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Abstract 
 

A primary objective of the work described within this dissertation was to model the structures of 

the heterogeneic active sites of dinuclear metalloproteins such as haemerythrin with metal 

complex analogues and to evaluate whether these species exhibited oxidase catalytic activity.  

Two avenues were adopted in exploring the preparation of such complexes. 

 

The first approach adopted was the attempted merging of two mononuclear copper complexes 

into a dimer in which the two Cu centres adopt different coordination modes with respect to 

each other.  The methodology involved the reaction between one mononuclear complex that 

possesses a potential bridging ligand bound terminally to the metal centre (e.g. acetato) and a 

second monomeric Cu complex with chloro ligands that could either be displaced or 

precipitated with Ag+.  This approach was ultimately unsuccessful in obtaining the desired 

heterogeneic Cu2 complexes, but numerous mono-, di- and oligomeric Cu complexes were 

isolated and characterised by single crystal X-ray diffraction and, in some cases, their 

spectroscopic and magnetic properties were investigated further.   

 

A noteworthy complex that was isolated from these reactions was  

[{Cu(4,4’- tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2, which was obtained from reaction mixtures 

in DMF (used to suppress the lability of Cu).  This complex is a rare example of a homometallic 

transition metal coordination complex in which the metals are bridged by N,N-

dimethylformamide.  [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 crystallises in the 

orthorhombic space group P212121 (a = 15.16, b = 17.38 and c = 18.87 Å) with four molecules 

in the unit cell.  The magnetic susceptibility of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 was 

determined in the range 4 – 300 K, and an antiferromagnetic (J = - 38.8 cm-1) exchange 

coupling found between the Cu2+ centres affording an overall S = 0 ground state.  EPR spectra 

were collected of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 as single crystal, powder and in 

frozen methanol / ethanol and acetonitrile solution, revealing peaks for the S = 1 excited state 

and the spin forbidden ΔMs ± 2 transitions.  Analysis of the single crystal EPR spectra reveals a 

strong angular dependence on the S = 1 signal suggesting that the DMF bridge does not 

contribute to exchange between the Cu2+ ions; the antiferromagnetic exchange mediated by the 

acetato ligands is the dominant interaction.  

 

Attempts to prepare other triply bridged Cu2 complexes with the 4,4’-di-tert-butyl-2,2’-bipy 

ligand failed, but [Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4, a distorted cubane, was crystallised.  The 
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complex crystallised in the tetragonal space group I 4 2m (a = b = 21.53 Å, c = 11.27 Å) with 2 

cubane molecules in the unit cell.  The magnetic susceptibility of  

[Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 was determined in the 4 – 300 K range.  The data were fit to a 

3J distorted tetrahedral (rhomboidal-like) coupling model to give J1 = -11.2 cm-1, J2 = -8.1 cm-1, 

and J3 = +0.6 cm-1 affording an overall S = 0 ground state.  

 

As the direct merging approach proved unsuccessful in generating heteroleptic Cu dimers a new 

approach to the problem had to be explored.  This led to the design and synthesis of five 

macrocyclic ligands, possessing two coordination pockets differing in the number of the 

nitrogen donors (2 vs. 3 and 3 vs. 4) in each pocket and separated by meta- or para- phenylene 

or phenoxy linkers.  The notion was that the macrocycle would fix the number of N- donors on 

each metal enforcing heterogeneous coordination environments on the two metal centres; the 

remaining coordination sites could be made up by addition of suitable bridging ligands such as 

carboxylates.   

 

Of all the complexes prepared with these “heterodentate” macrocyclic ligands, only one crystal 

structure of a metal complex was obtained, and this was with FeIII
2 complex of the bis(phenoxy) 

bridged macrocycle (M2).  [{FeIII
2(M2)}2(μ-O)2]Cl4.6H2O crystallises in the monoclinic P21/c 

space group (a = 13.13 Å, b = 18.13 Å, c = 13.30 Å and β = 113.4°) with two molecules in the 

unit cell.  The preparation of this complex from iron(II) chloride shows that the Fe(II) complex 

oxidises in the presence of atmospheric O2.  Mass spectral evidence was obtained for a putative 

peroxo bound intermediate {[Fe2(M2)(O2)]Cl2}, in which one O2 molecule has bound to the 

{Fe2(M2)} complex, and which converts to the product by approach of a second {Fe2(M2)} 

complex followed by a second 2 electron reduction of O2 and O-O bond rupture to form the 

bis(μ-oxo) complex.  The magnetic susceptibility of [{FeIII
2(M2)}2(μ-O)2]Cl4.6H2O was 

determined in the temperature range 4 - 300 K and fits were attempted using a 2J coupling 

model.  While the susceptibility data show the dominant superexchange pathway to be 

consistent with antiferromagnetism, the fit did not afford the expected S = 0 ground state at 2 K.  

Magnetisation studies confirmed a non S = 0 ground state and the presence of many near 

degenerate energy states.  It is likely that this is the result of an impurity in the sample. 

 

The third area of synthesis in the current work was the preparation of tripodal tetradentate 

ligands, based on tris(2-pyridylmethyl)amine, and their Fe and Cu complexes.  The key feature 

in the design of the tripodal ligands was to incorporate pyridyl, phenoxy and / or carboxylato 

donor groups and therefore replicate the donor sites found in mononuclear non-haem iron 

oxidase enzymes (NHIO’s).  In general the Fe(II) complexes were prepared in situ in catalysis 
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experiments, but one Fe(III) complex, in which the ligand pbpa (that with pyridyl, benzoato, 

phenoxy and amine donors) was bound was crystallised and its X-ray crystal structure and 

magnetic properties determined.  [Fe2Cl2(pbpa)2] crystallised in the monoclinic space group 

C2/c with a = 24.14 Å, b = 11.36 Å and c =15.91 Å and β = 111.4º.  The complex exists as a 

dimer in which the carboxylato group of each pbpa ligand bridges to the other Fe atom.  

Magnetic susceptibility measurements show weak antiferromagnetic coupling between the 

Fe(III) centres (J = -2.12 cm-1), affording an overall S = 0 ground state, but with a number of 

excited states lying at low energy.  

 

As the dinuclear O2 carrier proteins, haemerythrin and haemocyanin bear close structural 

homology to related oxidase enzymes, it was of interest to determine whether model complexes 

of these species also exhibit oxidase activity.  A series of catalysis experiments were conducted; 

the oxidation of olefins to oxygenated species with H2O2 (e.g., epoxides and diols) were 

investigated with cyclohexene and cyclooctene.  In addition to the above mentioned 

heterodentate macrocyclic complexes a series of symmetrical macrocyclic and mononuclear 

complexes designed to mimic the isolated compartments of the macrocycles were investigated.  

It was found that the heterodentate Fe triflate macrocyclic complexes were superior catalysts 

(with respect to TONs) relative to both the symmetrical macrocyclic complex counterparts and 

the open compartmental analogues (that did not afford catalytic TONs).  The dominant 

oxidation products were for cyclohexene, the allylic alcohol, ketone or peroxide, whilst with 

cyclooctene the epoxide (cyclooctene oxide) was the major oxidation product and cyclooctane-

1,2-diol was a minor product.  The results suggest that, at least with Fe, two metals are 

necessary for catalytic activity and that catalyst asymmetry facilitates catalytic activity.  Of the 

NHIO model complexes prepared in situ, only the Fe(II) triflato complex with pbpa gave rise to 

catalytic turnovers (TON = 5.7 with cyclohexene and 2.9 with cyclooctene), the other species 

being insufficiently soluble in acetonitrile to facilitate oxidation.  Similar product distributions 

were obtained to the experiments using macrocycle based catalysts. 

 

Oxidase / hydroxylase catalysis experiments were also carried out using a series of oxo- centred 

trinuclear metal carboxylate, [M3O(O2CR)6L3]+, complexes of Fe(III), Cr(III) and Mn(III).  

These complexes were found not to catalyse the oxidation of cyclohexene or cyclooctene by 

H2O2, but rather to catalyse the oxidation of these alkenes by atmospheric oxygen.  With all 

three metals it was found that significantly higher catalytic turnovers (TONs) were achieved by 

the benzoato complexes than their acetato analogues ([Fe3O(O2CPh)6Py3]+ gave a TON of 20 for 

the autoxidation of cyclohexene whilst with [Fe3O(O2CCH3)6Py3]+ this was 3.5).  Furthermore, 

in the case of cyclohexene, [Mn3O(O2CPh)6Py3]+ gave rise to cyclohexene oxide (epoxide) 
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rather than the normally preferred allylic autoxidation products obtained with the Fe and Cr 

analogues, and the complexes already discussed above.  Furthermore, [Fe3O(O2CPh)6Py3]+ was 

found to slowly facilitate oxidation of cyclohexane in the presence of atmospheric oxygen. 
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Preamble 

 

The layout of this dissertation consists of a general introduction that acquaints the reader with 

the role of metals in biology, their function in metalloproteins and enzymes, with specific 

emphasis on the dinuclear oxygen carriers haemerythrin (Fe2) and haemocyanin (Cu2), and the 

oxidase enzymes tyrosinase (Cu2), ascorbate oxidase (Cu4), methane monooxygenase (Fe2), 

ribonucleotide reductase (Fe2) as well as the mononuclear non-haem iron oxidases (proline-3-

hydroxylase and naphthalene dioxygenase) that contain the His2Carbox donor set.  Chapter 1 

proceeds to summarise the literature of synthetic model complexes of these metalloproteins.  

 

In addition to the general introduction of Chapter 1, Chapters 4 and 5 contain individual 

introductory sections to allow the reader to become more intimate with the literature pertaining 

to those sections.  For Chapter 4 the introduction describes the synthesis of symmetrical aza 

crown macrocycles and their use as model compounds for metalloproteins and includes results 

obtained from the present work, specifically on the two complexes 

[Cu2(OAc)2(OH/OH2)2{SYM(P)}]n(ClO4)n and [{Cu2Cl2(SYM(P)}2(μ-Cl)]n(ClO4)n.  The 

synthesis of the symmetrical macrocycles is discussed followed by a review of metal templated 

Schiff base macrocyclic compartmental ligand preparation and the use of these species as hetero 

and homo dinuclear metal complexing ligands.  The Chapter proceeds to describe the synthetic 

strategies and syntheses of heterodentate macrocycles and the complexes generated with these 

ligands.     

 

Chapter 5 commences by describing the traditional methods used for the oxidation of alkenes to 

form epoxides including the Sharpless epoxidation, Jacobsen-Katsuki epoxidation and OsO4 

catalysed dihydroxylation.  The use of mononuclear Fe complexes as catalysts for the oxidation 

of alkenes is then introduced and the contribution these complexes in providing mechanistic 

insights into the mechanism of action of non-haem iron oxidase enzymes.  The general catalysis 

reaction and the oxidative behaviour of the substrates cyclohexene and cyclooctene are 

discussed before the results of the catalytic oxidation of alkenes by Fe macrocyclic complexes, 

non-haem iron oxidase model complexes and [M3O(O2CR)6L3]+ complexes are presented and 

discussed.  Chapter 5 also includes the preparation and catalytic evaluation of a number of 

mononuclear non haem iron oxidase (NHIO) model complexes using ligands whose structure is 

templated from the tripodal tetradentate ligand tris(2-methylpyridyl)amine.  These ligands 

incorporate mixtures of pyridyl, benzoato and phenolate donor groups. 

