially 

coordinated to Co(III) with various exogenous ligands in NAcCoMP8 and B12a 

(Section 2.3.1; 5.2.2.1). These values were obtained in order to help rationalise 

the underlying enthalpic and entropic contributions influencing log K in each 

macrocyclic system. The subscript Cor and Por denotes data pertaining to corrin 

(B12a) and porphyrin (NAcCoMP8), respectively. 

 

The values for ∆H and ∆S are reported for the binding of anionic (Table 5.4) 

and neutral ligands (Table 5.5) in NAcCoMP8 and B12a. Some trends are 

observed. Firstly, the binding of anionic ligands exhibit ∆H and ∆S values that 

are generally larger in B12a than in NAcCoMP8; azide is the exception (in J K-1 

mol -1: ∆Spor = -23(5) and ∆Scor = -1(3)). In the case of the neutral ligands, the 

values are still generally larger in B12a than in NAcCoMP8 though less obvious 

than with the anionic ligands. This trend together with the corresponding log K 

trends (Section 5.2.2.1) suggests that the corrin is the more energetically 

favoured macrocycle especially when it comes to the binding of anionic ligands. 
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Secondly, with the binding of anionic ligands, ∆H is generally larger and more 

negative than ∆S in both macrocycles. This indicates that the binding of anionic 

ligands to Co(III) in both systems is exothermic and enthalpically-driven. 

Bisulfite is the obvious exception where the binding in both macrocycles is 

clearly endothermic and entropically-driven (in J K-1 mol -1: ∆Spor = 143(7) and 

∆Scor = 644(31)). In contrast the binding of neutral ligands to Co(III) exhibit 

larger ∆S in both macrocycles, implying that the reaction is more entropically-

driven in contrast to the anionic ligands. The binding of pyridine in NAcCoMP8 

is the exception and the reaction is clearly enthalpically-driven (∆Hpor = -30(3) kJ 

mol-1 and ∆Scor = -6(9) J K-1 mol -1). Nevertheless, these observations indicate 

an overall correlation between ∆H and ∆S regardless of macrocycle or ligand-

set.  

 

The correlation between ∆H and ∆S in both macrocycles alludes to a type of 

enthalpic-entropic ‘compensation effect’ which is common in many systems.20,78-

84 There are good correlations between ∆H and ∆S where r2 > 0.9 in both 

macrocycles (Figure 5.15). As ∆H becomes more negative (thereby favouring 

complex formation), ∆S becomes more negative as well (thereby disfavouring 

complex formation). This appears to be true for both anions and neutral ligands. 

This inverse relationship in turn has a ‘levelling-off’ effect on the log K value 

thereby masking the underlying factors that contribute to the binding. The 

‘levelling-off’ is particularly evident in the neutral ligand data for both 

macrocycles (Table 5.5) whereby the log K values are generally similar whilst 

the enthalpic or entropic contributions are very different. The ΔH values (and 

hence ΔS values, because of their correlation, Figure 5.15) for the anionic 

ligands vary in a similar fashion (HSO3
– > N3

– > NO2
–) in the two systems. This 

is not the case for the neutral ligands (HA > NMI > MOA for B12a but NMI > MOA 

> HA for NAcCoMP8). For this reason, log K values parallel each other in the 

two systems when binding anions, but appear to be inversely correlated for the 

binding of the neutral ligands It is unfortunate that ∆H and ∆S values are seldom 

reported in literature. The current work therefore presents the opportunity to 

delve further and build upon pre-existing log K information. 
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Figure 5.15   Correlation between ∆H vs ∆S for the substitution of coordinated water in 
B12a (blue, left axis) and NAcCoMP8 (red, right axis) by neutral and anionic ligands 
illustrating the enthalpic-entropic compensation effect. 

 

The thermodynamic data (log K, ∆H, ∆S) for the binding of anionic ligands to 

Co(III) are complex and were therefore examined separately in order to fully 

appreciate the macrocyclic influences on the binding process (Table 5.4). In the 

case of azide, ∆H and ∆S are both negative for each macrocycle. This suggests 

that the binding of azide to Co(III) in both instances is spontaneous at lower 

temperatures (highest log K values at 15 oC). Whilst in the porphyrin system the 

internal energies were well compensated (if only marginally entropically-driven), 

the binding of azide in B12a is clearly enthalpically driven (∆Hcor >> ∆Scor). It was 

also noted that the entropic contribution in B12a is smaller yet more positive than 

in the porphyrin (∆Spor ≈ 20∆Scor). These observations indicate very different 

driving influences in the binding of azide to Co(III) in each macrocycle. 

 

Azide is a small, hard, centrosymmetric, highly water soluble ion capable of 

donating electron density to Co(III) through possible σ donation. The small size 

and abundant electron density makes azide a favourable ligand in the corrin 

system (log K = 5.02(5); ∆Hcor large and negative relative to ∆Scor), despite 

r2
 = 0.97 

r2
 = 0.99 
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some of that density being less accessible to Co(III) due to azide’s internal 

resonance stabilisation. It is the same abundance of electron density and weak 

π acceptor tendencies that makes azide a poor ligand for Co(III) in the 

porphyrin (log Kpor = 2.28(6)). The values for ∆Hpor and ∆Spor were anticipated 

given the porphyrin’s relatively unobstructed upper surface. The small yet more 

positive ∆Scor suggests a degree of disorder around Co(III) in the corrin, 

possibly even weaker/longer Co-L bonds; desolvation effects afforded by 

azide’s hydrophilicity would be common in both macrocycles.   

 

The binding of the small strong field CN- ligand to Co(III) on the other hand, is 

significantly more favourable in both macrocycles; in fact it is the highest log K 

value for each macrocycle across both sets of ligands (Table 5.4, 5.4). In the 

case of the porphyrin log K for the binding of CN- was 6.04(5), consistent with 

similar porphyrin studies (Log KCoTPPS = 6.54(2);109 Log KCoTAP = 6.34(4);109 Log 

KNAcFeMP8 = 6.76;82 Log KNAcFeMP11 = 6.5586).*** The values for ∆H and ∆S are 

high and negative suggesting that the reaction is spontaneous at low 

temperatures. On the other hand, the binding of CN- to Co(III) in B12a is too large 

for a reliable determination of K let alone ∆H and ∆S. Estimations of log K for 

the binding of cyanide vary from >1255 to 12.3 in 80% MeOH60 to 14.161  

Despite this variation, it is interesting to note that the binding of CN- in B12a is 

significantly higher than NAcCoMP8 (log Kcor > 12;55 log Kpor = 6.04(5)).  

 

The favourable binding of cyanide to Co(III) in the corrin system may be 

interpreted in terms of synergistic bonding between metal and ligand. Accepting 

that Co(III) in B12a is a low spin Oh d6 ion with pseudo C4v symmetry then the 

binding of CN- to Co(III) may occur in two ways. Firstly, CN- donates electron 

density to Co(III) through σ bonding; it was previously established that Co(III) in 

B12a favours σ donor ligands.7 Secondly, the bond is fortified by Co(III) donating 

electron density back to CN-(Figure 5.16). Firth12 et al., suggested that that the 

effect of π backbonding in B12a was less influential in the binding process as 

their log K values for methyl isocyanide and azide were statistically similar (log 

                                                 
*** CoTPPS = cobalt(lII)-tetrakis(4-sulfonatophenyl)porphyrin; CoTAP = cobalt(III)-tetrakis(4-
N,N,N-trimethylanilinium)porphyrin; NAcFeMP8 = N-acetyl iron(III) microperoxidase-8; 
NAcFeMP11 = N-acetyl iron(III) microperoxidase-11. 
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K = 4.8 and 4.9, respectively). By analogy, they expected π backbonding in 

cyanide to be the same. Methyl isocyanide is the least capable of participating 

in π backbonding. Azide, though small, has its electron density stabilised 

through resonance (less accessible) and is a poor π acceptor. CN- on the other 

hand, has all the favourable characteristics to afford a very stable binding 

scenario in the case of Co(III) in B12a (small, soft donor atom, large amounts of 

accessible electron density, no resonance stabilisation, strong field ligand).  

 

By the same rationale the binding of CN- to Co(III) in NAcCoMP8 is lower than 

B12a whilst being the most favourable within NAcCoMP8. The cobalt ion in 

NAcCoMP8 appears to prefer less electron dense environments thus small 

ligands with less accessible electron density and with resonance stabilisation 

would be favoured. Whilst CN- is electron rich σ donor (less favourable for the 

porphyrin), that density is efficiently shunted away from Co(III) through π 

backbonding making it more favourable. This suggests that in the porphyrin the 

adequate dispersal of electron density away from Co(III) and a decrease in 

donor strength are significant driving forces towards stable ligand binding87 

 

 
Figure 5.16   Diagrammatic representation of synergistic bonding between cyanide and 
Co(III) in B12a in order to explain the remarkable binding affinity in this reaction.  
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The binding of HSO3
- to Co(III) revealed some interesting thermodynamic insight 

into the influences of both macrocycles on the binding process (Table 5.4). 

Firstly, the binding of bisulfite to Co(III) is higher in the corrin than the porphyrin 

(log Kcor = 6.5(3); log Kpor = 3.7(1)). Large amounts of accessible electron 

density from a strong σ-donor coupled to a soft S-donor atom makes bisulfite 

favourable to B12a and consequently less so to NAcCoMP8. Secondly, it is 

striking that both macrocycles have large and positive ∆H and ∆S values 

indicating that the binding of bisulfite is endothermic and spontaneous at high 

temperatures. Thirdly, ∆S >> ∆H in both cases indicating an entropically-driven 

reaction. These findings were in direct contrast to the other anionic ligands that 

were enthalpically-driven with negative ∆H and ∆S values. Thirdly, ∆S is 

significantly larger in the corrin (∆Scor ≈ 4.5∆Spor); the disorder in the binding of 

bisulfite to Co(III) is more pronounced in the corrin than the porphyrin.  

 

Two theories may account for the significant disorder in the binding of bisulfite 

to Co(III) (Table 5.4). Firstly, the disorder may arise from the desolvation of 

hydrophilic bisulfite. This may be verified by conducting further binding studies 

in a variety of solvents. Alternatively, the ∆S value might suggest a 

longer/weaker Co-L bond as a result of overcoming hydrogen-bonding (Figure 
5.17). Bisulfite is more inclined to undergo hydrogen bonding with neighbouring 

bisulfite molecules (or with the macrocycle itself) as a result of the OH-group(s). 

This is likely since ∆H and ∆S values are large and positive in both 

macrocycles. The steric crowding of hydrogen bonded HSO3
- molecules in 

conjunction with possible desolvation effects allows for a greater level of 

disorder (large, positive ∆S) around the coordination centre and thus longer M-L 

bonds. These observations are exacerbated in B12a due to the β-face crowding 

hence the considerably larger ∆S value than NAcCoMP8. Nevertheless, it is 

interesting to note the amount of energy B12a is prepared to expend in order to 

overcome the hydrogen bonding and bind bisulfite (∆Hcor = 156(9) kJ mol-1 as 

opposed to ∆Hpor = 22(2) kJ mol-1 in the porphyrin; Table 5.4). This again 

alludes to the corrin’s preference (and the porphyrin’s aversion) for softer σ 

donor ligands7 that have large amounts of accessible electron density.  
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Figure 5.17 Diagrammatic representation of hydrogen-bonding between bisulfite 
molecules in relation to Co(III) in B12a to explain the large entropic value in this reaction.

 

The analysis of ∆H and ∆S data is essential for the interpretation of the neutral 

ligand-binding data in each macrocycle. The log K values for the binding of 

neutral ligands were found to be generally similar within and between 

macrocycles (see Section 5.2.2.1). In the case of B12a the log K values for the 

binding of neutral ligands range from 1.0 to 5.8 and 3.8 to 5.8 in NAcCoMP8. 

The most notable exception pertains to the binding of pyridine.  

 

There are obvious disparities in the binding of pyridine to Co(III) between the 

porphyrin and the corrin (Table 5.5). The binding of pyridine in the NAcCoMP8 

system was considerably higher than B12a (log Kpor = 4.93(5); log Kcor = 1.01(3)). 

These findings were consistent with other synthetic porphyrins where pyridine 

replaced the axially bound water trans to an N-donor ligand (log KCo(III)TMPyP = 

4.68(2);87 log KCo(III)TPPS = 5.06(9);87,88 log KCo(III)TCPP = 4.98(1)88). The poor 

binding of pyridine in B12a is often attributed to steric repulsions caused by the 

angle of pyridine’s annular hydrogens against the macrocycle (see Figure 
5.18A).72,89  However, these steric repulsions do not appear to greatly effect the 

porphyrin’s affinity for pyridine. It may be argued that unlike NAcCoMP8, the 

Co(III) in B12a is ‘sterically fenced-in’ by having a crowded β-face with upward 

directed acetamide chains,7,63,90 mitigating against the binding of the ligand. 

Therefore, the binding of substituted pyridines to Co(III) in B12a would be lower 

regardless of where those substituents are located (Figure 5.18A). However, 
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preliminary data for the binding of 4-dimethylaminopyridine (DMAP) to Co(III) in 

B12a revealed log K = 3.99(2) in 80% MeOH.85 DMAP is a stronger base (pKa = 

9.2) than pyridine (pKa = 5.2) and would be preferentially coordinated by B12a
7 

suggesting that the binding of pyridines are influenced by more than steric 

effects.   