 

 



 1

CHAPTER 1  Introduction 
 

1.1 Metals in Biology 

 

All living organisms have evolved over time to increase their survivability.1-5  The incorporation 

of metal ions (despite their low relative abundance) in living organisms has therefore proven 

beneficial, and ultimately, essential.2,5  A requirement of early unicellular organisms may have 

been the inclusion of some inorganic elements such as calcium and iron; calcium in the formation 

of cell membranes5 and iron sulfide minerals as an accessible Redox centre for electron transfer 

processes.1,3   

 

Complex modern organisms require metal ions for a number of functions ranging from 

macroscopic rigid supports in endoskeletal and tooth structures (e.g. hydroxyapatite)2,6,7 or as an 

exoskeleton (e.g. SiO2 in diatoms and radiolarians3,6-8 or the CaCO3 minerals calcite and aragonite 

in molluscs).6,7,9,10  Minerals have also found specialised utility in living organisms, examples 

include crystalline CaCO3 otholiths in the human ear which are used as gravity sensors to assist 

balance,3,6,7 silicates in sponges as a deterrent6 and magnetite (Fe3O4) crystals are used by several 

forms of bacteria, bees and migratory birds as an internal magnetic compass. 2,7,10-13   

 

The greatest breadth of metals and diversity of their forms in living organisms is found in 

metalloproteins and metalloenzymes.  Metalloproteins can be described as elaborate metal 

complexes in which the polypeptide provides the donor ligands to the metal via amino acid side 

chains.2,3,6,14,15  A strict definition of metalloproteins and enzymes might imply that they are those 

proteins / enzymes that have a strongly bound metallic entity(ies) (via coordination to the 

polypeptide) even in the absence of substrates.  Typically the metal ion(s) constitutes the main 

factor of the catalytic site in metalloenzymes; but this need not be the case, while other enzymes 

do not have bound metallic ion(s) but require one for full catalytic function.16  

 

1.2 Functions of Metals in Metalloproteins and Enzymes  

 

The functions of metalloproteins include transport agents (for example O2), metal chaperones, 

electron transfer agents, or important in maintaining protein structure.2  Metalloenzymes may be 

differentiated from metalloproteins on the basis that their reactivity is catalytic rather than 

stoichiometric.  Metalloenzymes generally fall into six classes based on the reaction type they 

catalyse; oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases.17  Some of the 

properties of metals that have been utilised in these systems include but are not limited to: 
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variability of coordination number, lability, Lewis acidity, Redox capacity and maintaining the 

overall tertiary structure of the protein.  

 

1.2.1 Role of the Polypeptide Backbone 

 

Metal centres in metalloproteins and enzymes are normally coordinated to nitrogen (histidine), 

oxygen {glutamato (Glu), aspartato (Asp) or tyrosyl (Tyr)} and sulfur {cysteinyl (Cys) or 

methionyl (Met)} donor atoms from amino acid side chains.3,6  There may also be ligation to 

solvent (aqua or hydroxo) or other substrates including O2 and bicarbonate.3,6  The coordination 

number of the metal centres can vary from three to eight but most commonly the coordination 

number and geometry adopted by the metal ion is 4 (tetrahedral or square planar), 5 (trigonal 

bipyramidal or square pyramidal) or 6 (octahedral). 

 

The Redox potentials of a given metal ion may be modulated by the number and nature of the 

donor ligands to which it is coordinated.2,3,18  This correlates with the hard acid / hard base and 

soft acid / soft base approach of widespread use for regular transition metal complexes.2,3,18  In 

proteins and enzymes, oxygen donor amino acid side chains tend to bind to metals in higher 

oxidation states (M3+ and above), whilst sulfur donors can bind metals in both high and low 

oxidation states (cysteine) or low oxidation states (methionine).  Histidine is omnifarious, binding 

to the more common transition metals in intermediate oxidation states (M+/2+/3+).2-4,6 

 

The polypeptide backbone may facilitate substrate selectivity by exclusion of undesired 

contaminants to the metal site on the basis of their size, shape or charge.19  Moreover, strategically 

placed amino acid side chains can enhance enzymatic catalysis rates by pre-organising the 

substrate into the metal binding site via H-bonding or electrostatic interactions,19 or hydrophobic 

amino acids may line channels to the active site, thus restricting access to charged species.19 

 

Coordination of the polypeptide can impart unusual geometric constraints about a metal ion 

resulting in a coordination geometry that is atypical for a given metal ion.  Such geometries are 

often intermediate between those favoured by simple coordination complexes and are most 

commonly observed in Redox metalloenzymes where the metal ions have different preferred 

geometries in each of their oxidation states.  Adoption of these “high energy” geometries lowers 

the reorganisational energy (λ) associated with geometric changes resulting from changes in metal 

oxidation state enabling rapid electron transfer to occur.  Such coordination geometries have been 

described as “entatic states” by Vallee and Williams.20,21  
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Metal ions can also be incorporated into a protein through a prosthetic organic group that is itself 

not directly associated with the polypeptide.  Examples include the Fe-haem moiety in 

haemoglobin, myoglobin, cytochromes and catalase, the Mg-chlorin group in chlorophyll, Co-

corrin group in Vitamin B12 or the pterin groups associated with molybdenum enzymes. 3,6 

 

The metalloproteins and enzymes of relevance to the current work are those that are used to 

deliver oxygen or use oxygen in the oxidation / hydroxylation of organic substrates.   

 

1.3 Metalloproteins and Enzymes Involving Oxygen 

 

Oxygen is a highly reactive molecule and was responsible for the extinction of many early life 

forms.4,22  Survivors learned how to protect themselves from (or avoid) O2 while others adapted 

ways to use O2 as an energy source.  Today, oxygen is an essential ingredient for most forms of 

life;  its transportation and activation are critical processes in most living organisms.  These 

functions are most often realised by metalloproteins of iron or copper.23  Oxygen carrier proteins 

increase the O2 content in blood by a factor of >30, overcoming the limitations brought about by 

the low solubility of O2 in H2O (40 mg /L ~ 1.25 mM).2,19,24 

 

Some of the protein and enzyme classes that use O2 or its reduced forms as well as the Redox 

process involved are listed in Table 1.1. 

 

Table 1.1:  The reactions of O2, O2
- and H2O2 catalysed by metalloproteins and 

enzymes.25,26   

 

Class Function 

Transport M + O2  M(O2) or M(O)2 

Oxidase O2 + 4e- + 4H+ → 2H2O 

Superoxide Dismutase 2O2
- + 2H+ → H2O2 + O2 

Peroxidase H2O2 + RH → R(OH) + H2O 

Catalase 2H2O2 → O2 + 2H2O 

Monooxygenase O2 + RH + 2e- + 2H+ → R(OH) + H2O 

Dioxygenase (intramolecular) O2 + RH → R(OH)2 / R(OOH) 

Dioxygenase (intermolecular) O2 + RH + RH’ → R(OH) + R’(OH) 
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1.4 Oxygen Carrier Proteins 

 

There are three classes of oxygen carrier proteins known in nature; haemoglobin and its kin, 

haemerythrin and haemocyanin.  The following discussion focuses on those proteins that do not 

contain the Fe-haem grouping; haemerythrin and haemocyanin.  

 

1.4.1 Haemerythrin 

 

Haemerythrin is the O2 carrier in erythrocytes of four phyla of marine animals.14,27-31  

Haemerythrin commonly has an α8 quaternary structure with the identical α-helix subunits 

stacking like a pile of logs (see Figure 1.1), but dimeric, trimeric, tetrameric and α4β4 octameric 

forms are also known.28  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1:  Quaternary structure of haemerythrin (methaemerythin form) from P. 

gouldii. 27  The Fe atoms are represented as purple balls.  

 

Oxygen binding in haemerythrin occurs in a highly conserved hydrophobic pocket.27  The active 

site of the deoxy form of haemerythrin is an asymmetric Fe dimer with one Fe octahedrally 

coordinated with three terminal histidine (His) ligands, two bridging carboxylato amino acids 

(Asp and Glu) and a bridging oxo / hydroxo ligand.28  The second Fe centre is 5 coordinate,32 with 

two His donors in addition to the bridging ligands. (see Figure 1.2)  Mössbauer studies on NO 

bound haemerythrin confirm that the two Fe environments are different.33 
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Figure 1.2: Active site of deoxyhaemerythrin (methaemerythin form) from P. gouldii. 27 

 

Binding of O2 is associated with a reversible electron transfer reaction; O2 is doubly reduced to 

peroxide (O2
2-) and each Fe2+ is oxidised to Fe3+.31  X-ray crystallographic and Raman spectral 

evidence 32,34 indicate that O2
2- binds exclusively to one Fe and is stabilised by hydrogen bonding 

to the bridging hydroxo H atom as depicted in Figure 1.3.27,29,35 
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Figure 1.3: Coordination of O2 to the active site of haemerythrin.  

 

Magnetic susceptibility and Mössbauer studies show antiferromagnetic superexchange between 

the electron spins of the two Fe centres14,28,31,36-38 giving an S = 0 ground state in both deoxy and 

oxygenated forms of haemerythrin.  This is confirmed by the inability to obtain an EPR spectrum 

of the deoxy form, which is further complicated by significant zero field splitting of the S = 1 

excited state.39  The magnitude of the antiferromagnetic superexchange coupling constant 

increases from upon oxygen binding to deoxyhaemerythrin.40,41 
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1.4.2 Haemocyanin 

 

Haemocyanin is the O2 transport protein found in some species of molluscs and arthropods.14,42,43 

Included in this distribution are squids, octopus, lobsters, crabs, spiders and scorpions.  There are 

two noteworthy differences between haemocyanin and the other oxygen carrier proteins; 

haemocyanin is an extracellular protein, existing as large aggregates in the bloodstream of those 

organisms in which it is found, and haemocyanin utilises copper rather than iron as the metal to 

which O2 binds.42,44-46 

 

Minimal homology is observed between haemocyanin from molluscs and that found in arthropods 

apart from a 42 amino acid sequence which incorporates binding to one of the two Cu ions that 

make up the active site.42  Haemocyanins from molluscs have a subunit size of ~ 50 kDa whilst 

for arthropods it is ~ 75 kDa;43 their aggregation behaviour is also dissimilar42,44,47 in molluscs 

hollow cylindrical aggregates of 350 Å diameter form.47  Cephalopods form decameric aggregates 

of mass 350 – 370 kDa, while gastropods have two decamers of total mass 400 – 420 kDa.47  The 

degree of aggregation has been shown to be pH dependent.48-51  A measure of cooperativity in 

binding of O2 to haemocyanin has been reported; this cooperativity requires at least 10 subunits in 

the aggregate42 and is also pH sensitive.47,49-55  The quaternary structure of octopus 

oxyhaemocyanin is shown in Figure 1.4; the Cu ions are shown in orange and the bridging O2 is 

in red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4:  Quaternary structure of octopus haemocyanin.42  The Cu atoms are  

  represented by the orange balls. 
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The active sites of haemocyanin from molluscs and arthropods are spectroscopically almost 

indistinguishable.42  The active site of deoxyhaemocyanin consists of two coordinatively 

unsaturated Cu(I) ions anchored by three histidine ligands in a distorted trigonal arrangement.56  