 

The ∆H and ∆S values reported for the binding of pyridine to Co(III) in each 

macrocycle clearly indicate that there are different driving influences (Table 
5.5). Firstly, in B12a both ∆H and ∆S are positive indicating a disordered reaction 

that is spontaneous at high temperatures. In contrast, the NAcCoMP8 values 

are negative indicating a more ordered and exothermic reaction. Secondly, the 

reaction in NAcCoMP8 is enthalpically-driven whilst being entropic in B12a; the 

latter being consistent with a more disordered system (see bisulfite, Table 5.4). 

In addition to the steric hindrance mentioned earlier, it is also not uncommon for 

aromatic ligands such as pyridines to π-π stack in solution (Figure 5.18B).91-94 

It is certainly plausible at the pyridine concentrations required in the B12a study 

(neat pyridine as compared to µM concentrations in NAcCoMP8). The energy 

required to overcome the stacking in addition to the resulting longer/weaker Co-

L bonds may account for the positive ∆H and ∆S values. On the other hand, the 

porphyrin’s preference for less accessible electron dense ligands compels the 

more negative ∆H and ∆S values. Although pyridine is an electron dense 

conjugated 6-membered ring structure, it is that ring that stabilises the available 

density away from Co(III), allowing for a more stable Co(III)-Pyr (∆Hpor ≈ 6∆Hcor).

 

Figure 5.18   Sources of steric hindrance in the binding of pyridine to Co(III) in B12a. 
Annular hydrogens and substituents may cause steric interactions against macrocycle 
or its sentinel groups (A). Pyridine may also π-π stacking in several conformations (B). 
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Pyridine ligand bindings studies with both porphyrin and corrin type macrocycles 

were conducted in the 1990s and revealed some interesting insights, 

particularly concerning entropy.73,74,76,82,95,96  It was suggested that the unusual 

entropy may be as a result of several cooperating factors e.g. steric effects and 

π-π interactions. Pyridine, being both π donor and π acceptor ligand in the case 

of low spin Fe(III) porphyrins implies that these thermodynamic trends were as a 

result of π-donor-acceptor type interactions between the conjugated porphyrin 

ring and the phenyl group.95,96 Additionally, the formation of pyridine adducts 

with the metalloporphyrin are common. However such a formation would imply a 

considerable spectroscopic change, of which there was no evidence, both in 

their work and in NAcCoMP8.95,96 It has to be noted that whilst these reported 

systems have some rather interesting implications, they are in fact, very 

different systems to that of NAcCoMP8. Some of the studies were conducted 

using KCl, a potential ligand, (ca. 0.1 M) or an unacetylated microperoxidase 

species; others included iron which has access to more than one spin state. 

 

The binding of NMI to Co(III) was challenging to interpret in light of the available 

literature (Section 5.2.1.2). For example, most studies did not include ∆H and 

∆S experiments. Those that did generally used a competing ligand as a 

background electrolyte such as Cl-; Cl- has been shown to coordinate at high 

concentrations.97-99 Other systems had the macrocycle embedded within a 

protein. In some instances the metal ion was Fe(III), having at least two spin 

states available or Cr(III)100 In other cases, the incoming ligand was imidazole. It 

is noted that whilst imidazole and substituted imidazole data may, to a degree, 

be comparable, the identity and orientation of those substituents uniquely affect 

basicity, sterics, tautomerism and ultimately, the binding.75,101 Comparisons 

were nevertheless attempted whilst being cognisant of these differences in each 

of the systems surveyed. 

 

The binding of NMI to Co(III) in both macrocycles were compared (Table 5.5). 

NAcCoMP8 binds NMI better than B12a (log Kpor = 5.76(8) and log Kcor = 4.43(7), 

respectively). These findings were plausible considering NAcCoMP8’s 

preference for less electron dense ligands; NMI has its electron density 
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stabilised within the azole ring structure. The values for B12a were consistent 

with those of Eilbeck and West75 (log K = 4.40; µ = 0.1 M by KNO3). Marques101 

et al., obtained slightly higher values likely due to high ionic strength by KCl (log 

K = 4.90; µ = 1.0 M KCl). Similarly, the findings of Cregan57 et al., were higher 

still (log K = 5.17; µ = 1.5 M NaClO4). Analogous experiments with imidazole 

were conducted by Eilbeck and West75 (log K = 4.61) as well as by Marques101 

et al., (log K = 4.59) (Table 5.6). Eilbeck and West75 found imidazole to be the 

preferred ligand whilst the opposite was observed by Marques101 et al., a 

disparity likely attributable to elevated KCl concentration. Eilbeck and West75 

speculated that whilst steric factors were negligible, imidazole may in fact be 

stabilised through hydrogen bonding on the corrin’s amide side chains.56 This 

degree of ordering would allow for a more negative ∆S (see later). 

 

Table 5.6   Thermodynamic trends in some B12a-related compounds with NMI-type 
ligands. 
 

bX—Co(III)—Y + Z Log K h∆H h∆S aComplex 
X Y Z 

µ /M 
(electrolyte) (25 oC) kJ mol-1 K-1mol-1 

dNMI57 1.5 (NaClO4) 5.17   
dIm75 0.1 (KNO3) 4.61 -29.3 -10.2 

NMI75 0.1 (KNO3) 4.40 -23.0 +6.9 

Im56 0.042 (NaCl) 4.59 -30.1 -13.4 

Im101 1.0 (KCl) 4.59   

NMI101 1.0 (KCl) 4.90   

Im59 2.2 (NaClO4) 4.63   

B12a H2O cDMB 

gNMI 0.1 (NaNO3) 4.44 -62 -122 
gNAcCoMP8 H2O dHis NMI 0.1 (NaNO3) 5.69 42 250 
eNAcFeMP11 H2O His Im43 0.1 (KCl) 4.16 -29.5 -19.3 
fmetMb H2O His Im43 0.1 (KCl) 2.23 -16.7 -13.2 
fNAcFeMP8 H2O His Im82 0.1 (NaCl) 4.08   

 H2O His NMI82 0.1 (NaCl) 4.17   

a Refers to the identity of the macrocycle as well as the metal ion. 
B X, Y and Z are distal, proximal and incoming ligands, respectively and Z replaces X. 
c DMB = 5,6-dimethybenzimidazole.  
D NMI = n-methylimidazole (1-methylimidazole); Im = imidazole; His = histidine. 
E NAcFeMP11 = N-acetyl iron(III) microperoxidase-11. 
F metMb = Metmyoglobin; NAcFeMP8 = N-acetyl iron(III) microperoxidase-8. 
G Refers to this work (in italics). 
H Reported where available.  
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On the other hand, comparable porphyrin evidence was limited (Table 5.6). The 

most relevant data pertain to the binding of NMI (and imidazole) to Fe(III) in the 

analogous, NAcFeMP8.82 Whilst the system contains NaCl as well as Fe(III) 

with two spin states, some key observations were noted. Firstly, the binding of 

NMI in NAcFeMP882 (log K = 4.17; µ = 0.1 M) was considerably lower than in 

NAcCoMP8 suggesting that the binding is heavily dependent on the identity of 

the metal ion. In fact, the binding preference for NMI, NAcCoMP8 > B12a > 

NAcFeMP8, suggests that the Co(III)-NMI system is most stable. This trend 

persists with imidazole; B12a was energetically more favourable than the iron 

porphyrins (log KmetMb = 2.23;43 log KNAcFeMP8 = 4.08;82 log KNAcFeMP11 = 4.16;43 

log KB12a = 4.59101). Secondly, in both the B12a
101 and NAcFeMP882 systems it 

was generally the bulkier NMI ligand that was preferred, not the potentially 

tautomeric imidazole. This suggests that the binding may be more electronically 

than sterically influenced; steric influences typically lower binding constants as 

noted in the protein-bound metMb (log K = 2.23).43   

 

The underlying thermodynamic factors governing the binding of NMI to Co(III) 

are again remarkably different in each macrocycle (Table 5.5). NAcCoMP8 

exhibited ∆H and ∆S values that were both positive; ∆Spor is larger and more 

positive than ∆Hpor. This suggests that the reaction is endothermic and distinctly 

entropically driven. The marginally comparable data were for the binding of 

imidazole to NAcFeMP1143 (log K = 4.16; µ = 0.1 M by KCl) (Table 5.6). The ∆H 

and ∆S values were negative, and like NAcCoMP8, ∆S was more positive than 

∆H. The NAcCoMP8 findings were thus distinctly unusual and were remotely 

analogous to the binding of NMI in cytochrome c which was monitored using 1H 

NMR analysis.102 Although the binding constant was very low (ca. log K = 1.54) 

the ∆H and ∆S values were 39.5 kJ mol-1 and 154 J mol-1 K-1, respectively. Their 

findings were rationalised structurally since the porphyrin was still embedded 

within the native protein. Additionally, NMI’s propensity for π-π stacking57 may 

also contribute to the large and positive ∆S values.  

 

In contrast, B12a values were both negative; ∆Scor is larger and more negative 

than ∆Hcor indicating an ordered and exothermic reaction. The values reported 
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here for ∆H and ∆S are not in agreement with B12a literature values (Table 5.6). 

Eilbeck and West75 found that the binding of NMI in B12a was enthalpically 

driven; ∆S was more positive than ∆H, and in fact ∆S was positive. Hanania and 

Irvine’s56 study with imidazole (µ = 0.042 M by NaCl) was also enthalpically 

driven; ∆S was more positive than ∆H. They suggested that the binding was 

more electronic in nature than steric.56 Interestingly, the iron porphyrins43 (µ = 

0.1 M by KCl) also exhibited a similar trend. This is fascinating as it implies 

(though unlikely) that the internal thermodynamic influences are fairly consistent 

despite the identity of the macrocycle, electrolyte and metal ion.56,75,43  Eilbeck 

and West’s findings75 share a particular congruency with those having Cl- as a 

background electrolyte. Contamination by Cl- may be overlooked if the 

absorbance was only monitored at one wavelength especially if the shifts are 

small; the γ shift due to the binding of Cl- is small (350  352 nm).7 

 

The binding of primary amines (MOA and HA) to Co(III) provide an excellent 

opportunity to observe what each macrocycle does with the electron density. 

Sterically, both MOA and HA are small with similar steric influences so relatively 

large binding constants are anticipated. Electronically however, HA has three 

heteroatoms as compared to two in MOA; the electronic contributions are 

anticipated to be different. Both ligands donate electron density through the 

same N-donor atom but there are no ring-structures or resonance stabilisations 

so the binding preferences between the macrocycles should be pronounced.  

 

Interestingly, MOA seems to be the only neutral ligand in the series that 

preferentially binds Co(III) in the corrin rather than the porphyrin (Table 5.5). In 

fact, it’s the weakest bound ligand amongst the porphyrin data (log Kpor = 

3.81(9)) whilst being the highest amongst the corrin (log Kcor = 5.78(7)). The 

binding of MOA to Co(III) in both macrocycles appear to be under the same 

thermodynamic influences. ∆H and ∆S in both macrocycles are large and 

negative where ∆S is more negative than ∆H, indicating that the reaction is 

exothermic, entropically driven. Steric influences seem unlikely and if significant, 

would be pronounced in B12a due to β-face crowding.7 However this is unlikely 

since ∆Scor is large and negative indicating an ordered system.  
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In contrast, the binding of HA by Co(III) is more favourable in the porphyrin than 

the corrin (Table 5.5). NAcCoMP8 binds HA (log K = 5.5(2)) better than B12a 

(log K = 4.72(4)) by ca. 0.8 log units. However, in this instance, there are 

distinctly different internal thermodynamic parameters suggesting that the 

binding of HA is influenced differently in each macrocycle. In the case of 

NAcCoMP8, both ∆H and ∆S are large and negative where ∆S is more negative 

than ∆H. This suggests that, similar to MOA, the binding is exothermic and 

highly ordered. However, the binding of HA in B12a is distinctly different. Here, 

∆H and ∆S are both large and positive where ∆S is more positive than ∆H. This 

suggests that the binding of HA to Co(III) in B12a is endothermic and dominated 

by entropy. These values are reminiscent of those observed with B12a and 

bisulfite (Table 5.4) where the large positive ∆H and ∆S contributes signalled 

the possibility of longer/weaker M-L bonds due to hydrogen bonding between 

ligand molecules; the disorder is uniquely exacerbated by B12a’s crowded β-face 

(see bisulfite explanation for large and positive ∆S values ). 

 

It was anticipated that MOA would be the preferred ligand for B12a whilst HA 

would be preferentially bound by NAcCoMP8. It was earlier stated (Section 
5.2.2.1) that the Co(III) in B12a has a preference for more accessible electron 

dense ligands and less so in the case of NAcCoMP8. With the primary amines 

selected, MOA has the additional electronic contribution of a methyl group whilst 

HA has that of a single hydrogen. The log K values for the binding of MOA (and 

of HA) to Co(III) in NAcCoMP8 (and in B12a) support these anticipations (Table 
5.5). A precedent for this can be observed with cobinamide despite the different 

trans ligands.73 If accessible electron density is important in the corrin system 

then it would be expected that methylamine would have a higher log K than HA 

(log Kmethylamine = 3.4; log KHA = 2.46).73 The opposite would be expected with 

iron porphyrins82 (log Kmethoxylamine = 2.14; log KHA = 2.91). Both methylamine 

and methoxylamine have more electron density to contribute than HA.  

 

The binding of N-donor ligands, especially amines (sp3), are notoriously 

complex.56,57,72-77 Byfield et al., noted this and attempted to delineate amine’s 

anomalous behaviour using iron porphryins.95 They speculated that the various 
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factors influencing amine binding such as inductive effects, polarisability and 

steric effects, should not viewed in isolation but rather as a composite. Here, 

factors that typically decrease and increase log K have been broadly grouped 

as steric- and α-effects, respectively.  

 

Steric effects have two parts: the incoming ligand and the macrocycle. Byfield et 

al., have shown that amine steric effects in corrin-type macrocycles are 

important when they afford a branched or lateral structure as opposed to 

successive additions of methyl groups in a linear fashion.95 Branching by the 

addition of methyl groups significantly diminishes the binding of amines to 

corrin-type structure as observed with the binding of glycine and alanine.95 

Additionally, Baldwin et al., noted that steric effects in corrins increase as the 

donor power of the trans ligand decreases and applies to substitution on both 

faces of the corrin.74 Although pertaining to ring-structures, Byfield95 et al. and 

Marques82 et al., have commented on the significance of ligand steric effects as 

a result of ligands π-π stacking and/or adduct formation. Hydrogen bonding 

interactions are also sterically possible.73 Ligands capable of hydrogen bonding 

exert a steric effect either by interaction with macrocyclic side-chains or by 

steric repulsions on the macrocyclic face.  

 

The α-effect is considerably more difficult to interpret. It is a term given to the 

excess reactivity (e.g. in ligand substitution reactions) above that expected from 

basicity alone; the donor atom is also attached directly to an electronegative 

atom with lone pair electrons.73,103 This ‘excess reactivity’ is quantified by 

establishing a ‘baseline’ of log K values for a particular family of compounds in 

relation to their pKa.73,103  As applicable to amines, MOA and HA are often used 

to test the α-effect’s applicability in a study.95,104   Whilst this effect was initially 

applied to rates of reactions,103,105  it has recently been shown to have a 

significant thermodynamic component,73,106,107 notably in microperoxidases.95,104 

Interestingly, it has always been assumed that HA coordinates the metal ion 

through a single atom; however there is insufficient structural evidence to 

substantiate this. In contrast, the formation of η2 complexes with some metal 

ions is well established and may be a structural implication of the α-effect.73 
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5.3 SUMMARY AND CONCLUSIONS 

  

The work in this Chapter qualitatively and quantitatively assessed the cis 

influences exerted by the macrocycle on the metal ion in both NAcCoMP8 and 

B12a. 

 

A systematic qualitative analysis of the various spectra was conducted in order 

to find any spectral relationships between the macrocycles. This was attempted 

in two ways. Firstly, the porphyrin and corrin absorbance spectra were 

compared both with and without the metal ion. As anticipated, the spectra of the 

Co(III)-macrocycles were analogous given the chromophores’ structural 

similarities. These observations indicated a certain degree of electronic 

similarity between the metal complexes. The corrin’s spectrum however, 

exhibited a more pronounced blue shift relative to the porphyrin, likely due to 

the corrin’s interrupted conjugation. The metal-free spectra on the other hand 

exhibited significant differences. Whilst the metal-free spectrum in each 

macrocycle exhibits a blue shift relative to the metal complex, the removal of 

Co(III) appears to have a more significant effect on the porphyrin’s absorbance 

spectrum than on the corrin’s. This effect manifests in the porphyrin’s Q-band 

region where there are subsequently four peaks after Co(III) is removed. The 

corresponding αβ band in the corrin remains relatively unaffected by the 

absence of Co(III). This evidence suggests that there is a more pronounced 

metal-macrocycle electronic relationship in the porphyrin than the corrin.  

 

Secondly, NAcCoMP8 (and B12a) was reacted with selected anionic and neutral 

ligands and the absorbance spectra for these complexes were qualitatively 

assessed. The replacement of the axial water by any of the ligands studied 

caused a red shift in both macrocycles; the shifts were more pronounced in the 

corrin than the porphyrin suggesting a more prominent cis influence. It was also 

noted that the anionic ligands caused significantly larger spectral shifts than the 

neutral N-donor ligands in both macrocycles. Additionally, the relationship 

between wavelength shifts (ca. 400 nm region) for each macrocycle shows a 

reasonably positive linear correlation. Both trends indicate that the systems are 
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sensitive to the donor power of the axial ligand. The softer ligands caused the 

greatest shift towards longer wavelength which is consistent with a narrowing of 

the HOMO-LUMO gap of the delocalised π electron system of the macrocycles. 

 

As a consequence of this work the three previously mentioned NAcCoMP8 

species were isolated: the putative monomer (415 nm), the intermediate dimer 

(417 nm) and the tetramer (424 nm). These species were reacted with a probe 

ligand, cyanide, to test for reproducibility. The 415 nm species was the only 

species that showed reproducible binding data with cyanide and was used in 

subsequent experiments. The binding of cyanide with each species exhibited 

approximately the same binding constants whereby the second substitution was 

ca. 3 log units less than that of the first substitution. This suggests that they 

each species binds cyanide similarly possibly due to a similar conformation or 

structure. Also, the Co-His bond would be stronger than the Co-OH2 bond. 

Thus, two possible modes of aggregation were proposed. 

 

Bond lengths and angles for various porphyrins and corrins were examined 

from the Cambridge Structural Database to help rationalise these observed 

spectral trends. This examination showed that there is a considerable lack of 

directly comparable data. Furthermore, within the set of available comparable 

structures, there needs to be electronically suitable trans ligands in order to 

keep the trans influences the same. Within those constraints, examples for 

nitrites, imidazoles and pyridines were found. Based on these data, nitrites were 

expected to be less sterically demanding than imidazoles. Both nitrite and 

imidazole datasets reflected considerable variability in Co-L bond lengths. Bond 

lengths in the nitrite study were statistically identical between the macrocycles. 

However, in the case of imidazoles, the corrin exhibits a marginally smaller 

bond length than the porphyrin, suggesting a stronger bond. There are no 

crystal structures for a pyridine complex with B12a. However, the Co-N bond 

lengths were found to be statistically similar in a variety of sterically unhindered 

complexes such as pentammine, porphyrins, cobaloximes and corroles.  

 

The quantitative thermodynamic binding properties of selected ligands to Co(III) 



 

 

• 226 •

in NAcCoMP8 and B12a proved to be remarkably complex to rationalise. A 

significant finding is that the anionic ligands bind more strongly to Co(III) in the 

corrin than in the porphyrin, and that the log K values for both macrocycles 

parallel each other. Neutral ligands on the other hand, show a greater affinity for 

Co(III) in the porphyrin rather than the corrin (with the exception of MOA). There 

also appears to be an inverse relationship between the log K values in the two 

systems. Further ligand-binding studies with a larger variety of neutral ligands 

would have to be conducted in order to verify this. The binding of neutral 

ligands to Co(III) in both macrocycles were difficult to interpret thereby 

emphasising the importance of conducting log K experiments as a function of 

temperature to obtain ∆H and ∆S values.  

 

By obtaining log K values as a function of temperature, ∆H and ∆S values for 

these ligand substitution reactions were obtained. A comparison of these values 

affords insight into the enthalpic and entropic factors underlying log K in each 

macrocyclic system. Firstly a strong compensation effect between ∆H and ∆S 

was observed in both systems whereby negative ∆H values were offset by 

positive ∆S values. This is commonly observed in many biological systems. 

Secondly, it was noted that both ∆H and ∆S obtained for the anionic ligands 

vary in the same way in both macrocycles (HSO3
– > N3

– > NO2
–). However, this 

is not the case with the neutral ligands (HA > NMI > MOA for B12a but NMI > 

MOA > HA for NacCoMP8). This evidence supports the log K findings whereby 

the binding of anionic ligands in both macrocycles parallel each other whilst the 

binding of neutral ligands exhibit an inverse relationship in both systems. 

 

It was previously posited that the binding of exogenous ligands to the metal ion 

in either macrocycle is dependent on the amount of available and accessible 

electron density that ligand can provide. It was suggested that the metal ion in 

the corrin, due to its interrupted conjugation, would have less electron density 

from the macrocycle directed towards it and is thus more Co(II)-type in nature. It 

follows that the cobalt ion in the corrin macrocycle would then preferentially bind 

to ligands that have large amounts of accessible electron density; accessibility 

being influenced by softer donor atoms, σ-donation, resonance stabilisation, 
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ring stabilisation, cavity size and steric hindrance. It was further posited that 

strong binding as attributed by accessibility is influenced more by a selection of 

features working cooperatively rather than by one feature in isolation. 

Porphyrins on the other hand, have sufficient electron density from a fully 

conjugated system directed towards the cobalt ion thus inferring a Co(III)-type 

nature. It would be expected that the Co(III) porphyrin would then exhibit a 

preference for less electron dense ligands that have a diminished capacity to 

donate that density.  
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 CHAPTER 6 
KINETICS of the LIGAND SUBSTITUTION 

REACTIONS of NAcCoMP8 
 

6.1 INTRODUCTION 

  

Part of the elegance of metalloproteins is the synergistic relationship that exists 

between the metal ion, the macrocyclic ligand and the native protein to which they 

are both attached. The metal ion affords a wide range of available chemical 

reactions1,2 whilst the macrocycle asserts a particular steric and/or electronic 

selectivity;1 then finally, the protein3 directs the exchange towards achieving the 

optimal metabolic function particular to the physiological environment.  The 

intricacies of this type of metalloprotein relationship have fascinated researchers 

for years, particularly in the case of the extensively explored biological cobalt(III) 

metalloprotein cofactor, vitamin B12 and its derivatives.1,3,4 

 

In research on the cobalt corrins, the nature of the relationship that exists between 

metal ion, macrocycle and protein have been explored in many ways.4 In this work, 

for example, the central focus has been to explore how the macrocycle influences 

the binding properties of the metal ion (cis effects). Previously, several corrin 

chemical equilibria were investigated alongside those of a cobalt(III) porphyrin in 

order to compare the differences in free energy between the ground states of each 

macrocycle (Equilibrium Constants, Chapter 5). In this Chapter, kinetics data for 

the replacement of water trans to an imidazole-type moiety with probe ligands were 

obtained as a function of temperature in a simple biologically-derived cobalt(III) 

porphyrin, NAcCoMP8. NAcCoMP8, serves as a biomimetic model for B12a 

(Chapter 1). B12a is a cobalt(III) corrin macrocycle with dimethylbenzimidazole 
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(DMB) and water in α and β positions, respectively4,5. By contrast, NAcCoMP8 is a 

porphyrin with histidine (His) and water, respectively.6,7 The axial water can be 

replaced by a variety of ligands and in B12a these reactions were found to be 

surprisingly fast for a traditionally inert Co(III) complex; the fast rates are 

presumably due to the cis effect of the delocalized π-electron system of the corrin 

ring.15 Thus the similarity of the coordination environment of Co(III) in each 

macrocycle provides a unique opportunity of evaluating what effect the equatorial 

macrocycle (porphyrin vs. corrin) has on the ligand binding properties of Co(III). 

 

The probe ligands selected were the strong field cyanide anion and the neutral NMI 

ligand. Cyanide was selected as an anionic probe ligand in the NAcCoMP8 study 

since there are analogous data for comparison with both B12a-type8,9 and heme-

type10,11 compounds. Similarly, the neutral probe ligand NMI was selected since 

there was literature available for comparison.12 NMI is less sterically hindered than 

a 2- substituted imidazole such as 2-methyl imidazole. Furthermore, NMI does not 

exhibit complex kinetics due to tautomerism as in the case of imidazole.12 Thus 

available kinetic data for CN- and NMI were compared in both macrocycles in order 

to illustrate how changing the macrocycle affects the lability of the Co(III) centre. 

 

The kinetics of ligand reactions were also briefly explored with pyridine as an 

alternative to the neutral NMI. It was assumed that any steric hindrance afforded by 

the annular hydrogen atoms (or by π-π stacking of pyridine) would result in the 

reaction kinetics being slow enough to be captured on a UV-vis spectroscopy 

timescale. However, in the case of NAcCoMP8, only an estimated rate was 

obtained. 

 

The aim of the work in this Chapter was therefore to quantitatively assess the cis 

effects of the equatorial ligand on the lability of the Co(III)-OH2 bond in B12a. This 

was achieved by comparing the rates of ligand substitution reactions of H2O bound 

to Co(III) in NAcCoMP8 to that obtained for vitamin B12a. In this way the differences 

between ground- and transition states may be observed for each macrocycle. Thus 
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the kinetics of substitution of axially bound water by probe ligands CN- and NMI 

were determined as a function of temperature for NAcCoMP8 under pseudo first-

order conditions using UV-vis spectroscopy (pH 7; µ = 0.1 M by NaNO3). The 

second-order rate constants were determined from plots of the pseudo first-order 

rate constant against ligand concentration and the values of ΔH‡ and ΔS‡ were 

found from Eyring plots. These were then compared to similar available or 

experimental vitamin B12a data (Investigation 2.2, Figure 5.1). 

 
 
 
 
 
 
 
 

 Figure 6.1 A flow diagram of the kinetics results focussed on in Chapter 6. Ligand 
substitution studies were performed as a function of temperature with anionic and neutral 
probe ligands, cyanide and NMI, respectively (pyridine kinetics were estimated in 
NAcCoMP8).  
  
6.2 RESULTS AND DISCUSSION 

 
For a monomeric Co(III) macrocycle (NAcCoMP8 or B12a) in aqueous solution, the 

kinetics of substitution reactions with probe ligands is described by (Equation 2.5): 

Equation 2.5

where L represents the incoming exogenous probe ligand that replaces the axial 

water with a second order rate constant kII. The rate was monitored 

spectrophotometrically at selected wavelengths as described below. For brevity, 

sources of reagents (Section 2.4), technical specifications (Section 2.4), 

specialized (Sections 2.2.2; 2.2.3) and general techniques (Section 2.5) may 

found elsewhere (Chapter 2). 