The internuclear separation between the two Cu ions does appear to vary with source with a 

Cu···Cu separation of 4.6 Å reported for deoxyhaemocyanin from limulus (horseshoe crab)51,57 

whilst other X-ray structures and EXAFS evidence have reported this distance to be as small as 

2.37 Å.47  Most structures of oxyhaemocyanin report Cu···Cu distances of the order of  

~ 3.60 Å.42,58-60   

 

Until relatively recently there was controversy on the coordination mode of O2 in 

haemocyanin.48,61,62  This resulted from the large size of the protein and low resolution of early X-

ray diffraction studies, that could not unambiguously identify all atomic positions in the active 

site.42,44  The coordination motif of the bound O2 was believed to be either side on (μ2:η2), end on 

(μ2) or 1,2-peroxo (μ-η2:η2) (Figure 1.5).  Synthetic model complexes of the active site of the 

protein were prepared as a means of resolving this uncertainty; these are discussed further in 

Sections 1.10 and 1.11.  Inferences were also made on the basis of binding modes of inhibitor 

substrates; in a study where CO was used in place of O2, the position of ν(CO) indicated that CO 

was terminally bound, rather than bridging.61  The structure of the active site was also probed by 

UV/Vis62 and resonance Raman spectroscopy.63  The oxygenated protein is deep blue with an 

intense LMCT band at 345 nm and a group of bands centred around 600 nm.62  Excitation into the 

600 nm chromophore results in strong resonance enhancement of a Raman band at 740 - 750 cm-1 

indicative of a ν(O2) stretch, where the O2 moiety is in the peroxo oxidation state.63   

 

 

 

 (a) μ2:η2 (oxo)   (b) μ-η2:η2 (peroxo)   (c) μ2 (trans-μ-1,2-peroxo) 

 

Figure 1.5:  Potential dioxygen binding motifs in the active sites of haemocyanin and 

structurally related metalloenzymes (a) μ2:η2  (oxo), (b) μ-η2:η2 (peroxo) and 

(c) μ2 (trans-μ-1,2-peroxo). 

 

Thus, the redox process associated with binding of O2 to haemocyanin is analogous to that seen 

with haemerythrin; each metal ion is oxidised by one electron and O2 is doubly reduced to 

peroxide.  X-ray structure data are now available that show the peroxo group bridging the two 

Cu2+ ions in an μ:η2:η2 coordination motif as shown in Figure 1.6. 42   
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   (deoxy)     (oxy) 

 

Figure 1.6:  Active site of haemocyanin from limulus (horseshoe crab)  

(left = deoxy, right = oxy).64 

 

The oxidised form of haemocyanin is EPR inactive because of strong antiferromagnetic coupling 

between the 2 Cu(II) (S=1/2) ions affording an overall S =0 ground state.51,62 

 

1.5 Oxidase Enzymes 

 

Enzymes that are directly involved in oxygen activation are known as oxygenases and oxidases.  

Oxygenases either transfer two oxygen atoms into a substrate (dioxygenases) or introduce one O 

atom into a substrate and reduce the other to water (monooxygenases).14,65  Oxidases fall into two 

classes: those that oxidise a substrate by two electrons with concurrent reduction of O2 to O2
2-, 

and those that oxidise by four electrons coupled with reduction of O2 to H2O.14,65  A great number 

of these enzymes utilise the Fe-haem grouping (akin to haemoglobin) with minor axial ligand or 

porphyrin ring substituent variation used to tune the desired Redox potentials.66  These 

representatives will not be described further in this thesis; instead the current work focuses on 

non-haem Fe and Cu oxidase enzymes.   

 

1.5.1  Non-haem Oxidases / Oxygenases 

 

Non-haem oxidase enzymes are a large class of enzymes that do not contain the haem prosthetic 

group.  The active sites of this group of enzymes fall into two classes: those with mono- or di-

nuclear metal centres.   

 

Due to the enormity of published work on model complexes of oxidase enzymes this dissertation 

will focus on a few select examples of dinuclear oxidases; specifically those that contain 
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heterogenic active sites akin to haemerythrin, or resemble the active sites of the oxygen carriers 

previously described (haemocyanin and haemerythrin).  There are several reviews that discuss the 

model complexes of dinuclear copper and / or iron proteins.  Although model complexes are 

discussed later (Sections 1.10 and 1.11), the reader is directed to the following reviews: 67-76 

 

1.6 Dinuclear Copper Oxidases 

 

A number of di- and multinuclear copper oxidase enzymes are known.77,78  In many cases the 

active site of these species closely resembles the dinuclear site found in haemocyanin.  Some 

examples of this class are described below. 

 

1.6.1 Tyrosinase 

 

Tyrosinase is an enzyme found in bacteria, fungi, plants and animals where it serves as a wound 

response agent.46,79  The discolouration of fruit on exposure to air is a result of the ortho 

hydroxylation of monophenols and the subsequent oxidation of diphenols to quinones catalysed 

by tyrosinase.46,79  O2 is the second substrate in these oxidations.  Tyrosinase has a molecular 

weight of 42 kDa and activity is manifest through two type III Cu centres.46  Tyrosinases exhibit 

unusual reaction kinetics, attributed to the non-enzymic activity of ortho-quinone reaction 

products.46,80,81 

 

The primary, tertiary and quaternary structures of tyrosinase are significantly different to 

haemocyanin yet their active sites bear a strong resemblance.26,46,78,81-83  Each Cu is bound to three 

histidine residues, and O2 binds in a μ-η2:η2 manner between the two Cu ions.  Oxygen-oxygen 

bond lengths and resonance Raman spectra indicate O2 lies in the peroxo oxidation state.84  The 

quaternary structure and Cu2 coordination sites of tyrosinase are shown in Figure 1.7.  Given the 

similarity of active sites, it is not surprising that mollusc haemocyanin also exhibits modest 

phenolase activity.45,79,85  Interestingly, arthropod haemocyanin does not exhibit any phenolase 

activity.56 
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Figure 1.7:  Oxy S. cateaneoglobisporus tyrosinase complexed with a caddie protein on 

addition of H2O2 (left) and the Cu2 active site (right).82 

 

1.6.2 Ascorbate Oxidase 

 

Ascorbate oxidase is a multinuclear copper enzyme found in plants that catalyses the 4- electron 

reduction of oxygen to water with concomitant 1- electron oxidation of ascorbate to 

dehydroascorbate.65,86  Four Cu ions are found in a trinuclear Cu core with the fourth Cu2+ ion 

some ~12 Å distant (Figure 1.8).  All three Cu type environments are found in ascorbate 

oxidase.86  The Cu3 cluster comprises a type III Cu2 grouping in which the Cu ions are bound to 

three histidine ligands (closely resembling the active site of haemocyanin) in an overall trigonal 

prismatic arrangement, the third Cu is bound to two histidine ligands.  In addition to histidine 

ligation, the Cu2 pair is bridged by a OH- (or O2-), and terminal OH- or H2O is bound to the third 

Cu ion.  The fourth Cu ion is a class I type (blue Cu) in which the Cu ion is bound to two 

histidine, methionine and cysteine ligands and serves as an electron sink.  The geometry is 

identical in the oxidised and reduced forms, and this is consistent with an entatic state geometry 

being utilised to facilitate rapid electron transfer. 20,21  

 

Structural evidence65 between the native and reduced forms of ascorbate oxidase show that the 

bridging OH in the Cu2 grouping is lost and each Cu moves towards its terminal histidine ligation, 

becoming three coordinate.  The third Cu ion in the Cu3 group is largely unaffected by the change 

in Redox state.  Binding of peroxide occurs at the type III Cu2 site.  
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Figure 1.8:   Ascorbate oxidase from zucchini, with active site shown right.87  Copper  

atoms are orange. 

 

1.7 Dinuclear Iron Oxidases 

 

Dinuclear iron enzymes incorporating carboxylate bridges between Fe atoms exhibit a diverse 

range of oxidase activities based on terminal amino acid ligation and the proximity of other amino 

acids.88-90  Some members of this class are described below.  

 

1.7.1 Methane Monooxygenase (MMO) 

 

Soluble methane monooxygenase (MMO) is a multiprotein complex of mass ca 300 kDa90,91  

found in methanotrophic bacteria that utilise CH4 as a fuel stock and carbon source.  Methane is 

the most stable of hydrocarbons92 and has a high C-H bond energy and is not readily 

functionalised.  The oxidation of methane to methanol by O2 is catalysed by MMO with NADH as 

an essential cofactor.91,93-97  The protein comprises three components: a reductase of 38.7 kDa, an 

α2β2γ2 hydroxylase of 251 kDa and a regulatory protein of 15.9 kDa.97-99  The hydroxylase 

component has a diiron active site.100,101  The structure of the hydroxylase subunit and the active 

site is shown in Figure 1.9.98,102  The two high spin Fe ions are bridged by a hydroxo, glutamato 

and have terminal glutamato and histidine ligands and the Fe ion spins are antiferromagnetically 

aligned.91  The active site is characterised by more O-donor ligands than found in haemerythrin 

and this stabilises higher Fe oxidation states.28,103,104  The deoxy form of MMO is FeII
2 and it has 

been speculated that the mechanism of oxidation involves formation of oxoferryl(IV) 

intermediates (intermediate Q) which then effect oxygen atom insertion into the  

C-H bond. 28,93,94,96,105,106   
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Figure 1.9:  Quaternary structure of soluble methane monooxygenase hydroxylase with 

bromophenol (left) and the Fe2 active site shown right.99,107 

 

It has been shown for MMO that high valent Fe2
IV or FeIVFeIII intermediates are responsible for 

the oxidation of organic species.95,106  A putative μ-1,2-peroxodiiron(III) species which decays 

into a FeIV
2 cluster has been proposed for methane oxidation.94,101,108-112  X-ray studies in which 

crystals were grown under pressurised Xe gas113 in organohalide solvents indicate that the diiron 

sites lie in hydrophobic cavities, facilitating reaction between the non-polar O2 and CH4 

molecules.  EPR experiments of the one-electron reduced FeIIIFeII protein at 77 K show binding of 

methanol to the FeIII
2 form114 and Lippard and coworkers115 were able to crystallise the protein 

with both methanol and ethanol and noted that methanol symmetrically bridges the two Fe atoms 

whilst ethanol bridges in an asymmetric fashion.   

 

1.7.2 Ribonucleotide Reductase (RnR) 

 

Ribonucleotide reductase (RnR) is a crucial enzyme in DNA synthesis, catalysing the production 

of deoxyribonucleotide precursors.116,117  There are a number of different forms of RnR; 

Rhizobium bacteria have a coenzyme B12 dependent form, other anaerobic bacteria have a 

ferredoxin based system; while a third bacterial form has evolved that contains a Mn2 catalytic 

site.6  The form of RnR found in most higher organisms is an α2β2 protein with a diiron(II) centre 

in one subunit that reacts with O2 in a one electron transfer reaction resulting in formation of an 

endogenous stable tyrosyl radical.3,118,119  This radical is essential for reduction of ribonucleotides 

to deoxyribonucleotides.  The enzyme is large with molecular masses of the order of 200 kDa and 

several subunits.  Allosterism is critical for the function of the enzyme, and the Fe2 site is found at 

the interface of two subunits.  
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The oxidised form of RnR has two Fe(III) ions bridged by one μ-oxo and one glutamato ligand 

(Figure 1.10).  The remaining ligation about the iron ions is asymmetric; one Fe is bound to two 

terminal monodentate glutamato, one histidine and an aqua ligand.  The remaining Fe coordinates 

to a histidine, a bidentate aspartato and an aqua ligand and has a distorted octahedral  

geometry.118-120 

 

Despite having a similar active site to that found in methane monooxygenase the reaction with O2 

mediated by RnR is distinctly different; in MMO the process involves transfer of two electrons 

and catalytic hydroxylation of methane, whilst ribonucleotide reductase carries out a 

stoichiometric one electron oxidation of tyrosine.  The structural basis for the divergent behaviour 

of the proteins has not been elucidated.120 

 

 

 

 

 

 

 

 

 

 

Figure 1.10:  Tertiary structure of ribonucleotide reductase R2 subunit (left) 118 and the 

diiron active site showing proximal tyrosyl radical residue. 

 

1.8 Mononuclear Fe Oxidases 

 

Mononuclear Fe oxidases arguably make up the majority of oxidase metalloenzymes and some of 

the reactions they catalyse are the subject of study within this work.  The literature on these 

enzymes and model complexes, and their catalytic properties has been extensively  

reviewed.25,76,90,103,121-135 

 

1.8.1 Non-Haem Iron Oxidases (NHIO’s) 

 

Non-haem iron oxidases (NHIO’s) are a family of mononuclear iron enzymes that oxidise a 

number of substrates using O2.136,137  The active sites of the enzymes are highly conserved 125,138 

containing an N2O2 donor system; the two nitrogen donors are from histidine residues, one 

oxygen donor is from aspartato / glutamato and the other oxygen donor is from an aqua ligand 
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(Figure 1.11).23,136,138-140  The remaining two coordination sites can be filled through either amino 

acid residues, aqua, formato, substrate, or can remain vacant.  

 

 

 

 

 

 

 

Figure 1.11 :  The generic form of the active site of NHIO enzymes. 

 

The vast majority of NHIO enzymes use Fe(II) centres to activate O2.  They have been a 

challenge to study spectroscopically as they do not exhibit the intense π → π* transitions 

characteristic of the porphyrin ligand.  Moreover, the Fe(II) centre is high spin d6 giving a S = 2 

ground state making it difficult to study using traditional EPR methods.140   

 

Unlike enzymes in which the active site is an Fe-haem where there is only one vacant 

coordination site for the binding of oxygen, NHIO’s have additional and exchangeable positions 

that can not only bind O2 but have the potential to bind the substrate and cofactors such as 2-

oxoglutarate (2-OG).  The chemical processes catalysed by NHIO’s have been extensively 

reviewed.25,76,90,103,121,123,124,126,133,136-138 

 

1.8.2 Proline-3-hydroxylase 

 

Proline-3-hydroxylase139 (P-3-H) is an example of a monooxygenase enzyme that catalyses the 

hydroxylation of proline in the 3 position as illustrated in Figure 1.12.  P-3-H exhibits two 

selective properties; the hydroxylation occurs in the 3 position, and that the hydroxylation is cis 

relative to the carboxylic acid group in the 2 position.   

 

 

 

 

 

 

Figure 1.12:  The hydroxylation of proline in the 3 position catalysed by the Fe protein 

proline 3-hydroxylase. 
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Proline 3-hydroxylase is an α2β2 protein with a mononuclear Fe centre contained in each subunit 

as the active site.  The coordination motif of the Fe is believed to comprise two histidines, one 

aspartato and three aqua ligands.  The aqua ligands were not located by X-ray crystallography but 

elongation of electron density trans to the aspartato residue suggests aqua ligation in the axial 

position. P-3-H is dependent on 2-oxoglutarate; which is proposed to bind to the iron centre 

inducing its activity.25  

 

The mechanism of action of P-3-H is postulated to involve Fe(II), (III) and (IV).127  The iron 

centre is “activated” by the presence of the substrate, then O2 coordinates to the metal centre 

forming an Fe2+-O2 motif.25  This in turn initiates the decarboxylation of 2-oxoglutarate in a one 

oxygen transfer process and results in the fragmentation of the peroxo group to form a high spin 

FeIV=O intermediate.140  Numerous physical measurements have detected this species including 

UV/Vis, EPR, Mössbauer, Raman and EXAFS spectroscopies.25  CO2 is released followed by a 

geometric shift of the oxo group from the axial position to an equatorial position.  The ferryl oxo 

reacts with the substrate via hydrogen abstraction to form a hydroxo ligand and a carbon centred 

proline radical.  The hydroxo group is then transferred from the iron centre to the substrate. 

 

1.8.3 Naphthalene Dioxygenase 

 

Naphthalene dioxygenase is a non-haem iron dioxygenase enzyme that catalyses the selective di-

hydroxylation of naphthalene with loss of aromaticity, with the aid of NAD(P)H, a proton source 

and O2 to form (+)-cis-(1R,2S)-dihydroxy-1,2-dihydronaphthalene (Figure 1.13).137,141-146  

 

 

Figure 1.13:  The di-hydroxylation of naphthalene catalysed by naphthalene dioxygenase. 

 

Naphthalene dioxygenase is a α3β3 hexamer in which there are three iron ions found in the α 

subunits.  Two of these iron centres comprise a Rieske [Fe(his)2(μ-S)2Fe(cys)2] ferredoxin 

electron source located ~ 43 Å distant to the hydroxylation site containing one Fe coordinated in a 
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distorted octahedral motif to two histidine, a bidentate aspartato and an aqua ligand as shown in 

Figure 1.14.143-148  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14:  Quaternary structure of naphthalene dioxygenase showing Fe2S2 Rieske 

ferredoxin and Fe hydroxylation site (left), and the hydroxylation Fe site 

with naphthalene (right). 146 

 

The catalysis requires 2 electrons that originate from NAD(P)H that are transferred via an electron 

transfer chain consisting of a iron-sulfur flavoprotein reductase, a ferredoxin, the Rieske iron 

centre142,149 in the enzyme and finally the Fe hydroxylation site of the enzyme.143-145  The distance 

between the Rieske centre and the Fe hydroxylation site within each subunit is too great at 47 Å 

for intra-subunit electron transfer.  Instead, electron transfer is achieved by an inter-subunit 

electron transfer mechanism where the distance between the Rieske centre and the iron in the 

active site is ~ 12 Å.143-145,150  Insights into the mechanism have come from detection of new 

intermediates including a putative HO-FeV=O intermediate as depicted in Figure 1.15. 144,145,151 

 

 

 

 

 

 

 

Figure 1.15:  Proposed intermediate in the dihydroxylation of naphthalene catalysed by 

naphthalene dioxygenase.144,145,151 
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Oxygen-18 labelling experiments144,145,151 and discrepancies in the Fe-η2-O2 bond lengths suggest 

a OOH grouping similar to that found in cytochrome P450.  Labelling experiments suggest that 

the enzyme allows solvent exchange but excludes the peroxo addition pathway proposed by 

Que122 on the basis of model complex studies, as indicated in Figure 1.16.   
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Figure 1.16:  Que’s proposed mechanism of action of naphthalene dioxygenase. 122 

 

1.9 Model Complexes of Metalloproteins 

 

The difficulty of extracting large quantities of metalloproteins, and more particularly 

metalloenzymes, their large size (molar mass) and high degree of solvent association often 

preclude X-ray crystal structure determinations with sufficient resolution to unambiguously 

describe metal active site coordination geometries.15  In the case of enzymes it is extremely 

difficult to crystallise the enzyme - substrate complex; instead inferences are made on the basis of 

enzyme-inhibitor complexes.  Moreover, many enzymes exhibit turnover rates in excess of 106 s-1 

ensuring the lifetime of the enzyme-substrate adduct is sufficiently short that other spectroscopic 

means may not be useful.  One approach to glean information about the active site of a 

metalloprotein is to prepare synthetic analogues and compare spectroscopic and other data 

between the synthetic model and the protein.  Model complexes of metalloproteins and enzymes 

are studied for two main reasons:  potentially gleaning mechanistic insights into the processes that 

the protein or enzyme carries out, and mimicking the catalytic function of the enzymes.15  
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1.9.1 Requirements for a Useful Model Complex of a Metalloprotein or Enzyme 

 

There are several basic tenets for what makes a useful synthetic model complex of a 

metalloprotein or enzyme.  The metal(s) should be identical to those found in the protein and they 

should exist in the same oxidation states with the same coordination number and similar ligation.  

This similarity can be as simple as the same donor atoms (the imidazolyl N donor of histidine can 

be modelled with amines, or more accurately heterocyclic aromatic amines such as pyridine or 

pyrazole).  Finally, and this is the most difficult to achieve, the model complex should exhibit 

similar spectroscopic, electrochemical and substrate binding properties and ideally show catalytic 

activity. 

 

1.10 Model Complexes of Non-Haem Oxygen Carrier Proteins and Oxidase Enzymes 

 

1.10.1 Spontaneous Self-Assembly 

 

The simplest model complexes of the dinuclear O2 carriers haemocyanin and haemerythrin as well 

as related oxidase enzymes including tyrosinase and methane monooxygenase (MMO) have been 

made by “spontaneous self-assembly”.  This term, coined by Holm 15 for the preparation of Fe4S4 

‘cubane’ complexes as models of ferredoxins, describes the formation of the desired nuclearity 

metal complex by simply mixing the metal salt and appropriate ligands in the correct 

stoichiometry; the species forms on its own, and is a consequence of the relative stability of the 

motifs utilised by proteins and enzymes.   

 

The earliest (and simplest) approach to preparing such complexes is to provide terminal ligands 

that have the same donor atoms as the amino acid side chains in the native protein in the 

appropriate stoichiometry.  For example, a 2,2’-bipyridyl ligand can be used to model two cis-

histidine residues.  Similarly, tridentate N donor ligands such as 1,4,7-triazacyclononane, 

[9]aneN3, can be used to represent three histidine residues.  

 

This reaction type is limited because of the lack of control over the nuclearity of the complexes 

formed; it is not uncommon to form mononuclear species {such as the bis(tridentate ligand)metal 

complex} or larger aggregates where the number of metals is greater than two.   

 

 

 

 



 19

1.10.2 Dinuclear Copper Complexes 

 

Due to the number of model complex studies of oxidase enzymes this dissertation only focuses on 

a few examples of dinuclear oxidases; specifically those that contain heterogenic active sites akin 

to haemerythrin or resemble the active sites of the oxygen carriers previously described 

(haemocyanin and haemerythrin).  There are numerous reviews that discuss the model complexes 

of dinuclear copper and / or iron proteins.  Although model complexes are discussed here, if the 

reader desires further information the following reviews are recommended. 66-75 

 

The first commonly utilised method of preparing dinuclear copper complexes is via reaction of O2 

with a copper(I) monomer ligated to a bi- or tridentate N- donor ligand at -78° C to form the 

symmetric dimeric copper(II) species as outlined in Figure 1.17.152-166  Bridged O2 species can 

also be prepared by addition of H2O2 to a [{CuL}2(μ-OH)2] complex (L = substituted 

trispyrazolylborate). 166 

 

+

CH3CN

Cu

H3CCN
CH3CN

CH3CN Cu
CH3CN

+ +

CuCu

2+

 
 

Figure 1.17:  Formation of a symmetric CuII
2 (μ-η2:η2 O2) motif complex by reaction of a 

mononuclear Cu(I) complex and O2.  The blue balls represent N-donor 

atoms, and the red balls oxygen atoms. 