NAcCoMP8 
ligand 

substitution 
studies

N-Methyl imidazole 

Pyridine (estimated) 

Sodium cyanide Anionic ligand

Neutral Ligand

IIk
2 2CoH O L  CoL H O+ ⎯⎯→ +



 • 238 •

Freshly prepared and degassed solutions of cyanide were reacted with NAcCoMP8 

(ca. 1 - 2 μM) under pseudo first order conditions as a function of temperature (ca. 

15 - 35 oC). This was achieved by monitoring the decrease in absorbance at 415 

nm and the increase in absorbance at 429 nm as a function of [CN–] (pH 7; 0.1 M 

MOPS; Figure 6.2A). The observed pseudo first order rate constant, kI
obs, was 

obtained by fitting a standard exponential function to the absorbance/time traces 

obtained for each titration and corrected for the pKa of NAcCoMP8 (Equations 2.8-
2.10). Between five and eight different cyanide solutions with an effective [CN–] 

(after correction for the pKa of HCN) of typically between 10 and 150 μM were used 

at each temperature. The second order rate constant, kII, was obtained from the 

gradient of a plot of corrected kI against [CN–]. The average value of kII obtained at 

the two monitoring wavelengths was used in Eyring plots of ln(kIIh/kBT) against T–1 

(h and kB are the Plank and Boltzmann constants, respectively) to obtain the 

activation parameters ΔH‡ and ΔS‡ from the gradient and intercept, respectively. 

The corresponding study pertaining to the kinetics of the reaction of CN- with 

H2OCbl+ is available for comparison.8 

 

A similar approach was used for studying the reaction of NAcCoMP8 with NMI.  

The maximum absorbance changes were found to occur at 413 and 424 nm (at 

which wavelengths the absorbance decreases and increases, respectively) and 

these wavelengths were used to monitor the reaction (Figure 6.2B).  

Unfortunately, the very small absorbance changes accompanying the ligand 

exchange made the data quite noisy.  The reactions were studied at between five 

and eight NMI concentrations between 3 and 35 μM (after correction for the pKa of 

NMI) at pH 7 (0.1 M MOPS) with [NAcCoMP8] ca. 0.5 μM. 

 

The reaction of H2OCbl+ with NMI was monitored at 351 and 360 nm (Figure 
6.2C), with [NMI] typically between 0.3 and 3 mM (after correction for the pKa of 

NMI), [H2OCbl+] ca. 30 μM, pH 7 (0.1 M MOPS).  The observed pseudo first order 

rate constants were corrected for the pKa of H2OCbl+.  
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In the case of the substitution of axial water with pyridine in NAcCoMP8 (ca. 1 μM) 

the reactions proceed rapidly under pseudo first order conditions. These rapid 

reactions and the very small absorbance changes made it difficult to acquire 

reliable data. Furthermore, the very low NAcCoMP8 concentrations together with 

the absorbance contributions from pyridine made the data quite noisy. In this case, 

the kII was estimated using similar methods as for cyanide and NMI previously. The 

reaction was monitored at the point of maximum absorbance change with the 

lowest noise which was at 414 nm where the absorbance decreases (Figure 
6.2D). A detailed study of the kinetics of the reaction of pyridine with H2OCbl+ is 

available for comparison.13    

Figure 6.2 Examples of corrected monophasic absorbance/time traces obtained from 
Cary 300 Bio for the substitution of axially coordinated water with selected probe ligands in 
NAcCoMP8 (or B12a). Substitutions illustrated here were conducted under pseudo first 
order conditions at 25 oC in MOPS (0.1 M) at neutral pH where NaNO3 was used as the 
background electrolyte (µtotal = 0.1 M).  
 

A        NAcCoMP8 with Cyanide B                 NAcCoMP8 with NMI 

D                NAcCoMP8 with Pyr C                            B12a with NMI 
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Examples are shown of absorbance traces fitted to the exponential functions 

described previously (Equations 2.9 and 2.10; Section 2.3.2) in order to obtain 

values for kI
obs (Figure 6.3).  

 

Figure 6.3 The absorbance/time traces were fit to an equation of the form 
o b s
I

0 1e
k tA A A −= +  for the reaction with selected probe ligands at 25 oC. Fits of (A) cyanide 

with NAcCoMP8, (B) NMI with NAcCoMP8; (C) NMI with H2OCbl+ and (D) Pyr with 
NAcCoMP8. In (A): r2 = 0.9995, kI

obs = 1.08(3) × 10–3 s-1, [CN–] (corrected of pH) = 11.3 
μM, pH 7.00.  In (B): r2 = 0.97, kI

obs = 5.2(2) × 10–3 s-1, [NMI] (corrected of pH) = 2.84 μM, 
pH 6.69.  In (C): r2 = 0.9996, kI

obs = 5.71(2) × 10–3 s-1, [NMI] (corrected for pH) = 334 μM, 
pH 6.88.  In (D): r2 = 0.8348, kI

obs = 0.11(2) × 10–3 s-1, [Pyr] (corrected for pH) = 19.93 μM, 
pH 6.70. 
 

The kI values were subsequently corrected for pH (Equation 2.8; Section 2.3.2). 

These kI values were then plotted against [L]. Examples of corrected kI against [L] 

are shown for CN- and NMI at 25 oC as examples (Figure 6.4). Values for kII were 

then used to construct weighted linear least squares Eyring plots of ln(kIIh/kBT) 

against T-1 (h and kB are the Plank and Boltzmann constants, respectively) in order 

to find ∆H‡ and ∆S‡ from the slope and intercept, respectively (Figure 6.5). 

NAcCoMP8 with Cyanide NAcCoMP8 with NMI 

B12a with NMI 

NAcCoMP8 with Pyr 
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Figure 6.4 Plots of pH-corrected pseudo first order rate constants kI against [L] plots 
(25 oC; pH 7; MOPS (0.1 M); µ = 0.1 M by NaNO3) where L is the exogenous probe ligand 
cyanide with NAcCoMP8 (A), NMI with NAcCoMP8 (B) and NMI with vitamin B12a (C).  

A 

B 

C 

k I
 

k I
 

k I
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Figure 6.5 Eyring plots of corrected ln(k2h/kBT) against T-1 (pH 7; MOPS (0.1 M); µ = 
0.1 M by NaNO3) where L is the exogenous probe ligand CN- with NAcCoMP8 (A), NMI 
with NAcCoMP8 (B) and NMI with vitamin B12a (C). 

A 

B 

C 
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Plots of the pH-corrected pseudo first order rate constants, kI, against ligand 

concentration are shown as examples (Figure 6.4).  The plots for the reaction of 

CN– with NAcCoMP8 pass very close to the origin, whereas those for the reaction 

of NMI with both NAcCoMP8 and H2OCbl+ do not, i.e., the reverse rate constant, kr, 

for dissociation of the ligand from the metal is not negligible.  Eyring plots were 

also obtained for these reactions (Figure 6.5).  Similarly, the Eyring plots for the 

reverse rate constant for the reaction of NMI with H2OCbl+ and with NAcCoMP8 are 

shown (Figure 6.6).  The kinetics data are listed (Table 6.1). 

 
 

Figure 6.6 Eyring plots for the rate constant for the reverse reaction of NMI with (A) 
NAcCoMP8 and (B) with H2OCbl+.  The reverse rate constants are from the intercepts of 
plots such as in Figure 6.4B and C.  In the case of the reaction of NMI with H2OCbl+ the 
intercepts were not statistically different from zero for reactions at T < 20 oC and the data 
were omitted from the plot in (B). 
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Table 6.1   Rate constants and activation parameters for the reaction of Cyanide, N-
Methylimidazole and Pyridine with NAcCoMP8 and Aquacobalamin (B12a or H2OCbl+). 

 
Reaction Temp kII ΔH‡ ΔS‡ kII 

(25 oC) kr
* ΔH‡ ΔS‡ kr  

(25 oC) 

 /oC /M-1
 s-1 /kJ mol-1 /J K-1 mol-1 /M-1 s-1 /s-1 /kJ mol-1 /J K-1 

mol-1 /s-1 

CN– + NAcCoMP8† (× 102)        

 15.1 0.36(2) 75(3) 46(9) 112     

 20.3 0.61(2)        

 25.0 1.10(4)        

 30.0 1.82(5)        

 35.2 2.8(2)        

CN– + B12a
8   51.9(1.3) -25.3(3.8) 237     

          

CN-+ HC-B12a
‡   56.9(0.4) -33.5(0.2) 11.4(0.6)     

          

NMI + NAcCoMP8† (× 102)    (× 10-4)    

 10.7 3.1(9) 66(5) 34(16) 1.0 × 103 6(41) 86(25) -5(99) 3.3 × 10-3 

 13.2 4.5(9)    4(6)    

 15.1 5.6(2.0)    19(7)    

 20.1 7.8(5)    8(16)    

 24.5 13.3(5)    29(7)    

 30.5 2.2(1.3)    82(32)    

          

NMI + B12a
†      (× 10-4)    

 10.4 2.6(1) 73(3) 21(11) 12  146(26) 196(83) 1.2 × 10-2 

 11.0 2.82(9)        

 15.0 6.6(7)        

 20.0 8.72(3)    19(3)    

 25.0 16(2)    7(9)    

 30.0 20(2)    147(32)    

 34.7 37(1)    152(7)    

 39.3 52(3)    443(15)    

          

Pyr + NAcCoMP8§†    6.2 x 103     

          

Pyr + B12a
13   84.5(2.9) 68(10) 34(7)     

*Rate constant for the reverse reaction; ‡Protein-bound B12a where HC refers to haptocorrin; see Ref.(9);  
§Estimate data (25 oC). †This work. 

          



 • 245 •

The rate constants and activation parameters for the substitution of H2O 

coordinated to Co(III) trans to an imidazole derivative by CN– and by NMI are 

reported (Table 6.1). In the case of the substitution of the axial water with CN-, kII 

for H2OCbl+ is more than double that of NAcCoMP8 at 25 oC indicating that the 

former is more labile in this reaction (kII at 25 oC = 237; and 112 M-1 s-1 for 

H2OCbl+and NAcCoMP8, respectively). The difference arises from a much smaller 

ΔH‡ value for the reaction on H2OCbl+ (51.9 kJ mol-1), which is compensated for by 

a much more negative ΔS‡ (-25.3 J K-1 mol-1).  If the latter value were the same in 

both systems, then kII would be 104 larger for the reaction with H2OCbl+ than for 

that with NAcCoMP8. It was previously observed that this compensation effect 

masks a very significant change in the electronic properties of the equatorial ligand 

which is then observed in the rate of substitution of the axial ligand.14 Chemaly et 

al., showed in their study of aquacyanocobester and a cobester in which the 

conjugation of the corrin is interrupted at the C5 position, that this electronic 

change is reflected in the very different values of ΔH‡.14 

 

A survey of early B12 literature seems to suggest that the ligand substitution 

reactions of H2OCbl+ proceeded through a strictly dissociative (D) mechanism 

whereby the unimolecular dissociation of water from the metal ion’s coordination 

sphere is rate limiting.4,13,15,18,29-31  This view is based on the observation that the 

rate of substitution, regardless of the ligand’s identity, often varies by at most two 

orders of magnitude whilst formation constants vary by over 11 orders.16-20 There 

also seems to be a linear free energy relationship between log k and log K for the 

aquation of a wide range of cobalamin complexes further implying a D 

mechanism.13,20,29-31 However, Randall and Alberty demonstrated that the 

significantly slower rate of substitution of imidazole (27 dm3 mol-1 s-1 as compared 

to (0.1 - 7.1) x 103 dm3 mol-1 s-1 for other smaller ligands) might suggest that the 

reaction does not simply proceed through the unimolecular release of water 

followed by fast binding of the incoming ligand, that is, the reaction may be more 

complex than a straightforward D mechanism.17 
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Further evidence against a strictly D mechanism were amassed when Stochel and 

van Eldik demonstrated that at high pyridine concentrations (ca. > 0.5 M) the rate 

constants saturate to a limiting value (ksat).13 Marques et al., subsequently found 

values for ksat where L = pyridine, 4-methylpyridine, histamine (imidazole-4-

ethanamine), imidazole or methyl glycinate; their values were all different which 

invariably demonstrated that the limiting value is in fact dependent on the identity 

of the incoming ligand. From this they concluded that the reactions did not proceed 

through an exclusively D mechanism but their evidence rather supported the 

presence of a dissociative interchange mechanism (Id).21  

 

The intimate mechanism of the ligand substitution reactions of H2OCbl+ may 

described as an interchange mechanism under dissociative activation, Id.8,13,21,22  

This type of mechanistic behaviour is likely to be very similar in Co(III) porphyrins 

as well. 23-25 Thus, the transition state of the rate determining step will feature 

significant bond breaking between Co(III) and departing H2O, and some extent of 

bond formation between the metal and the entering ligand. The ΔH‡ value for the 

reaction of H2OCbl+ with CN– is less positive than for its reaction with NAcCoMP8, 

whilst conversely ΔS‡ is more negative. This type of kinetic behaviour is consistent 

with a transition state that occurs earlier along the reaction coordinate and in which 

there is greater participation of incoming CN– in that transition state.  This is also 

consistent with the log K observations for the coordination of anionic CN– by 

H2OCbl+ which is larger than log K for its coordination by NAcCoMP8 (see Chapter 
5). 