 

The manner of O2 bridging in dinuclear Cu model complexes has been found to depend on the 

ancillary ligation about the Cu ions.74  The steric bulk of both the terminal ligand(s), potential to 
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engage in hydrogen bonding and the electronic nature of the N- donor (primary, secondary or 

tertiary amine, pyridine) can affect the preferred O2 bridging motif.  In all cases, the coordination 

of O2 to Cu coincides with a Redox process; each Cu(I) is oxidised to Cu(II) and O2 is reduced to 

peroxide (O2
2-). 74 

The effect of alteration of the steric bulk of the terminal ligand on the O2 bridging motif can be 

illustrated with R3tmpa ligands158,167-173 (Figures 1.18 and 1.19).  Increasing the size of the R-

groups from H to Me to Ph completely alters the binding and affinity of the complex to oxygen. 

 

 

 

 

 

 

 

 

Figure 1.18:  R3tmpa ligands (R = H, Me or Ph). 

 

When R = H the copper dimer exists with O2 in a trans-μ-1,2-peroxo coordination motif, while 

where R = Me the observed O2 bridging mode is μ2:η2 (oxo) and where R = Ph the complex is 

unreactive towards O2, possibly because the phenyl groups deny access of the O2 to the Cu 

coordination sphere.158,167-173  
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Figure 1.19: Effects of steric bulk on the ligand on the mode of O2 binding. 

 

Figure 1.20 shows two Cu complexes with similar terminal ligation but contrasting O2 binding 

motifs.  The ancillary ligand (a) is a derivative of tris-(2-pyridylmethyl)amine (TMPA) 158,167-173 in 

which the pyridyl groups have a 3- amino substituent, while (b) shows the complex with bis-6-

(di(2-picolyl)methanol)-1,2-di-(2-picolyl)ethane. 174  The NH2 substituent groups on the modified 

TMPA ligand are capable of forming H- bonds with the bridging O2 ligand which accordingly 

adopts the trans-μ-1,2-peroxo bridging mode.  No such groups are present in (b) and the peroxo 

ligand μ-η2:η2 form is seen.  This motif may be reinforced by the bridging nature of the ancillary 

ligand. 
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  (a)      (b) 

Figure 1.20:  Variation in bridging O2
2- mode as a result of variation in terminal ligands 

on each Cu (a) trans-μ-1,2-peroxo, and (b) μ-η2:η2 motif.  

 

Table 1.2 shows typical Cu - Cu, O - O and Cu - O distances for complexes in which each of the 

three O2 binding motifs are observed.  Also shown are the electronic absorptions in the near 

ultraviolet and visible regions of the electromagnetic spectrum and resonance Raman shifts for the 

ν(O – O) and ν(Cu – O) vibrations.   

 

The Cu ··· Cu distance in complexes with a peroxo bridge is longer than that of the corresponding 

oxo bridged species, and the distance is almost 1 Å greater when the O2 binds in a trans-1,2-

peroxo mode than in a μ-η2:η2 manner.  The peroxo O – O distance is unaffected by the favoured 

bridging mode of coordination.  In contrast, the ν(O – O) Raman shift is some 70 cm-1 lower in 

energy in the μ-η2:η2 complexes than in the trans-1,2,-peroxo form.   
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Table 1.2:  Spectroscopic data and bond distances of copper model complexes of Cu2 metalloproteins and enyzmes. 73,175 

 

Binding Interatomic Distances 

                        (Å)  

UV/Vis  

λ (nm)            ε (M-1cm-1) 

rR (cm-1) 

                        ν   

μ2:η2 (oxo)  Cu—Cu  

O—O  

Cu—O  

2.80 

1.32 

1.82 

300  

400 

 

20,000 

25,000 

Cu2 - O2    600 

μ-η2:η2 (peroxo)  Cu—Cu  

O—O  

Cu—O  

3.51 

1.42 

1.92 

340-380  

 

510-550  

18,000 - 25,000 

1000 

O—O 

 

730-760 

μ2 (trans-μ-1,2-peroxo) Cu—Cu  

O—O  

Cu—O  

4.36 

1.43 

1.85 

530  

600 

10,000 O - O  

Cu – O  

830 

555 
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1.10.3 Dinuclear Iron Complexes 

 

When the X-ray crystal structure of haemerythrin was first reported 27,28,176 the observation of 

a dinuclear Fe oxygen binding site led to interest in the preparation of oxo- / carboxylato 

bridged dimeric Fe complexes.177,178  Although unknown at the time179 this moiety proved to 

be thermodynamically stable, and complexes were readily prepared with the dinuclear 

bridging oxo/carboxylato core.  

 

Early model complex studies involved reaction between a tridentate ligand (e.g. 1,4,7-

triazacyclononane, ([9]aneN3)179-181 (Figure 1.21(a)) or hydrotris(pyrazolyl)borate (Tp) 182-184 

(Figure 1.10.6(b)) with an Fe(III) salt in the presence of two stoichiometric equivalents of a 

carboxylate salt in a protic solvent to form symmetrical dinuclear complexes177 as represented 

by [{FeIII(Tp)}2(μ-OAc)2(μ-O)] in Figure 1.22.   

 

N

N

N

N
N

B

N

N

N

N

H

R
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R

R'

R'

R

R'

R

 
   (a)     (b) 

Figure 1.21: Facially coordinating tridentate ligands used as caps in model complexes 

of enzyme active sites (a) 1,4,7-triazacyclononane, and (b) 

hydrotris(pyrazolyl)borate.  The tendency to form bis(tridentate) 

complexes may be circumvented by increasing the size of R  (R = Me, R’ 

= Me, Ph, tBu). 
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Figure 1.22: Stick representation of [{FeIII(Tp)}2(μ-OAc)2(μ-O)].182   

Key: C = gray, H = white, Fe = purple, N = light blue, O = red, B = pink.  

 

The bridging acetato motifs in these complexes correspond to the bridging glutamato and 

aspartato amino acid residues found for haemerythrin.177  The bridging oxo group is common 

as well.  The preparation above inevitably results in the formation of the both the desired 

bis(μ-acetato)(μ-oxo)Fe(Tp) dimer, but also [Fe(Tp)2] which can be separated by fractional 

crystallisation from acetonitrile.182  The formation of monomeric complexes bearing two 

tridentate ligands can be circumvented by increasing the steric bulk of these ligands.  

Examples of ligands utilised for this purpose are 1,4,7-trimethyl-1,4,7-triazacyclononane and 

a variety of trispyrazolylborates where the functionality of R and R’ can be varied from R = 

Me through to Ph or tBu (Figure 1.21).177 

 

It has been remarked that these diiron complexes simulate the inactive met form of 

haemerythrin, i.e. they are not functional models as they lack a vacant coordination site where 

oxygenation can occur.177  Some time later Wieghardt and coworkers185 using Fe(III) starting 

materials prepared a dinuclear Fe(III) complex in which one Fe was terminally bound to the 

tridentate Me3[9]aneN3 and the other bound to 2,2’-bipyridyl (Figure 1.23).  The {Fe2(μ-

O)(μ-O2CR)2} core was retained in the complex with the remaining coordination site 
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occupied by a chloro or aqua ligand.  Attempts to displace these groups by reaction with H2O2 

resulted in O2 evolution, indicating that the complex has catalase activity. 

 

Fe

N

N

ON
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X

O

O

N

N
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Figure 1.23: Haemerythin model complex developed by Wieghardt and coworkers185 

(X = Cl- or H2O).  

 

Lippard extended his previously described method (above) with Tp by using a series of 

bidentate ligands such as 5,5’-dimethyl-2,2’-bipyridyl, bis(1-methylimidazol-2-

yl)phenylmethoxymethane (BMPMM) 147,186 and N,N’-dimethylethylenediamine (Figure 1.24) 

enabling a sixth coordination site to be free or occupied by a labile ligand such as a halide.  

This approach often used either bulky (e.g. 2,6-di-p-tolylbenzoic acid) or di-carboxylates (e.g. 

m-phenylenedipropionic acid) as bridging ligands (Table 1.3).186-188 
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Table 1.3:  Summary of the N- donor ligands and carboxylic acids used by Lippard and coworkers for the spontaneous self assembly of Hr 

models. 

Nitrogen 
ligands 
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  (a)    (b)   (c) 

 

 

 

  (d)         (e) 

Figure 1.24:  Bidentate ligands and bridging carboxylate ligands employed by 

Lippard and coworkers (a) 5,5’-dimethyl-2,2’-bipyridyl, (b) bis(1-

methylimidazol-2-yl)phenylmethoxymethane (BMPMM), (c) N,N,N’,N’-

tetramethylethylenediamine, (d) m-phenylenedipropionate, and (e) 2,6-

di-p-tolylbenzoic acid. 147 

 

Starting with the FeIII salts Lippard was able to synthesise two complexes that have two 

carboxylato (in the form of m-phenylenedipropionic acid (MPDPA, Figure 1.24(e)) and an 

oxo ligand bridging motif.147  This assembly has the notable advantage that the sixth 

coordination site is occupied by a labile chloro ligand (Figure 1.25), which is an inherent 

problem associated with the use of tridentate ligands.  

 

 
Figure 1.25:  X-ray crystal structures of [Fe2(μ-O)(μ- MPDPA)(BMPMM)2Cl2] and 

[Fe2(μ-O)(μ-MPDPA)( 5,5’-Me2bipy)2Cl2] (MPDPAH = m-

phenylenedipropionic acid ). 147 
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In both of these examples, the two Fe centres are six coordinate with the coordination sphere 

being occupied by 2N , 3O and Cl donors, and are typical of this type of haemerythrin model 

formed with bi- and tridentate ligands in the presence of a carboxylic acid using an FeIII salt.  

This methodology generates symmetrical dinuclear complexes where the two Fe centres are 

bridged by two carboxylato and either an oxo or hydroxo ligand.  The successful preparation 

of complexes with binucleating nitrogen donor ligands with bulky carboxylic acid ligands 

opened the pathway for the use of FeII salts, allowing O2 binding experiments to be 

conducted. 

 

By altering the steric bulk of the carboxylato ligand Lippard and co-workers showed that the 

binding mode of O2 could be altered.199-202  When 2,6-di(p-tolyl)benzoic acid191-198 was used 

the trans-μ-1,2-O2 binding motif was proposed, whilst with dibenzofuran-4,6-

bis(diphenylacetate), O2 is believed to adopt a terminal O2 binding motif.202  The two O2 

complexes displayed differing spectroscopic properties in low temperature solution but the 

final solid state structures are identical with respect to the coordination of O2 and the 

coordination geometry about the Fe centres.  

 

The self assembly approach was taken further by Lippard and co-workers147 where the 

mononuclear FeII complex was exposed to O2 at low temperature forming a dinuclear Fe 

complex incorporating the trans-μ-1,2-O2 motif as depicted in Figure 1.26.  