 

As an aside, it is interesting to note how the rate of substitution of water 

coordinated to Co(III) by an exogenous ligand in a macrocycle is affected by the 

presence of the native protein. A comparison of rate constants with free- and 

protein-bound B12a-type compounds may provide mechanistic insight as to how the 

protein itself influences the reaction rates at the metal centre (Table 6.1). In the 

case of free-B12a the substitution of CN- with the axial water is about 22-fold faster 

than that of the protein-bound B12a derivative (kII = 240 and 11.4 M-1 s-1 for free and 
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protein-bound B12a, respectively).9 Marques et al., demonstrated that whilst there is 

this difference in rates of substitution between the two types of B12a, the 

mechanism of replacement of water by CN- is the same and involves the attack of 

both CN- and HCN on Co(III). Their kinetic findings supported the view that the 

metal ion is readily accessible to the solvent despite the presence of the protein; in 

fact the protein appears to facilitate more ordered transition states suggesting the 

Co-O bond is strengthened by the protein.9 These findings are in stark contrast to 

those seen in hemoproteins where the protein-bound derivatives have a 

significantly slower rate than the free complex; the slower rate being attributed to 

steric crowding.11,26-28 

 

On the other hand, the substitution of the axial water with NMI is considerably 

different to the anion (Table 6.1). The value for kII for H2OCbl+ is significantly 

smaller than that of NAcCoMP8 at 25 oC (kII at 25 oC = 12; and 1.0 x 103 M-1 s-1 for 

H2OCbl+and NAcCoMP8, respectively). This evidence suggests that it is the Co(III) 

in the porphyrin that is labile to this substitution than in the corrin. This is again 

likely due to the smaller ΔH‡ and a somewhat larger value of ΔS‡. These findings 

are seen once again to parallel the log K values. This may suggest that the greater 

thermodynamic stability of the NMI complex with the cobalt porphyrin compared to 

its complex with the cobalt corrin causes a greater involvement of the entering 

ligand in the transition state. 

 

It seemed likely that this trend would persist with the other neutral ligand pyridine, 

as well. An estimate of kII at 25 oC is available for the substitution of pyridine with 

Co(III) in NAcCoMP8 (Table 6.1). Here kII was found to be 6.2 x 103 M-1 s-1. 

Stochel and van Eldik’s corresponding value for the substitution of NMI in B12a was 

34(7) M-1 s-1 which is considerably lower than the porphyrin thereby demonstrating 

that Co(III) in the porphyrin is more labile to this substitution than in the corrin.13 

This was similar to the findings with the other neutral ligand, NMI. Further studies 

would have to be conducted with NAcCoMP8 and pyridines (as well as other 

neutral ligands) in order to confirm these preliminary observations. 
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It is also interesting to note that the reverse reaction rate constant, kr, for the 

dissociation of the ligand from the metal ion is negligible with the anion but 

significant with the neutral ligand (Table 6.1). The plots of kI against [CN-] for 

NAcCoMP8 pass very close to the origin, whereas those for the reaction of NMI 

with both NAcCoMP8 and H2OCbl+ do not. The values for kr were 3.3 x 10-3 and 

1.2 x 10-2 s-1 for the substitution of NMI in NAcCoMP8 and H2OCbl+, respectively. 

Similarly, Stochel and van Eldik noted significant reverse reaction rates for the 

dissociation of the neutral pyridine ligand from Co(III) in B12a.13  
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6.3 SUMMARY AND CONCLUSIONS 

  

In this work, the central focus has been to explore how the macrocycle influences 

the binding properties of the metal ion (cis effects). In this Chapter particularly, the 

emphasis has been to evaluate the effect that the macrocycle has on the rate of 

substitution of coordinated water by an incoming probe ligand. These reactions 

were found to be surprisingly fast in the B12a corrin containing the classically inert 

Co(III) ion. Since the biologically-derived Co(III) porphyrin NAcCoMP8 serves as a 

biomimetic model for B12a, it provided an excellent opportunity to evaluate the 

effect the equatorial macrocycle (porphyrin vs. corrin) has on the ligand binding 

properties of Co(III). 

 

The kinetics of ligand substitution (kII, ΔH‡ and ΔS‡) of water coordinated to Co(III) 

by incoming probe ligands (CN-, NMI and Pyr) were obtained as a function of 

temperature for NAcCoMP8 and compared to the available B12a data. In the case 

of the substitution with CN-, it was found that the anion reacts faster with H2OCbl+ 

than with NAcCoMP8 (k = 237 M-1 s-1 and 112 M-1 s-1 at 25 oC, respectively) 

because ΔH‡ is lower (52 vs 75 kJ mol-1) although ΔS‡ is more negative (-25 vs 46 

J K-1 mol-1). These findings were consistent with an earlier transition state involving 

nucleophilic participation of the entering ligand in an Id intimate mechanism. 

 

On the other hand, the neutral NMI ligand reacts faster with NAcCoMP8 than with 

H2OCbl+ (k = 1.0 x 103 and 12 M-1 s-1, respectively) because ΔH‡ is lower and ΔS‡ 

is larger (34 vs 21 J K-1 mol-1, respectively). This is consistent with better Co–ligand 

binding in the transition state between the neutral ligand and Co(III) in the 

porphyrin system than in the corrin system. 

 

It was also noted that there is a significant reverse rate constant contribution for the 

substitution of the neutral NMI ligand in both macrocycles. This was found to be 

faster in the porphyrin (3.3 x 10-3 s-1) than in the corrin (1.2 x 10-2 s-1). The reverse 
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reaction was not observed with the substitution of cyanide in NAcCoMP8. Whilst 

the substitution of pyridine in B12a is known to exhibit a pronounced reverse rate 

constant, there was no such comparison available for NAcCoMP8 as the reaction 

was considerably fast; in fact only an estimate was obtained for the forward 

reaction. 

 

The neutral ligand pyridine also exhibited greater lability with NAcCoMP8 than with 

H2OCbl+ (kestimated = 6.2 x 103 for NAcCoMP8 and 35 M-1 s-1 for B12a).13  Stochel 

and van Eldik demonstrated that the studies pertaining to the substitution of 

pyridines were not straightforward since the values for the rate constants saturated 

to a limiting value. This finding may provide evidence to support a dissociative 

interchange mechanism.13 A more extensive investigation of NAcCoMP8 with a 

range of pyridines as well as other anionic ligands is therefore warranted and 

would serve to confirm these necessarily preliminary observations and 

conclusions. 

 

It was further observed that the kinetics of ligand substitution parallels the 

thermodynamic stability of the product complex because of involvement of the 

incoming ligand in the transition state of the reaction. The equatorial macrocyclic 

ligand in Co(III) complexes appears to modify both the thermodynamics and the 

kinetics of substitution reactions of the axial ligand.  Thus cis effects, often 

overlooked, are important in the chemistry of these complexes. It is therefore 

concluded that there is a correlation between the thermodynamic stability of the 

Co(III) complexes of corrin and porphyrins and of the rate of substitution of the 

axially coordinated water to form these complexes.  The Co(III) is certainly more 

labile in these two macrocycles relative to other acyclic Co(III) complexes. 

However, Co(III) is not necessarily more labile in the corrin than the porphyrin. The 

lability of the metal ion here is dependent on the identity of the incoming ligand. A 

more complete investigation with a wider range of anions and neutral ligands will 

be investigated in the future.  
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 CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

 

7.1 INTRODUCTION 

  

The main results and conclusions of this work are summarised in this Chapter. 

More detailed summaries are provided at the end of the individual Chapters.   

 

Vitamin B12a is a Co(III)-containing cofactor with a corrin equatorial ligand that is 

essential to many fundamental biological processes.1-3 The main aim of this work 

was to determine how the equatorial ligand modifies the electronic properties of the 

coordinated metal ion. To this end, a metal complex, NAcCoMP8, was synthesised 

as a biomimetic model for vitamin B12a and its kinetic and thermodynamic 

properties were investigated and compared with data for B12a.  

 

B12a is a cobalt(III) corrin macrocycle with dimethylbenzimidazole (DMB) and water 

in α and β positions, respectively.1 By contrast, NAcCoMP8 is a porphyrin with 

histidine (His) and water, respectively.4,5 The axial water can be replaced by a 

variety of ligands and in B12a these reactions were found to be surprisingly fast for a 

traditionally inert Co(III) complex, certainly faster than Co(III) porphyrins; the fast 

rates are presumably due to the cis effect of the delocalized π-electron system of 

the corrin ring.6 Thus the similarity of the coordination environment of Co(III) in 

each macrocycle provides a unique opportunity of evaluating what effect the 

equatorial macrocycle (porphyrin vs. corrin) has on the ligand binding properties of 

Co(III).  

 

 



 • 254 •

7.2 STRATEGY USED IN THIS WORK 

  

The strategy employed in this research project was as follows and illustrated 

accordingly (Figure 7.1): 

Investigation 1 

The qualitative identification and assessment of aggregation effects in NAcCoMP8 

was investigated. This study was approached as two separate investigations: 

 Investigation 1.1 

 Firstly, the optimisation of the synthesis, isolation and characterisation of 

NAcCoMP8 was investigated. Preliminary optimisations included the 

utilisation of cost-effective options such as synthetic trivalent cobalt-

substituted porphyrins. 

 Investigation 1.2 

 Secondly, the qualitative assessment of NAcCoMP8’s behaviour in solution 

was investigated. Preliminary studies included procedures for the preparation 

of monomeric NAcCoMP8. 

Investigation 2 

A quantitative assessment of the cis effect of the equatorial ligand on the 

properties of Co(III) metal ion was undertaken by comparing the ligand binding 

properties of Co(III) in NAcCoMP8 and in vitamin B12a. This study was approached 

as two separate investigations in which the axial H2O ligand was substituted by a 

variety of exogenous ligands: 

 Investigation 2.1 

 The temperature-dependence of the thermodynamics of ligand substitution 

reactions. 

 Investigation 2.2 

 The temperature-dependence of the kinetics of ligand substitution reactions. 
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Figure 7.1  Flow diagram of the strategy undertaken in this work. The blue pathway 

reflects methods pertaining to the monomerisation of NAcCoMP8 whilst the red pathway 

reflects the study of the solution chemistry of NAcCoMP8. 

  

7.3 MONOMERISATION OF NAcCoMP8: Synthesis Aspects 

  

The synthesis methods were optimised in order to diminish aggregation and to 

improve yields. These optimisations included ways to limit metal–side-chain 

aggregation as well as aggregation as a result of π-π stacking. 

  

The following were noted:  

 

(i) Acetylation of the N-terminus of the Cys-14 amino group was necessary 

in order to limit the metal–side-chain aggregation observed in CoMP8 

thereby forming NAcCoMP8; 

(ii) The optimal synthetic route was found to be Cytochrome c  FeMP11 

 NAcFeMP11  NAcMP11  NAcCoMP11  NAcCoMP8; the 

improved yield was 77% (by mass); 

(iii) Three cobalt microperoxidases were identified as an artefact of the 

Solution Behaviour 
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Aggregation 
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isolation process: CoMP11, CoMP8, CoMP6; these were also 

acetylated; 

(iv) The improved synthesis avoided the use of extreme pH, high 

concentrations and temperature where possible; the use of SepPak® C-

18 cartridges instead of the Amicon® pressure cell was integral to this 

process; 

 

Future Work  

 

It is recommended that NAcCoMP11 be screened as a possible biomimetic model 

for B12a since the process will require fewer synthetic steps and is present in larger 

quantities. 

 

  

7.4 MONOMERISATION OF NAcCoMP8: Solution Behaviour 

  

NAcCoMP8 in solution is extremely sensitive to aggregation and degradation. 

Reproducible solution chemistry data relies upon NAcCoMP8 being stable and 

monomeric in solution. Therefore one of the strategies employed in this work was 

to qualitatively investigate the conditions under which a spectroscopically stable 

and monomeric NAcCoMP8 solution may be prepared.  

 

Factors contributing to aggregation were qualitatively assessed and the following 

were noted:  

 

(i) Three NAcCoMP8 species were identified: the putative monomer with a 

Soret at 415 nm; the transient and reversible 417 nm intermediate which 

is likely a π-π dimer; and the irreversible 424 nm species that is possibly 
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a coordinated tetramer. The 424 nm species eventually precipitates as 

dark pink thread-like aggregates. Possible modes of formation were 

proposed.  

(ii) The 415 nm species, when titrated with CN- as a test ligand, gave 

reproducible spectra and solution chemistry data and was subsequently 

used for further experiments; 

(iii) Aggregation is dependent on: the length of time NAcCoMP8 remains in 

solution, the concentration of NAcCoMP8, the ionic strength, pH and 

temperature of the solution; 

(iv) At high NAcCoMP8 concentration, the appearance of 424 nm and 

disappearance of the 417 nm species follows first order kinetics at a rate 

of k1 = 0.096 ± 0.002 and 0.087 ± 0.002 min-1, respectively, and a half 

life of between 7.2 and 8.0 min;   

(v) At low NAcCoMP8 concentrations, appearance of 415 nm and the 

disappearance of 417 nm species is complex and the estimated rates 

were therefore averaged: k1ave = 0.030 ± 0.010 and 0.080 ± 0.03 min-1, 

respectively, with apparent half life values between 8.7 and 23.1 min; 

(vi) Monomeric NAcCoMP8 is strongly influenced by ionic strength. The 

dimer formation at low concentration (415  417 nm) is driven by the 

binding of 3 cations (n = 3.4 ± 0.3) and the putative tetrameric species 

(417  424 nm), is driven by the binding of approximately 4 further 

cations (j = 3.7 ± 0.1);  

(vii) NAcCoMP8 is monomeric at low concentrations (1-5 µM) with Soret at 

415 nm (ε = 1.61(3) × 105 M-1 cm-1); 

(viii) The monomeric 415 nm species is favoured at low temperature (10 oC) 

and increasing the temperature above 45 oC produces the 425 nm 

species. 

(ix) NAcCoMP8 has five spectroscopically observable pKas at 1.74 ± 0.04 

(which may consist of more than one closely overlapping pKa) is 

attributed to protonation and displacement of His-18 either by H2O or a 

carboxylate from the peptide; at 4.08 ± 0.02 and 5.80 ± 0.05 due to 
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ionisation of the heme carboxylate groups; at 7.81 ± 0.03 is due to 

ionisation of coordinated H2O and at 12.00 ± 0.03 due to ionisation of 

His-18 to form an imidazolate. The pKa for the  ionisation of coordinated 

H2O does not change significantly with temperature between 10 and 40 
oC, and has an average value of 7.5 ± 0.2 in this temperature range. 

 

Factors contributing to degradation were qualitatively assessed and the following 

were noted:  

 

(i) NAcCoMP8 degrades (possibly to bilins) on exposure to light with 

apparent half life for the overall process being t1/2apparent = 478 min for k1 

= 0.0015 ± 0.0002 min-1; 

(ii) NAcCoMP8 degrades (possibly to bilins) on exposure to oxygen with 

apparent half life for the overall process being t1/2apparent = 7.81 min for k1 

= 0.089 ± 0.009.; 

(iii) The detergents were found to cause spectroscopic interference and SDS 

5% was shown to coordinate with NAcCoMP8; 

(iv) HEPES buffer was shown to coordinate with NAcCoMP8 (415  413 

nm); 

(x) On the addition of NaBH4, NAcCoMP8 exhibited spectral changes that 

were consistent with the metal being reduced10,11 (Co(III)  Co(II)  

Co(I)); on exposure to air, the spectrum started to revert back to the 

original. 

 

A stable monomeric solution of NAcCoMP8 may therefore be prepared at neutral 

pH, low ionic strength (<0.1 M), low concentration (1-5 µM) ideally using degassed 

MOPS buffer (0.1 M). The distinctly pink monomeric solution should be freshly 

prepared and allowed to reach equilibrium for an hour. Samples should be clarified 

and routinely stored at 4 oC in a dark container. 
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Future Work   

 

A wider range of detergents need to be tested in order to find a more efficient way 

to monomerise NAcCoMP8.  

 

The 415 nm system appears to be complex; gathering more information about the 

other two species will therefore help to detect or eliminate any unusual behaviour 

that may occur whilst working with the monomer. In this light, it would be 

interesting to determine the temperature dependent pKa values for the 417 nm and 

424 nm species even if only for comparison with the 415 nm species.  

 

Similarly, the exposure to light and oxygen tests were attempted on relatively low 

NAcCoMP8 concentrations. It would be interesting to see what decay rates are 

observed at higher NAcCoMP8 concentrations.  

 

  

7.5 EQUILIBRIUM CONSTANTS FOR NAcCoMP8 (Thermodynamics) 

  

Equilibrium constants for the replacement of water axially coordinated to Co(III) by 

selected incoming ligands were obtained as a function of temperature in 

NAcCoMP8 and B12a (ca. 15 – 40 oC; pH 7; utotal = 0.1 M by NaNO3). The anionic 

ligands selected for this study were CN-, HSO3
-, NO2

- and N3
-; the neutral ligands 

were NMI, HA, MOA and Pyr. By comparing these chemical equilibria, the 

difference in free energy between the ground states of Co(III) in these two 

macrocycles were observed.  

 

The equilibrium constants for the binding of the selected ligands to Co(III) showed 

that: 
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(i) the anionic ligands bind more strongly to Co(III) in the corrin (log K at 25 
oC for CN-, HSO3

-, NO2
-; N3

-= >12;7 6.5(3); 5.9(1); 5.02(5), respectively) 

than in the porphyrin (similarly, 6.04(5); 3.7(1); 3.00(4); 2.28(6)); the 

converse is true for the neutral ligands; 

(ii) the neutral ligands bind more strongly to Co(III) in the porphyrin (log K at 

25 oC for NMI, HA, MOA, Pyr = 4.43(7); 4.72(4); 5.78(7); 1.01(3), 

respectively) than in the corrin (similarly, 5.76(8); 5.5(2); 3.81(9); 

4.93(5)); 

(iii) the binding of anionic ligands in both macrocycles parallel each other 

whilst the binding of neutral ligands exhibit an inverse relationship; 

(iv) there appeared to be a strong ‘compensation effect’9 between ∆H and 

∆S; 

(v) for the binding of anionic ligands, ∆H and ∆S vary in the same way for 

both macrocycles; this is not the case for the neutral ligands;  

(vi) The porphyrin appears to preferentially bind ligands that have either less 

electron density for distribution or that on binding exhibit a tendency to 

distribute electron density away from the metal ion; the opposite is true 

for the corrin. 

 

Future Thermodynamic Work 

 

Extensive studies with a wider array of both neutral and anionic ligands will have to 

be undertaken in order to support these findings. In the case of the anionic ligands, 

it is recommended that a comparative study be conducted specifically on the 

binding of various dianionic ligands in order to observe what each macrocycle does 

with the additional charge. In the case of the neutral ligands, it is recommended 

that in NAcCoMP8, binding studies be conducted with various substituted pyridines 

in order to assess the validity of the idea that Co(III) in the porphyrin exhibits a 

preference for ligands with less accessible electron density .  
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7.6 RATE CONSTANTS FOR NAcCoMP8 (Kinetics) 

  

Kinetics data for the replacement of water trans to an imidazole-type moiety with 

CN-, NMI and Pyr were obtained under pseudo first order conditions as a function 

of temperature (ca. 10 – 40 oC) in NAcCoMP8 (pH 7; MOPS (0.1 M)). These were 

then compared to analogous B12a data. In this way the differences between 

ground- and transition states were observed for each macrocycle. 

 

The kinetics of the reaction of NAcCoMP8 with the anionic CN- showed that:  

 

(i) CN- (k = 112 M-1 s-1) acts as a nucleophile towards Co(III); 

(ii) The activation parameters are large and positive such that ∆H‡ > ∆S‡ 

(∆H‡ = 75(3) kJ mol-1 and ∆S‡ = 46(9) J K-1 mol-1); 

(iii) No significant reverse rate constant (kr) detected. 

 

Comparison of these results with analogous B12a data from literature7 showed that: 

 

(i) Co(III) is more labile in the corrin (k = 237 M-1 s-1) than in the porphyrin 

(k = 112 M-1 s-1); 

(ii) The significant electronic properties of the equatorial ligand that possibly 

contributing to this lability may be masked by a ‘compensation effect’;9  

in B12a ∆S‡ (-25.3(3.8) J K-1 mol-1) is much more negative than ∆H‡ 

(51.9(1.3) kJ mol-1); 

(iii) The binding in B12a exhibits kinetic behaviour consistent with an Id 

mechanism (∆H‡ for B12a is more negative than in NAcCoMP8 whilst 

conversely, ∆S‡ is more negative; this suggests that in B12a the incoming 

ligand is closely associated with an early transition state);  

 

Similarly, the kinetics of the reaction of NAcCoMP8 with the neutral NMI showed 

that: 
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(i) NMI (k = 1 x 103 M-1 s-1) acts as a nucleophile towards Co(III); 

(ii) The activation parameters are also large and positive such that ∆H‡ > 

∆S‡ (∆H‡ = 66(5) kJ mol-1 and ∆S‡ = 34(16) J K-1 mol-1); 

(iii) There is however, a significant reverse rate constant (kr = 3.3 x 10-3 M-1 

s-1). 

 

Comparison of these results with analogous data obtained for B12a showed that:  

 

(i) With the neutral NMI ligand, the Co(III) appears to be more labile in the 

porphyrin (k = 1 x 103 M-1 s-1) rather than in the corrin (k = 12 M-1 s-1); 

(iv) Unlike the anion, ∆S‡ is positive; ∆H‡ > ∆S‡ (∆H‡ = 73(3) kJ mol-1 and 

∆S‡ = 21(11) J K-1 mol-1); 

(ii) There is a significant reverse rate constant (kr = 1.2 x 10-2 M-1 s-1). 

 

However, in the case of the neutral ligand pyridine, only an estimated rate constant 

was obtained for the substitution of water in NAcCoMP8 (k = 6.2 x 103 M-1 s-1); this 

substitution was considerably faster than in B12a (k = 34(7) M-1 s-1).8 In the case of 

B12a, a reverse rate constant (kr) was observed and the value saturates to a limiting 

value (ksat).8   

 

In general, these preliminary findings suggest that Co(III) in the corrin is more 

labile to substitution reactions involving anionic ligands; conversely Co(III) in the 

porphyrin exhibits greater lability towards the substitution of neutral ligands. These 

findings parallel those observed in the log K studies.  

 

Future Kinetic Work  

 

These are preliminary findings based on three probe ligands. Extensive studies 

with a wider array of both neutral and anionic ligands will have to be undertaken in 

order to confirm these results. It is recommended that a study be specifically 
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conducted on the binding of various pyridines to Co(III) in NAcCoMP8 in order to 

probe the validity of an Id mechanism in this system. 

 

  

7.7 FINAL CONCLUSION AND COMMENT 

  

This work has illustrated how profoundly the identity of the equatorial ligand, in this 

case either porphyrin or corrin, has modified the electronic properties of the Co (III) 

ion thereby influencing both its kinetic and thermodynamic ligand binding 

properties.  
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APPENDIX FOR CHAPTER 2 
MATERIALS AND METHODS 

 

APPENDICES FOR CHAPTER 2 

 

 APPENDIX 2.1 Alternative synthetic routes for NAcCoMP8 

   

Alternative synthetic routes were investigated in order to optimise the synthetic 

procedure against aggregation. Route A was investigated by Sannasy1; Route 

C was described in the text. Route B and D will be described here. All materials, 

chemicals and specialized procedures referred to may be found in Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII-1  A diagrammatic representation of the four synthetic routes to attain 
monomeric NAcCoMP8 explored in this work. Red cells indicate the metal-free 
porphyrin step. Blue cells indicate primary acetylation step. Route A was used by 
Sannasy3. Routes B, C and D were alternatives explored in this work. 
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 Route B  

This route describes the synthesis of NAcCoMP8 through the acetylation and 

demetalation of NAcFeMP8. The first step (B1–B2) characterized by the 

isolation of FeMP11 from cytochrome c was achieved as described in the text 

(C1–C2). The subsequent step being the isolation of FeMP8 from FeMP11 (B2–

B3) was achieved as described by Sannasy1 (A2–A3). This route thus follows 

on from the acetylation of FeMP8 (B3–B4), demetalation of NAcFeMP8 (B4-B5) 

and remetalation of NAcMP8 to yield NAcCoMP8 (B5-B6). 

 

 Synthesis of NAcFeMP8 by the acetylation of FeMP8 

The acetylation procedure was adapted from work done by Munro and 

Marques2 and from work done by Sannasy1 in NAcCoMP8. The isolation steps 

were adapted and modified from work of Carraway et al.3.  

 

The FeMP8 utilised in this step was previously purified using gel permeation 

chromatography to remove FeMP11, FeMP9 and trace FeMP6 impurities. Only 

samples showing >98% purity by HPLC were utilized.  

 

FeMP8 (10 mg) was dissolved in 5 mL saturated sodium acetate solution in a 

thermostatted cell at 5 oC. A 300 molar excess of acetic anhydride previously 

cooled to ca. 10 oC was used to acetylate FeMP8; this was added in 5 aliquots 

at 5-minute intervals. It was found that cooling the acetic anhydride allowed for 

a more stable reaction. The reaction mixture was stirred at 5 oC for 15 minutes 

and ca. 60 minutes at 30 oC. Once the reaction was complete (monitored by 

HPLC and TLC4) the sample was lyophilized. The lyophilized NAcFeMP8 was 

redissolved in sodium carbonate buffer (2 mL; 0.2M; pH 9.5) and the scarlet 

compound was desalted on a Sep-Pak® cartridge. Neutral NAcFeMP8 was 

clarified using a Millex® syringe-filter before being lyophilized. The red-brown 

product was routinely stored at -20 oC under argon. NAcFeMP8 was identified 

by mass spectroscopy. Concentration was determined spectroscopicaly using2 

ε397= 1.55 x 105 M-1 cm-1. 
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 Synthesis of NAcMP8 by reductive demetalation of NAcFeMP8 

The demetalation procedure was achieved as described in the text (C3–C4) 

with modifications in the isolation/purification step as follows:  

 

Once the clear bright cerise solution was obtained, signalling the metal-free 

NAcMP8, the sample was immediately diluted (ca. 10 mL) using degassed 

methanol (30 %). The sample was then frozen with liquid nitrogen and 

lyophilization in the dark. Once lyophilized to dryness, metal-free NAcMP8 was 

redissolved in minimum volume deionised water (ca. 1 mL) and immediately 

loaded onto a Sep-Pak® cartridge for desalting and removal of any residual 

acids. The neutral light pink-red NAcMP8 was then clarified using a syringe-

filter before being frozen with liquid nitrogen and re-lyophilized in the dark. The 

light pink-red spongy solid was stored briefly at -20 oC under argon before the 

remetalation step. 

 

 Synthesis of NAcCoMP8 by the oxidative remetallation of NAcMP8 

The remetalation procedure was achieved as described in the text (C4–C5) with 

modifications in the isolation/purification step as follows:  

 

After the refluxing process the sample could be exposed to white light. 