 

 

 

Figure 1.26:  The reaction between mononuclear Fe complexes and O2 and the X-ray 

crystal structure of a dinuclear Fe complex bridged by a trans-μ-1,2-O2 

motif.147 

 

One of the great failings to date of synthetic model complexes of haemerythrin is that they 

generally are symmetric (i.e. the coordination about each metal is identical).  An accurate 

model for oxy-haemerythrin has yet to be reported.  It requires opening up a vacant site on a 

Fe2
II unit and binding O2.  Another close reproduction of the heterogeneity of the metal 

coordination sites in haemerythrin was by Tolman, Bino and Lippard203 using  
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bis(1-methylimidazol-2-yl)phenylmethoxymethane as the ligand (Figure 1.27).  
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Figure 1.27 : Haemerythrin model complex and its oxygenation product of Tolman 

and coworkers.203  

 

The deoxygenated form of the complex is asymmetric akin to the geometry observed in 

deoxyhaemerythrin.  The Fe(II) complex is bridged by three formato ligands (two in an μ2 

fashion and one as μ2:η2) analogous to the bridging motif of the glu and asp amino acid side 

chains in haemerythrin.  One Fe is six coordinate being terminated by a 2N,O ligand donor 

system, where the N donors are provided by the bis(1-methylimidazol-2-

yl)phenylmethoxymethane ligand and the O donor is from a formato ligand.  The second Fe 

centre is five coordinate and has a 2N donor terminal ligand set.  Exposure of the complex to 

air was shown to promote a 2e- oxidation of the FeII
2 centre to FeIII

2 with concurrent reduction 

of O2 to O2
2-.  The oxo bridge is formed with concomitant migration of the μ2:η2- formato 

bridge to the 5 coordinate Fe centre to give a symmetrical complex. 

 

When dibenzofuran-4,6-bis(diphenylacetate) (Ph4DBA) (Figure 1.28) and TMEDA are 

combined with [Fe(OTf)2(CH3CN)2] in THF/CH3CN with a stoichiometric amount of water a 

heterogeneic dinuclear complex forms (shown in Figure 1.29).  One Fe is five coordinate with 

a 2N donor system from tetramethylethylenediamine and a three O donor system where two 

ligated O donors come from Ph4DBA and the third O from OH-.  The second Fe is six 

coordinate with the sixth coordination site occupied by a triflate anion.  The 77 K zero-field 

Mössbauer spectrum displayed a very broad doublet (Γ ≈ 0.70 mm s-1) that was fitted to two 

overlapping quadrupole doublets, reflecting the differences in the coordination of the two Fe 
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centres.  When the triflato complex was subjected to a metathesis reaction involving the non-

coordinating teraphenylborate anion the asymmetric core remained intact and the triflato 

ligand was replaced by CH3CN, retaining the 5 and 6 coordination numbers of the two Fe 

centres.  When the triflato complex was exposed to oxygen in CH2Cl2 at -78º C in the 

presence of methylimidazole, an red-orange solution formed with absorptions at 336 and 470 

nm (ε = 7300 and 2600 M-1 cm-1 respectively) that bear a resemblance to those of oxyHr (330 

and 500 nm, ε = 6800 and 2200 M-1 cm-1).202  Excitation of the oxygenated species at 514.5 

nm yielded a resonance enhanced Raman band at 843 cm-1 falling within expected range for a 

O - O metal bound peroxo stretch.  The authors did note that the binding of oxygen remains to 

be fully established. 

 

O
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HOOC
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Ph

 
 
Figure 1.28:  Dibenzofuran-4,6-bis(diphenylacetate) (Ph4DBA). 

 

 
Figure 1.29:  X-ray crystal structure of  

[Fe2(μ-OH)(μ-Ph4DBA)(TMEDA)2(CH3CN)]+. 202 
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The self assembly approach has been the most widely used in generating Hr model 

complexes.  For further reading see the following references: 177,181,183,188,204-244  whilst the 

following references describe complex self assembly with concomitant O2 

binding.184,189,193,195,196,202,245-254 

 

1.11 Formation of Dinuclear Metal Complexes via Incorporation of Ligands 

Possessing Both Terminal and Bridging Functionality 

 

A more sophisticated approach to form dinuclear metal complexes is to design ligands that 

have the ability of coordinating two metal ions.  Such ligands, in the simplest instance, are 

essentially an extension of the terminal ligands described in Section 1.10.3, that are connected 

by an alkyl chain or other grouping.  With these linked ligands providing the terminal ligation 

on each metal the bridging motif of the complexes can be varied by addition of suitable 

bridging species (e.g. carboxylates or phenoxides).  An example of this class of ligand was 

reported by Wieghardt255 and Sessler 256,257 in which two 1,4,7-triazacyclononane ligands are 

attached by an ethylene group which is shown in Figure 1.30(a).  

 

 

 

 

 

 

 

 

   (a)     (b) 

Figure 1.30:  (a) Bis-(1,4,7-triazacyclononanyl)-1,2-ethane (left) and  

(b) N,N,N’,N’-tetra(2-picolyl)-1,2-diaminoethane (right). 

 

The advantage of these linked ligands is that they afford some control over the nuclearity of 

the final complex but they do not assure formation of a dinuclear species.  The linked bis-

1,4,7-triazacyclononane ligand shown in Figure 1.30(a) has been found in an array of 

multinuclear metal complexes ranging from 1 to 4 metal ions.255-257  Similarly, McKenzie and 

coworkers 258 obtained a range of complexes using tetra-2-picolyl ethylenediamine (Figure 

1.30 b). 

 

A number of ligands in which a phenolate group is positioned to act as a bridge between two 

coordination pockets have been prepared.71,103,259-261  The metal complexes of a number of 
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these species in which additional bridging ligation was provided has recently been reviewed. 
260,262,263  The generic structure of this class of ligands is shown in Figure 1.31. 

 

OH

NN
N N

NN  
Figure 1.31: Generic structure of phenolate bridged dinucleating ligands. 

 

In the early 90’s Que and coworkers264 used 2,6-bis[(bis(2-pyridylmethyl)amino)methyl]-4-

methylphenol (HBPMP, Figure 1.32a) to model the active site of Hr.  The complex (Figure 

1.32b) contains two symmetrical Fe centres that are bridged by the phenolate from the ligand, 

two propionato ligands and terminated by the three nitrogen donors of the HBPMP ligand.  
 
 

 

 

  (a)       (b) 

Figure 1.32:  The ligand 2,6-bis[(bis(2-pyridylmethyl)amino)methyl]-4-methylphenol 

(HBPMP) used to model Hr and (b) the crystal structure of the Fe 

complex. 264 

 

Karlin and Solomon265-267 used the analogous ligand with a m-phenylene bridge with copper 

to obtain, at low temperatures, an oxygenated complex in which the O2 binding parallels that 

in Hr.  The in situ synthesis of the ligand where the aromatic spacer is oxidised to form the 

phenol is characteristic of tyrosinase activity (Section 1.6.1).  The approach utilises two CuI 
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centres and O2 as depicted in Figure 1.33.  Once the aromatic spacer has been oxidised to the 

phenol, demetallation results in the isolation of the ligand.  
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Figure 1.33:  The tyrosinase like activity in the synthesis of   

2,6-bis[[bis(2-pyridylmethyl)amino]methyl]-phenol 265-270 

 

Upon addition of O2 to a solution of the Cu2 complex at -70° C an intense violet colour 

develops.  This colour is believed to result from the species depicted in Figure 1.34.  Upon 

warming these decompose to give the hydroxo bridged species.  

 

 

 

 

 

 

  

 

 

 

Figure 1.34:  The proposed binding of O2 to the copper centres for Karlin’s model 

complexes.265-268 
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The violet colour is comprised of a strong band at 503 nm (ε = 6300 M-1cm-1) and a weak 

component at 625 nm (ε = 1100 M-1 cm-1) that were assigned as σ- and π- LMCT bands 

arising from the coordinated peroxo ligand to Cu2+.  These spectral features are not present in 

either the starting materials or in the decomposition product.  Resonance Raman spectra of the 

complex exhibited peaks resulting from ν(O-O) at 803 cm-1 (18O2  at 750 cm-1) consistent with 

the peroxo oxidation state and ν(Cu-O) at 488 and 464 cm-1.  Initial simulations of the 

resonance Raman spectra were inconclusive in determining the mode of O2 binding. 265,266  It 

wasn’t until 1998 72,271 that reversible O2 binding was shown and that the O2 binding was 

determined to be end on as depicted in Figure 1.34. 

 

This work was advanced by Karlin and coworkers272 who synthesised an unsymmetrical 

ligand (UN2-OH) with N2 and N3 coordination pockets separated by a m-xylyl grouping.  

The crystal structure was reported for the dinuclear copper complex (Figure 1.35) where an 

acetonitrile ligand occupies the fifth coordination site on one Cu2+ ion.  

 

OHN N

N N N
 

 

Figure: 1.35: X-ray structure of the UN2-OH ligand (left) and the complex 

cation [Cu2(UN2-O)(μ-OH)(MeCN)]2+ (right). 272 

 

A Cu2(UN2-O) complex with bound O2 has been spectroscopically observed268 with EXAFS 

data favouring an unsymmetrical O2 terminal binding motif.  EPR spectral evidence was 

obtained for a valence localised CuICuII species following outer sphere oxidation of the CuI
2 

complex by ferrocenium cation.  

 

Masuda and coworkers273 also used ligand design to incorporate two metal ions using 

N,N,N’,N’-tetrakis(6-pivalamido-2-pyridylmethyl)-1,3-diaminopropane (TPPPN) as depicted 

below (Figure 1.36). 
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Figure 1.36:  TPPPN: A ligand designed to provide terminal and bridging 

coordination modes for two metal ions. 

 

The linked ligands shown in Figure 1.36 can be further extended by incorporation of a donor 

capable of acting as a bridge into the overall ligand design.  This has the advantage that 

formation of dimeric species is favourable but the disadvantage is that the complexes become 

limited in the diversity of other bridging groups that can be utilised.  Masuda and 

coworkers273 extended on from the TPPPN ligand with N,N,N’,N’-tetrakis(6-pivalamido-2-

pyridylmethyl)-1,3-diaminopropan-2-ol (HTPPDO) (Figure 1.37) in which a hydroxyl group 

is incorporated between the tertiary amines that acts as a bridging unit.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.37:  HTPPDO: a ligand in which incorporation of a hydroxyl group into the 

ligand framework allows both terminal and bridging coordination to 

both metals.  
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Using HTPPDO and by varying the form of the carboxylate from the sodium salt to the free 

acid of parachlorobenzoic acid the coordination of the two Fe ions could be altered from the 

symmetrical system to the asymmetric system as illustrated in the following Figure 1.38. 
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Figure 1.38: Representation of the two crystal structures of  

[Fe2(HTPPDO)(μ-O2C(p-C6H4Cl)]3+.  Shown left is the unsymmetrical 

motif when p-chlorobenzoic acid is used and right when the sodium salt 

of the acid is used.273  Only the donor atoms of HTPPDO are shown for 

clarity. 

 

When the sodium salt of p-chlorobenzoic acid is used the alkoxide group from the HTPPDO 

ligand bridges the two Fe ions in a symmetrical manner.  This is not the case when the acid is 

used; the alcohol coordinates in an unsymmetrical way to one Fe ion and remains protonated.  