NAcCoMP8 was allowed to reach room temperature whilst stirring. The sample 

was then diluted (ca. 50 mL) with deionised water. This sample was gradually 

loaded onto a Sep-Pak® cartridge (ca. 5mL at a time) to ensure minimal 

aggregation by lowering total salt concentration. Once desalted, the neutral 

dark-pink band was eluted with 30% acetonitrile, clarified using a Millex® 

syringe-filter and then lyophilized. The pink spongy NAcCoMP8 was routinely 

stored under argon at -20 oC and protected from unnecessary light. 

Concentration was determined spectroscopically using1 ε415 = 1.61 x 105 M-1 

cm-1 
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 Route D  

This route describes the synthesis of NAcCoMP8 through the demetalation of 

FeMP11 and the subsequent cobalt-insertion of MP11. The first step (D1–D2) 

characterized by the isolation of FeMP11 from cytochrome c was achieved as 

described in the text (C1–C2). The subsequent step (D2-D3) removes Fe(III) 

from FeMP11 to yield metal-free MP11. This is then remetalated with Co(III) to 

yield CoMP11 (D3-D4) followed by the acetylation of CoMP11 to yield 

NAcCoMP11 (D4-D5). Finally, NAcCoMP8 is obtained by the trypic digestion of 

NAcCoMP8 (D5-D6) which mirrors that described previously in the text (C5-C6). 

These steps are analogous to those proposed by Sannasy1, using FeMP11 

instead of FeMP8. Thus the steps described follow on from demetalation (D2-

D3), remetalation (D3-D4) and acetylation (D4-D5). 

 

 Synthesis of MP11 by reductive demetalation of FeMP11 

The demetalation procedure was achieved as described in the text (C3–C4) 

with modifications in the isolation/purification step as follows:  

 

Once the clear bright purple-red solution was obtained, signalling the metal-free 

MP11, the sample was immediately diluted (ca. 50 mL) using degassed 

methanol (30 %). The sample was transferred under argon into a 250 mL flask 

and frozen along the walls with liquid nitrogen, then lyophilization in the dark. 

Once lyophilized to dryness, metal-free MP11 was redissolved in minimum 

volume deionised water (ca. 2 mL) and immediately loaded onto a Sep-Pak® 

cartridge for desalting and removal of any residual acids. The neutral light 

purple-red MP11 was then clarified using a syringe-filter before being frozen 

with liquid nitrogen and re-lyophilized in the dark. The light purple-red spongy 

solid was stored briefly at -20 oC under argon before the remetalation step. 
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 Synthesis of CoMP11 by the oxidative remetallation of MP11 

The remetalation procedure was achieved as described in the text (C4–C5) with 

modifications in the isolation/purification step as follows:  

 

After refluxing the sample could be exposed to white light. CoMP11 was rapidly 

cooled in an ice bath since gradual cooling to 25 oC caused aggregation. The 

sample was then diluted (ca. 50 mL) with deionised water, sealed under argon 

and temporarily stored at 4 oC whilst desalting occurred in small aliquots.  

 

Cold CoMP11 was gradually loaded onto a Sep-Pak® cartridge (ca. 5mL at a 

time) to ensure minimal aggregation and washed with copious amounts of cold 

deionised water. Once desalted, the neutral dark-pink band was eluted with 

cold 30% acetonitrile, clarified using a Millex® syringe-filter and then lyophilized. 

The pink spongy CoMP11 was routinely stored under argon at -20 oC and 

protected from unnecessary light.  

 

 Synthesis of NAcCoMP11 by the acetylation of CoMP11 

The acetylation procedure was adapted from work done by Munro and 

Marques2 and from work done by Sannasy1 in NAcCoMP8. The isolation steps 

were adapted and modified from work of Carraway et al.3.  

 

CoMP11 (10 mg) was dissolved in 5 mL saturated sodium acetate solution in a 

thermostatted cell at 5 oC. A 300 molar excess of acetic anhydride previously 

cooled to ca. 10 oC was used to acetylate CoMP11; this was added in 5 aliquots 

at 5-minute intervals. It was found that cooling the acetic anhydride allowed for 

a more stable reaction. The reaction mixture was stirred at 5 oC for 15 minutes 

and ca. 60 minutes at 30 oC. Once the reaction was complete (monitored by 

HPLC and TLC4) the sample was lyophilized. The lyophilized NAcCoMP11 was 

redissolved in sodium carbonate buffer (2 mL; 0.2M; pH 9.5) and the scarlet 

compound was desalted on a Sep-Pak® cartridge. Neutral NAcCoMP11 was 

clarified using a Millex® syringe-filter before being lyophilized. The red-brown 

product was routinely stored at -20 oC under argon.  
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 APPENDIX 2.2 Miscellaneous Synthesis Information 

   

 Observations  

Iron microperoxidases displayed a myriad of colours during synthesis (Figure 
2II-2). These colours are typically pH-dependant and may be observed through 

the various synthetic steps.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII-2  FeMP8 in deionised water at (A) pH 2 – 3, (B) pH 6 – 7, (C) pH 8-9. The 
colours were contrasted with (D) deionised water. 
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 TLC Rf values  

These samples were run on one system. A 10 x 5 cm silica gel plate was 

spotted with a concentrated sample of each compound and developed on a 

CH3OH: CHCl3:NH4OH (3:5:1). The Rf values were averaged over 3 plates.  

 

Table AII-1  Typical TLC Rf values observed in this work. 

 

Compound Rf 

Cytochrome c 0.00

MP11 0.17

MP8 0.22

FeMP11 0.25

FeMP8 0.28

NAcFeMP11 0.44

NAcFeMP8 0.49

CoMP11 0.78

CoMP8 0.83

NAcCoMP11 Solvent front

NAcCoMP8 Solvent front
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 HPLC Rt values  

Typical retention times expected relative to cytochrome c. These were separate 

experiments run over different days according to the protocol in the text. 

 

Table AII-2  Typical HPLC retention times observed in this work 

 

Experiment Compound 
Rt / min 

(averaged over 3 runs) 

Cytochrome c 12.50 

FeMP11 8.20 

1 

FeMP8 13.50 

Cytochrome c 12.22 

NAcFeMP8 13.12 

2 

FeMP8 13.44 

Cytochrome c 12.59 

FeMP11 8.12 

3 

MP11 9.22 

Cytochrome c 12.32 

FeMP8 13.05 

4 

MP8 14.17 

Cytochrome c 12.55 

NAcCoMP11 8.99 

5 

CoMP11 9.08 

Cytochrome c 12.55 

NAcCoMP8 13.55 

6 

CoMP8 14.01 
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 Sephadex bands  

Gel permeation or size exclusion chromatography is used to separate products 

based on size. Products of lower mass tend to retain longer and move slower 

whilst those of higher mass tend to move faster off the column. In this work, 

typically Sephadex G50 resin was used as the stationary phase with NH4HCO3 

(0.1 M) as mobile phase at a rate of 10 mL h-1. The enzymatic digestion of 

cytochrome c has a variety of products of similar size and colour. This coupled 

to the propensity for band-smearing/broadening makes it difficult to assess 

bands clearly. A typical separation is represented below (Figure AII-2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII-3  A diagrammatic representation of a typical Sephadex G50 FeMP11 
band separation. (A) is the column on loading with initial band (1). (B) is the column 
after ~30 min with a major band (2) showing tailing and an almost imperceptible faint 
pink shadow (3). (C) is the column after ~ 90 min showing ‘first major band’ (5) and 
‘second major band’ (4).  
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 UV-Vis Spectra  

UV-Vis spectrum showing NAcCoMP8 before and after desalting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure AII-4  UV-Vis spectrum of NAcCoMP8 (A) before- and (B) after desalting. 
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 APPENDIX 2.3 Derivation of Equation 2.4  
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 APPENDIX 3.1 The Complex Solution Chemistry of CoMP8 

   

CoMP8 was the initial biomimetic model synthesised in this work (Figure AIII-
1A). The synthesis was analogous to that of NAcCoMP8 explained elsewhere 

(Chapter 2, Appendix 2.1). A stock solution of CoMP8 was prepared using 

degassed deionised water (ca. 30 µM; pH 6.89; 25 oC) and was stored at 4 oC 

in the dark under argon. This stock solution was found to be monomeric† at ca. 

10 µM and was thus used for further solution chemistry studies (Figure AIII-
1B). However, preliminary thermodynamic and kinetic ligand binding data at 25 
oC were found to be irreproducible when using the same CoMP8 stock solution 

and N-methyl imidazole as a test ligand (Figure AIII-1C, D).  

  

The irreproducibility observed in CoMP8 data could be a consequence of the 

kinetics of its aggregation. The Beer's Law studies were conducted soon after 

the stock solution was prepared and gave a linear plot (Figure AIII-1A). By 

contrast, the thermodynamic and kinetic ligand binding studies were performed 

a day later. The repeats 1 and 2 could be fitted to a simple single exponential 

function whereas ca. 30 minutes later (repeat 3) the reaction became 

significantly slower and distinctly biphasic. It seemed likely that this 

irreproducible and time-dependent behaviour was due to aggregation. Evidence 

of this aggregation thus promoted the need for acetylation of CoMP8 to produce 

NAcCoMP8, the biomimetic model focussed on in this study. 

                                                 
† Monomerism is based on the assumption that a species in a given solution is monomeric if Beer’s Law is obeyed. 
Beer’s Law  was used as an indicator of monomerism in FeMP8 and has thus set the precedent for this work.1-3 
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Figure AIII-1   The complex solution chemistry of CoMP8. CoMP8 (A) shows Beer's law behaviour and led to the initial conclusion that CoMP8 was 
monomeric in solution up to a concentration of over 10 µM (B). However, kinetics (C) and thermodynamics (D) of the substitution of coordinated H2O by N-
methyl imidazole gave irreproducible results for three repeat experiments (25 oC; pH 7). 

B 

D 

C 

A 

Concentration of CoMP8 /M
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 APPENDIX 3.2 Percentage Yield, ICP-OES and Absorptivity Data 

   

Percentage yield data were obtained for Routes A, B, C and D. Synthesis for 

these routes as well as sample preparation for weighing were carried out as 

previously described (Chapter 2, Appendix 2.1, Chapter 3). Percentage yields 

were determined for microperoxidases in each route and reported here as a 

percentage conversion from the microperoxidase used as the starting material 

for that step. The percentage yield data represent an average of three repeated 

syntheses for each route (Table AIII-1) and are in good agreement with 

previously reported values.8  

   

Table AIII-1   Percentage yield data for Routes A-D in NAcCoMP8 (in triplicate). 
 

Percentage yield (by mass) Synthetic 
Routes 

Compound 
Exp1 Exp2 Exp3 Ave 

Std 
dev (σ) 

%RSD

FeMP11 84.9 85.0 83.8 84.6 0.6 0.75 

FeMP8 57.6 57.1 56.5 57.1 0.5 0.92 

MP8 69.1 68.9 68.1 68.7 0.5 0.79 

CoMP8 65.5 64.9 65.0 65.1 0.3 0.48 

A 

NAcCoMP8 68.9 69.1 69.1 69.0 0.1 0.16 

FeMP11 91.9 93.1 93.1 92.7 0.7 0.71 

FeMP8 58.0 57.5 57.9 57.8 0.3 0.52 

NAcFeMP8 87.8 87.0 88.0 87.6 0.5 0.61 

NAcMP8 75.8 76.0 76.1 76.0 0.2 0.23 

B 

NAcCoMP8 71.9 72.6 72.9 72.4 0.5 0.69 

FeMP11 92.5 93.9 92.8 93.1 0.7 0.80 

NAcFeMP11 94.6 95.3 95.5 95.1 0.5 0.52 

NAcMP11 98.2 98.2 98.0 98.1 0.1 0.12 

NAcCoMP11 95.3 95.0 95.0 95.1 0.2 0.19 

C 

NAcCoMP8 77.4 76.6 76.0 76.7 0.7 0.94 

FeMP11 90.2 91.4 92.2 91.3 1.0 1.13 

MP11 90.2 90.4 89.6 90.0 0.4 0.48 

CoMP11 86.5 85.8 85.3 85.9 0.6 0.65 

NAcCoMP11 65.7 67.3 67.0 66.7 0.9 1.34 

D 

NAcCoMP8 75.2 74.6 75.0 74.9 0.3 0.44 
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Percentage yield data for NAcCoMP8 were also obtained using ICP-OES 

(Chapter 2). ICP-OES data were recorded for Routes A, B, C and D and are 

reported here based on the amount of cobalt in NAcCoMP8. (Table AIII-2).8 

 
Table AIII-2    ICP-OES percentage yield data based on the amount of cobalt in 
NAcCoMP8 for Routes A-D. The focus, Route C, is highlighted in italics. 
 

NAcCoMP8 Co3+ 

Mass Concentration Concentration (x10) /ppm %Yield Route 

/mg /ppm (x10) /ppm Expected Observed Based on Co3+ 

A 0.205 8.200 0.820 0.031 0.0205 65.86 

B 0.222 8.880 0.888 0.034 0.0218 64.68 

C 0.249 9.960 0.996 0.038 0.0298 78.83 

D 0.212 8.480 0.848 0.032 0.0225 69.90 
 
 
Absorptivity values for NAcCoMP8 were obtained from the Beer’s Law study 

conducted previously (Chapter 2, Chapter 4). These values were reported 

based on the average absorbance obtained at four different wavelengths 

(Tabled AIII-3) and are in good agreement with previously reported values.8  

 
Table AIII-3    Absorptivity for NAcCoMP8 derived from Route C. 
 