In this example one Fe is six coordinate and the other seven coordinate.  This subtle change in 

coordination number facilitates vastly different O2 binding behaviour between the two 

complexes.  At low temperatures, Arii et al. 273 proposed that only the unsymmetrical 

complex reacts reversibly with O2 (Figure 1.39).  
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Figure 1.39:  Arii et al. 273 proposed binding of O2 to  

[Fe2(HTPPDO)(μ-O2C(p-C6H4Cl)]3+; ligand backbones have been 

removed for clarity. 

 

Lippard and coworkers274 more recently utilised this method to propose terminal O2 binding 

by using two ligands based on 2,7-bis([2-(2-pyridyl)ethyl]aminomethyl-1,8-naphthyridine 

(BPEAN) (Figure 1.40). 
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Figure 1.40:  Dinucleating polypyridyl ligand, BPEAN where R = H or Et.275 
 



 39

Following the addition of H2O2 to the {Fe2(BPEAN)} complex, a new unsymmetrical species 

forms; a triflato ligand coordinates to one Fe giving rise to a complex where one Fe is six 

coordinate and the other only five coordinate.  As a result of this asymmetry, Lippard 274 

proposed that the binding of O2 to the iron complex is in the terminal manner analogous to the 

proposed binding of O2 in Hr.  At higher temperatures the O2 cleaves to form an oxo bridged 

species as shown in Figure 1.41.  
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Figure 1.41:  The proposed binding of the O2 to {Fe2(BPEAN)} 274  (where  

BPEAN has not been drawn fully for clarity) and the crystal structure of 

the complex cation [Fe2(BPEAN)(μ-OH)(OTf)]2+. 

 

 

The binding of H2O2 to {Fe2(BPEAN)} was studied at low temperature by UV/vis, Raman 

and Mössbauer spectroscopies and a comparison was made to the spectra of haemerythrin.  

Lippard and coworkers274 proposed that O2 binding is the same as found in Hr.  Also included 

was a comparison with [Fe2(μ-OH)(μ-Ph4DBA)TMEDA)2(CH3CN)]+ as elaborated in Table 

1.4. 
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Table 1.4:  Spectroscopic comparison between Hr and two of Lippard’s complexes with hydrogen peroxide.274   

 

Complex UV-Vis (λmax, nm (ε, M-1cm-1)) rRaman (cm-1) 

ν(O-OH)  

rRaman (cm-1) 

ν(O-OD)     

Mössbauer (mm/s) 

δ 

Mössbauer (mm/s) 

ΔEq 

Hr 330 (6800) 

500 (2200) 

844 (798) 848 0.51, 0.52 1.96, 0.95 

[Fe2(BPEAN)(μ-OH)(OTf)]2+ 505 (1500) 868 (828) 871 0.51, 0.50 1.78, 1.11 

[Fe2(μ-OH)(μ-Ph4DBA)(TMEDA)2(CH3CN)]+ 470 (2600) 843 (797)  0.50 1.48 
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A number of groups 276-281 have used the dinucleating ligand N,N,N’,N’-tetrakis(2-

pyridylmethyl)-2-hydroxy-1,3-diaminopropane, HPTP (Figure 1.42) and proposed that O2 

binding to the Fe2 complex was in the trans-μ-1,2 mode.  

 

OH

N N

N

N N

N
 

 

Figure 1.42:  N,N,N’,N’-Tetrakis(2-pyridylmethyl)-2-hydroxy-1,3-diaminopropane, 

HPTP. 76,125,276,279 

 

Carboxylate ligands were used to bridge the two metals in addition to the HPTP ligand 

resulting in Fe complexes in which the number bridging carboxylates differed.  Figure 1.43(a) 

shows the complex with one bridging pentafluorobenzoato ligand while Figure 1.43(b) shows 

the complex bearing two bridging benzoato ligands.  The HPTP alcohol also acts as a bridge 

and the complex is terminated by the 3N donors of the HPTP ligand.  When only one 

carboxylate is bridging the two Fe centres the complex is unsymmetrical where one Fe is 6 

(4N,2O) coordinate with an CH3CN molecule occupying one axial position, whilst the other 

Fe centre is 5 (3N, 2O) coordinate.  This binding motif is similar to that of Hr.  Que and 

coworkers276 investigated the binding of O2 to these complexes and proposed that the binding 

of O2 was in the trans-μ-1,2 mode.  They also noted the carboxylates stabilise the O2 binding 

so that the complexes with two carboxylate bridges are stable at higher temperatures when 

exposed to O2.  Que proposed that the binding of O2 proceeds via ligand exchange where the 

carboxylate ligands transform from bidentate bridging to monodentate terminal coordination 

modes.  
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Figure 1.43:  X-ray structures of [Fe2(HPTP)(C6F5COO)(MeCN)]2+ (top) and  

[Fe2(HPTP)(C6H5COO)2]+ (bottom). 276 

 

McKee et al. 282 examined magnetic exchange between two Cu2+ ions mediated via the alkoxo 

group of N,N,N’,N’-tetrakis(ethylbenzimidazolyl)-2-hydroxo-1,3-propanediamine and a 

second exogenous bridging ligand (Figure 1.44).  They found that superexchange was 

favoured when the second bridging ligand contained two atoms rather than three because of 

counter complementarity of the magnetic orbitals.  Chen et al. 283 prepared the Fe carboxylato 

species with the same briding ligand and obtained both di- and tetranuclear complexes.  The 

superexchange in the dinuclear species was antiferromagnetic (J = -83 cm-1) but the 

magnitude of the exchange was lower than found for the corresponding HPTP complexes.  

Jung et al.284 also used this ligand to investigate exchange in Cu2 complexes mediated by 

para-substituted benzoatao ligands bearing nitro or nitronyl nitroxide or t-butyl nitroxide 

radical groups and found for all three complexes a ferromagnetic exchange constant of  

J = +28 cm-1.  



 43

 

N N

N

N

N

R

R

HO

N

N

N

N N

R

R

 
 

Figure 1.44: N,N,N’,N’-Tetra(benzimidazolyl)-2-hydroxy-1,3-propanediamine. 282,283 

 

A more subtle approach to inducing asymmetry in the coordination sites of Fe2 systems has 

been adopted by Kanda et al.,285 Greatti et al.,286 Lambert287 and Chardon-Noblat et al.288,289 

who prepared ligands in which one picolyl pendant is replaced by a benzyl, phenol or 

chlorophenyl ring and made dinuclear complexes in which the two Fe centres were bridged 

by the phenolate group (as shown in Figure 1.45) as well as by the two carboxylate moieties 

of m-phenylene dipropionate.  The sixth coordination site on one Fe was taken up by a 

methanol ligand.  Mixed valence Fe(II)/Fe(III) complexes were prepared and were found to 

be valence localised.285,289 
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Figure 1.45: Unsymmetrical binucleating ligands used to prepare model 

complexes of haemerythrin (Y = H, OH, Cl). 285,286,289-291 
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A similar asymmetric tris(benzimidazolyl) ligand has been developed for this purpose by 

Balch and coworkers (Figure 1.46).279,280,292,293  The FeII
2 benzoate bridged complex of that 

species also oxidises to a mixed valent FeII/FeIII state.  
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Figure 1.46: N,N,N’-tri(benzimidazolyl)-N’-methyl-2-hydroxy-1,3-propanediamine. 

 

1.12 Binucleating Macrocyclic Ligands 

 

Macrocyclic ligands that include two separate coordination pockets have also been designed 

and synthesised.  These can be further functionalised to include donor atoms at positions that 

facilitate bridging of the two metals.  A feature of the design of these ligands is the nature of 

the spacer between the two coordinating pockets; the linker must be sufficiently rigid that the 

ligand does not fold back on itself and coordinate all its donors to the one metal, but must not 

be so long that the two coordination pockets are so distant that bridging between the two 

metals is impossible.  Archetypal generic examples of such macrocyclic ligands are shown in 

Figures 1.47 and 1.48.  
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Figure 1.47: Aza-macrocyclic ligands with two coordination pockets.  The linker R 

must be sufficiently rigid to prevent all donors binding to one metal, and 

short enough to ensure that the two metals can be bridged.  
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Macrocyclic ligands offer the advantage over the open analogues by enforcing a dinuclear 

metal core.  These types of ligands are discussed as models in more detail in Chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.48: Macrocyclic ligands that provide N- donors for two metal ions. 

 

1.13 Model Complexes of Mononuclear NHIO Enzymes 

 

Mononuclear Fe(II) and Fe(III) complexes have been extensively investigated as models of 

NHIO enzymes, including a number of investigations on the catalytic utility of the complexes. 
125,130,138,189,294-314  These studies include the oxidation of alkanes to form alcohols and ketones, 

oxidation of alkenes to form epoxides, alcohols and ketones, and as well as the oxygenase 

capabilities to cleave the aromatic rings of catechols in the manner of the intra- and extradiol 

dioxygenases as shown in Figure 1.49. 
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Figure 1.49:  Intradiol (top) and extradiol (bottom) ring cleavage of substituted 

catechols. 
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The active site of the extradiol dioxygenases closely resembles that of the other NHIO 

enzymes, but the intradiol dioxygenases have a monomeric Fe(III) bound to two histidine as 

well as two tyrosine ligands as well as solvent (H2O or OH-) groups (Figure 1.50).  This has 

resulted in many model complexes incorporating phenoxo (or alkoxo) donors rather than 

carboxylato ligands in the overall synthetic strategy.   
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Figure 1.50:  Iron coordination environment in intradiol (left) and extradiol (right) 

dioxygenases. 123 

 

Most of the earliest model complexes of NHIO enzymes utilised tripodal tri- or tetradentate 

N- donor ligands such as tris(pyrazolyl)borates, [9]aneN3 or TMPA.310,315-318  Both the ferrous 

complexes [FeL(CH3CN)2]2+ and ferric [FeCl2/3L] species have been studied toward this 

end.310,319  Several groups have now prepared complexes containing the FeIV=O group, 

Wieghardt and coworkers using cyclam with an acetate arm,320 Que and coworkers321,322  

using TMPA or methylated cyclam,323 which has been implicated in the mechanism of action 

of NHIO enzymes.  Que 125,324,325 found a correlation between the Lewis acidity of the Fe 

centre and the oxidase activity of the complex.  The Lewis acidity of the Fe was modulated by 

replacement of TMPA with other ligands such as tris(benzimidazolyl)amine (ntb) (Figure 

1.51) 326  
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Figure 1.51:   Tris(benzimidazolyl)amine, ntb. 221,326 
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Que and coworkers used TMPA and BPMEN ligands as templates (Figure 1.52) to form 

monomeric Fe(II) complexes in which the octahedron was made up with two cis chloro or 

acetonitrile ligands.319,327,328  The BPMEN complex was found to a superior catalyst for the 

oxidation of cyclohexane by H2O2. Isotope labelling studies show that O2 is not implicated in 

the oxidative process.   
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Figure 1.52:  TMPA (left) and BPMEN (right) ligands. 

 

Mandon and coworkers316,329 functionalised the pyridyl groups of TMPA with bromo, phenyl 

and p-anisole groups with the intention of obviating its donor ability allowing the arm to 

dangle free and thus be available for other reactivity.  They found that the Fe(II) complexes in 

which the TMPA derivative ligands had functionalisation on two rings that a mononuclear 5-

coordinate Fe complex formed, in which one of the pyridyl arms was detached from the 

metal.  