Wavelength /nm Absorbance /a.u. ε  (x105) /M-1 cm-1 Std dev (σ) %RSD 

347 0.1843 0.51 0.01 0.37 

417 0.6255 1.63 0.03 0.22 

530 0.0655 0.17 0.02 0.35 

560 0.0596 0.15 0.03 0.54  
 

 APPENDIX 3.3 FeMP5, FeMP6, FeMP8, FeMP9 and FeMP11 

 

The ESI-MS spectra for FeMP11, NAcFeMP11, FeMP9, FeMP8, FeMP6 and 

FeMP5 are reported (Figure AIII-2-7) with possible peak assignments (Table 
AIII-4). The microperoxidase diagrams inserts reflect the Fe(III) form with 

deprotonated carboxylates (referred to here as, for example, ‘deprotonated 
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FeMP11’) and possible sodium ion pairings indicated by circles. Exact masses 

were calculated using ChemDraw® Ultra4. The observed values are in good 

agreement with calculated and previously reported values, where applicable. 

 

Figure AIII-2   Low resolution positive mode ESI-MS of FeMP11 in 50% methanol. 
Spectrum shows protonated FeMP11 with (blue) and without (black) axially coordinated 
water and the latter with one sodium ion (black).  
 

Figure AIII-3   Low resolution positive mode ESI-MS of NAcFeMP11 in 50% methanol. 
Spectrum shows bis-acetylated deprotonated NAcFeMP11 without axially coordinated 
water (blue); the doubly charged species (black) and the doubly charged protonated 
species with coordinated water (red)  

C84H119FeN19O23S2
2- 

Exact mass: 1876.71 
Mol. Wt.: 1877.90 

FeMP11 

C87H120FeN21O23S2
3-

Exact mass: 1959.74 
Mol. Wt.: 1960.96 

NAcFeMP11 

NH2 
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Figure AIII-4   Low resolution positive mode ESI-MS of FeMP9 in 50% methanol. 
Spectrum shows protonated FeMP9 with (red) and without (black) axially coordinated 
water.  
 

 

Figure AIII-5   Low resolution positive mode ESI-MS of FeMP8 in 50% methanol. 
Spectrum shows protonated FeMP8 with without axially coordinated water (black), the 
doubly charged molecular ion (black: m/z 753) and the molecular ion with sodium (red). 

C74H99FeN17O19S2
-

Exact mass: 1649.61 
Mol. Wt.: 1650.66 

FeMP9 

C74H99FeN17O19S2
-

Exact mass: 1520.54 
Mol. Wt.: 1521.66 

FeMP8 
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Figure AIII-6   Low resolution positive mode ESI-MS of FeMP6 in 50% methanol. 
Spectrum shows protonated FeMP6 with axially coordinated water (blue), with sodium 
ions (red) and with a further associated water molecule (black). 
 

 

Figure AIII-7   Low resolution negative mode ESI-MS of FeMP5 in 50% methanol. 
Spectrum shows deprotonated FeMP5 without axially coordinated water (black) and 
with sodium ions (red). 
 
 

C58H71FeN13O14S2
-

Exact mass: 1293.40 
Mol. Wt.: 1294.24 

FeMP6 

C54H64FeN12O12S2
- 

Exact mass: 1192.36 
Mol. Wt.: 1193.13 

FeMP5 
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Table AIII-4 Possible ESI-MS assignments for various Fe(III) microperoxidases.  
 

Fig # MP Mode (+/-) Peak /(m/z) Possible assignment 

AIII-2 FeMP115 + 1905 a, f 

    1883 a 

   1861 b 

AIII-3 NAcFeMP115 + 1945 d, h  

   1556 d, 3g, i(FeMP8), 

   1021† c, e, f, g, h  

   993† b, e, g, h 

   984 a, e, h  

   974 d, e, h  

   790 d, e, g, i(NAcFeMP8) 

AIII-4 FeMP96 + 1656 a 

   1634 b 

AIII-5 FeMP86,7,8,‡ + 1531 b, f  

   1505 b 

   753 b, e  

AIII-6 FeMP6 + 1375 b, 3f, g  

   1357 b, 3f 

   1335 b, 2f 

   1313 b, f 

   1291 b 

AIII-7 FeMP57,9 - 1664 c, g, i(FeMP9) 

   1503 d, i(FeMP8) 

   1242 d, 3f 

   1174 d 

   1074 c, g, i(FeMP4) 

   832 c, e, g, i(FeMP9) 

   752 d, e, i(FeMP8) 

   586 d, e 

a protonated carboxylates with axial water 
b protonated carboxylates without axial water 
c deprotonated carboxylates with axial water 
d deprotonated carboxylates without axial water 
e doubly charged 
f sodium, where 2f refers to 2Na+ and so forth. 
g water, where 2g refers to 2H2O and so forth. 
h bis-acetylated 
i a possible contaminating microperoxidase with likely contaminant in brackets. 
† Carraway et al., referred to a possible tris-acetylated product, however this is unlikely as there are no 

other positions available for acetylation. Thus, the assignment reported here is more plausible. 5 
‡ the commonly observed [protoheme+1]+ at m/z 617 was not present in this work. 6,8  
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 APPENDIX 3.4 TLC Patterns 

   

TLC plates developed with microperoxidase samples obtained from Amicon® 

desalting steps were found to be irreproducible. This phenomenon was 

observed to a much lesser extent with microperoxidase samples obtained from 

the Sep-Pak® desalting procedure. The plates were developed as previously 

described (Chapter 2).  

 

The spots on the TLC plates presented as smears from baseline to solvent front 

(Chapter 3). The irreproducible smears were found to be independent of 

concentration as they were also observed when the TLC spotting solution was 

diluted by ca. 50 % with deionised water. The smears patterns however, could 

be loosely grouped according to how long the microperoxidase stock solution 

had been stored since preparation. These smear patterns are grouped as 

feathering, tailing and eclipsing in this work (Figure AIII-8). These patterns are 

attributed to microperoxidase interacting with the solid phase at various stages 

of aggregation. Tailing was usually observed with microperoxidase stock 

solutions that were used immediately after preparation, whilst eclipsing and 

feathering were typically observed ca. 2 and 4 hours after sample preparation.  

 

 

Figure AIII-8   A diagrammatic representation of TLC patterns observed in 
microperoxidase samples that were purified using the Amicon® cell. The patterns were 
independent of concentration and were grouped according to tailing (A) which was 
typically observed when the spotting solution was used immediately after preparation, 
eclipsing (B) which was typically observed when the spotting solution had been allowed 
to stir for ca. 2 hours or feathering (C) which was observed when the spotting solution 
had been allowed to stir for ca. 4 hours. 
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 APPENDIX 3.5 Amine Protection Experiments 
   

The protection of various amino-groups on the NAcCoMP8 peptide chain was 

briefly explored as a side experiment. There were primarily two reasons to 

protect the amino-groups in microperoxidases: firstly, to prevent the metal-side-

chain aggregation on Cys-14 and secondly to promote the ‘base-off’ state of 

NAcCoMP8 by protecting the amine on the His-18 proximal ligand.  

 

Firstly, the acetylation of CoMP9 was attempted along with that of CoMP11, 

CoMP8 and CoMP6 (Chapter 3). These cobalt microperoxidases were 

acetylated in order to optimise the procedure for the target compound, 

NAcCoMP8. However, CoMP9 was only briefly isolated as a by-product of the 

CoMP11 synthesis and visibly aggregated during desalting. The visible 

aggregation in CoMP9 appeared to be more rapid than with CoMP11. CoMP8 

displayed the most resistance towards visible aggregation. This suggested that 

perhaps the lysine groups, specifically its orientation relative to the other amino 

acids, played a significant role in the aggregation process. In CoMP9 the lysine 

group is more accessible towards aggregation than in the case of CoMP11 

which appeared to be more sterically hindered.  

 

The acetylation process was attempted on the CoMP9 solution regardless, and 

characterised by HPLC and ESI-MS as previously described (Chapter 2, 

Figure AIII-9A). ESI-MS calculations suggested that NAcCoMP9 with 

protonated carboxylates should be isolated at m/z 1694 with the water 

elimination product at m/z 1676. The doubly charged species should be isolated 

at m/z 847 and 838, respectively. Analogously, the possible bis-acetylated 

products should be at m/z 1735, 1717, 867 and 858. None of these peaks were 

observed (Figure AIII-9A) HPLC data provided further evidence to support the 

aggregation and/or the possibility of mixed products during CoMP9 acetylation 

(Figure AIII-9A).  

 

Secondly, the protection of the His-18 moiety was attempted in order to obtain 

an authentically ‘base-off’ NAcCoMP8 at neutral pH. The solution chemistry 
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studies attempted on this ‘base-off’ compound, the putative BOCoMP8, would 

then be compared to those of the ‘base-on’ derivative. In this way, the effect of 

the His-18 side-chain on NAcCoMP8’s solution chemistry could be assessed in 

relation to porphryin cis-effects.  

 

The protection of the amine group on the His-18 proximal ligand was attempted 

by using N-terminus protecting groups commonly used during solid-phase 

peptide synthesis (SPPS) with some modifications.10-15 The particular N-

terminus protecting group available was Boc (t-butoxycarbonyl). Three main 

obstacles were observed in relation to this synthesis. The first obstacle in this 

synthesis was the utilisation of non-aqueous solvents. Boc-protection is typically 

carried out in excess using CH3CN, DMF and DMAP as solvents. NAcCoMP8 is 

sparingly soluble in CH3CN. Regardless, the protection was attempted and 

resulted in an orange gel-like substance that could not be analysed further.  

 

The second obstacle related to NAcCoMP8’s lack of robustness towards the 

synthesis. The synthesis was then attempted in aqueous sodium bicarbonate 

(0.1 M) at reduced temperature (ca. 4 oC) for 15 minutes. Thereafter the 

solution was allowed to stir at room temperature for two hours after which it was 

desalted on a Sep-Pak® cartridge. The synthesis with BOC2O was found to be 

too aggressive and NAcCoMP8 degraded into an insoluble black-brown solid. 

The solid was washed exhaustively with methanol and washings were analysed 

by ESI-MS and HPLC as described previously (Chapter 2, Figure AIII-9B). 

ESI-MS calculations suggested that deprotonated BOCoMP8 should be isolated 

at m/z 1665 with the water elimination product at m/z 1647. By analogy, the 

doubly charged species should be isolated at m/z 832 and 823, respectively. 

None of these peaks were observed (Figure AIII-9B).  

 

FMoc (Fluorenylmethyloxycarbonyl chloride) and carboxymethylation methods 

were suggested as a less aggressive alternative to Boc and have been used 

successfully with ferricytochome c.11,13,15 However, the third obstacle commonly 

associated with SPPS-type of syntheses10 is the low yield which is further 

exacerbated by NAcCoMP8’s generally low yields and aggregation.  



 

 
 

 

Figure AIII-9   Side experiments explored in this work. The acetylation of CoMP9 (A) was unsuccessful as CoMP9 appeared to aggregate in solution. 
The Boc-protection of His-18 (B) was also unsuccessful possibly due to aggregation or decomposition. The circles refer to m/z regions where products 
and their derivatives (red) or their doubly charged molecular ions (blue) might be found. ESI-MS and supporting HPLC data were performed as 
previously described (Chapter 2, Appendix 2.1).  
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 APPENDIX 3.6 Characterisation of NAcCoMP8 

   

NAcCoMP8 was synthesised and characterised as described previously 

(Chapter 2). The compound formed a dark pink-red spongy solid upon 

lyophilisation. Solid NAcCoMP8 was stored in the dark at -20 oC under argon as 

NAcCoMP8 is particularly susceptible to degradation and static. Stock solutions 

of NAcCoMP8 for characterisation purposes were freshly prepared in degassed 

solvents and were dilute (ca. 30 μM). The freshly prepared bright-pink 

NAcCoMP8 stock solution was allowed to stir for ca. 2 hours before being 

clarified using a Millex® syringe filter. This stock solution was then used to 

characterise NAcCoMP8 by UV-vis, HPLC and ESI-MS (Figure AIII-10). The 

embedded structural representation of NAcCoMP8 indicates the acetylation as 

well as possible points of sodium ion pairing during ESI-MS.  

 

The isolated NAcCoMP8 was analysed by positive mode ESI-MS (Figure AIII-
10B). Protonated NAcCoMP8 without axially coordinated water was detected at 

m/z 1551. The peak observed at m/z 1566 might be attributed to NAcCoMP8 

with protonated carboxylates and axial water. This product with the presence of 

sodium might be observed at m/z 1592. These data were in good agreement 

with calculated values and values previously reported.8 

 

The UV-vis data for NAcCoMP8 and metal-free NAcMP8 were obtained as 

described (Chapter 2). Samples were run in deionised water at ca. pH 7 at 25 
oC (Figure AIII-10C). There was a distinct shift in Soret from metal-free 

NAcMP8 to NAcCoMP8 (378 and 415 nm, respectively). The disappearance of 

four Q-bands to two Q-bands indicated that the cobalt insertion had been 

achieved.8 The single major peak obtained in the HPLC data suggested that 

CoMP8 was completely acetylated (Figure AIII-10D).  
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Figure AIII-10   The characterisation of NAcCoMP8 (A) using ESI-MS (B), HPLC (C) and UV-vis(D). HPLC and ESI-MS were performed as previously 
described (Chapter 2, Appendix 2.1). 
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 APPENDIX 3.7 Synthetic Porphyrins (Publication: Abstract only) 

   

 
Full articles may be found on the accompanying Data Disk 
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 APPENDIX 3.8 Other Publications (Abstract only) 

   

 
Full articles may be found on the accompanying Data Disk 
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 APPENDIX 4.1 Derivation of Equation 4.5 and 4.9 
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