 

Following the wealth of work on Fe TMPA complexes, Feringa and coworkers303 developed 

ligands Py3NR bearing the tris(pyridyl) donor motif of the general form shown in Figure 1.53.  

Complexes of the form [Fe(L)(CH3CN)2]2+ were prepared and their oxidation potentials and 

catalytic utility on the peroxide oxidation of both alkanes and alkenes examined.  They found 

a significant solvent dependence on both the reactivity and selectivity of the complex.  
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Figure 1.53: General structure of Py3NR ligands (R = H, CH3, 2-picolyl, benzyl).303 
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The ferrous Py3Me and Py3Bz complexes were active towards cyclooctene in both acetonitrile 

and acetone, affording after 1 h in acetonitrile both the cis- epoxide (TON = 14 and 16) and 

meso-1,2-diol (TON = 22 and 14) with a trace of the rac-1,2-diol (TON = 1 and 0), while in 

acetone the TON for epoxide were largely unchanged but that of the meso-diol diminishes 

(TON = 0.2, 3) with an increase in the rac-diol (TON = 4 and 10).  The catalyts show lower 

activity than the analogous NPy4 and TMPA complexes301 and significantly lower activity 

than the analogous ferrous bpmen complex.330 

 

With cyclohexene both autoxidation products (allylic alcohol (TON 28) and ketone(TON 7) 

and epoxide (TON 11), meso-diol (TON 13) and rac-diol (TON 0.7) were obtained for 

[Fe(Py3Me)(CH3CN)]2+ in MeCN.  Lower overall yields of oxidation products at the alkene 

group were found in acetone.  18O labelling studies support the assertion that the catalytic 

species incorporates both H2O2 and H2O.  

 

Over a series of papers Krebs and coworkers331-335 investigated the catechol dioxygenase 

activity of Fe(III) chloro complexes with TMPA analogues with mixed pyridyl / imidazolyl / 

benzimidazolyl and quinolyl functionality in which one arm was varied from ligand to ligand 

(Figure 1.54).  Octahedral complexes [FeCl2(L)]+ and a oxo-bridged dinuclear complex 

[{FeCl(bpia)}2(μ-O)]2+ form.  Reaction of the complexes with catechols resulted in a colour 

change from yellow to deep purple (a result of catecholato – Fe(III) LMCT bands) and the 

progress of the conversion of various catechols to cleavage products was determined by the 

gradual diminution of the intensity of these LMCT bands or by 1H NMR spectroscopy.  

[FeCl2(bpia)]+ was the most efficient catalyst achieving a TON of 80 within 12 h, attributed to 

result from a combination of the small size of the substituent groups on the ligand and the 

relatively high Lewis acidity imparted on the Fe(III) by the ligand.  They also investigated the 

reactivity towards the inhibitor tetrachlorocatechol (tcc) and were able to crystallise the tcc 

bound adducts, in which tcc acts as a bidentate catecholato ligand.  
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Figure 1.54: TMPA derivative ligands in which one or more pyridyl group is replaced 

by another N- donor. 331-335 

 

Mandon and coworkers316,329,336 functionalised one pyridyl ring of TMPA with a 

methoxyphenyl group to modulate the Lewis acidity of the Fe(III) complex and also to 

discourage formation of a Fe2 species.  Similarly, Celinligil-Cetin et al.337 used steric bulk on 

a tetradentate tripod ligand (Figure 1.55) to form an orange Fe(II) complex, that upon 

exposure to O2 became dark blue.  Subsequent tests confirmed oxidation to Fe(III) and 

terminal hydroxo ligation.  
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Figure 1.55: t-Butylbenzene functionalised 2,2’,2”-triaminophenylamine. 

 

McKenzie and coworkers338,339 and later Simaan and coworkers340-343 prepared the Fe(III) 

complex of the asymmetric N,N,N’-tri(methyl-2-pyridyl)-N’-methyl-ethylenediamine ligand 

(Figure 1.56) in which a terminal hydroperoxo group was also ligated, and found that on 

addition of base, deprotonation of the hydroperoxo ligand, loss of one pyridyl donor from the 

Fe coordination sphere and a rearrangement of the peroxo group to the η2-O2 motif occurred.  

The spin-state of the ferric ion also changed from low to high spin with associated red shifting 
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of the absorption maxima with the diminution of the overall ligand field strength of bound 

groups.  

 

Fe
N

N N

OOH

N

N

N N

N
N

N

Fe
N

N O

O

N

N

N

N

- H+

H+

L =

LS FeIII  (S = 1/2)
purple

HS FeIII  (S = 5/2)
blue  

 

Figure 1.56:   N,N,N’-Tri(2-methylpyridyl)-N’-methylethylenediamine ligand (top) and 

peroxo ligand coordination mode change on addition of base to a Fe(III) 

hydroperoxo complex.281,338,339  

 

Palaniandavar and coworkers 326,344,345 examined the catechol dioxygenase activity of Fe(III) 

complexes of a number of tri- or tetradenate ligands containing phenolato, pyridyl, imidazolyl 

or benzimidazolyl moieties.  The generalised structures of these ligands are shown in Figure 

1.57.  In contrast to the work of Que and Krebs, phenolato groups were incorporated into the 

ligands, so that they better represent the active sites in catechol dioxygenase enzymes in 

which there are bound tyrosine amino acids.  The Fe(III)/Fe(II) reduction potential was found 

to move to more negative values when the ligand incorporated the phenolato arm relative to 

those ligands which were exclusively N- donor, paralleling a decrease in the Lewis acidity of 

the Fe(III) centre.  Further anodic shifting of the reduction potential was seen on catechol 

binding to Fe(III).  Palaniandavar and coworkers326,344,345 found that changes in the Lewis 

acidity of Fe(III) by coordination of phenolato groups did not adversely affect the oxygenase 

potential of the complex.  
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Figure 1.57: Ligand frameworks used by Palaniandavar and coworkers326,344,345 for 

Fe(III) model complexes of catecholase dioxgenase. 

 

Once it was realised that the intradiol dioxygenases contained two tyrosine groups it was 

immediately apparent that salen groups would also provide the N2O2 donor set.  Velusamy et 

al.346 used functionalised salen ligands and N,N-dimethyl-N’,N’-bis(hydroxy-3,5-

dimethylbenzyl)-ethylenediamine (Figure 1.58) to model the N2O2 donor sets of intradiol-1,2-

dioxygenase enzymes and found limited intradiol cleavage catalytic activity, concluding that 

these ligands can stabilise the five coordinate Fe geometry found in intradiol-1,2-

dioxygenase.  
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Figure 1.58: Salen and heteroscorpionate ligands providing N2O2 donor sets. 
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1.13.1 Heteroscorpionate Ligands 

 

As the active site of NHIO enzymes has the conserved (histidine2carboxylato) donor 

grouping, and intradiol oxygenases also have bound tyrosine ligands, a more accurate model 

complex would have similar O donors rather than the N4 motif provided by ligands such as 

TMPA.  This has led to the development of ‘heteroscorpionate’ ligands, based on the general 

tripodal structure of TMPA but in which the “arms” of the ligands differ in the nature of their 

donor groupings.125,138   

 

Fenton and coworkers347-350 and Patten and coworkers351 have prepared and characterised Cu 

complexes with heteroscorpionate ligands bearing two pyridyl N- and phenolate O- donor 

groups.  Fenton347-349 varied the length of the alkyl groups joining the tertiary amine hub of 

the ligand and the pyridyl moieties were varied.  The monomeric [CuL(OAc)] and dinuclear 

[CuL]2
2+ complexes in which the phenoxo group bridges the two Cu2+ ions were crystallised. 
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Figure 1.59: Heteroleptic tripod amine ligands containing two pyridyl and phenolato 

donors.  

 

Nishida et al.352 prepared the tri(benzimidazolyl)amine, N,N-

bis(benzimidazolyl)aminomethylpyridine and  

N,N-bis(2-methypyridyl)-2-hydroxy-4-nitrobenzylmethylamine complexes possessing a Fe2 

μ-oxo, μ-acetato core.  Subsequently, Nishida and coworkers353 crystallised mononuclear 

[FeIIICl2L] complexes with the tripod ligand containing two pyridyl and phenolate donor 

groups, and investigated the reactivity of these compounds with H2O2.  A colour change from 

violet to yellow is seen in these reactions, consistent with the loss of coordination of the 

phenolate group, suggesting attack of peroxide on the bound phenolate arm of the tripod 

ligand.   This reactivity was found to be strongly dependent on functional groups on the 

phenol ring.  The potential of the complexes to catalyse the oxidation of cyclohexane by H2O2 
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was also investigated.  It was found that only the species for which the colour change 

occurred facilitated oxidation.  A similar bis(methylpyridyl)phenolamine ligand was used by 

Yamahara et al.354 to form a di-t-butylcatecholato Fe(III) complex as a model of the active 

intermediate of intradiol dioxygenases. 

 

Li et al. 205 similarly used N,N-bis(2-methylpyridyl)hydroxyethylamine to create dinuclear 

Fe(III) complexes in which the metals are doubly bridged by the ethoxide arms.  The intradiol 

catecholase activity of these species was determined on di-t-butylcatechol by measuring the 

change in intensity of the catecholate-Fe LMCT band in the visible / near infrared and GC-

MS characterisation and quantification of oxidation products.  
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Figure 1.60: N,N-Bis-(2-methylpyridyl)hydroxyethylamine. 

 

McKenzie and coworkers258,355 prepared 3-[bis(2-pyridylmethyl)]aminopropionic acid, bpp 

(Figure 1.61) and its Fe complexes.  The anticipated product was an Fe2 complex in which the 

propionate group of the bpp ligand bridged the two metals, but instead an oxo bridged Fe2 

species with terminal aqua ligation and a second dimer also with oxo bridging between the 

metals and additional exogenous bridging by acetate were obtained.  The analogous ethanoic 

acid complex has been used by Vahrenkamp and coworkers356 to explore model complexes of 

zinc enzymes.  

 



 54

N

N

N

O

OH

 
Figure 1.61: bpp ligand developed by McKenzie and coworkers.258,355 

 

More recently McKenzie and coworkers357 demonstrated hydroxylase activity on a 

coordinated ligand where oxidation was promoted by Fe(III).  Two related pentadentate 

ligand ligands (Figure 1.62) used; that with a benzyl appendage was oxidised affording a 

bound phenolato group, whilst the methyl analogue oxidised to form an N- oxide, that 

displaced one pyridyl group from the Fe centre.   
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Figure 1.62: Coordinated ligand oxidation by peroxide mediated by Fe(III).357 
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Hemmert et al.358 used a similar tripod ligand bearing two methylpyridyl or 

(methyl)imidazole arms and an ortho toluic acid arm (Figure 1.63) and isolated diferrous 

complexes in which the carboxylato groups bridge the two metals in a syn,anti- fashion. 
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Figure 1.63: Bis-(N-heterocycle)benzoate tripod ligands.  

 

Lanznaster et al.359 used an asymmetric phenylenediamine ligand with three di-tert-

butylphenol pendant arms (Figure 1.64a) to isolate a 5 coordinate Fe that resembles the active 

site geometry of intradiol dioxygenases.  The complex was seen to form phenoxy radicals 

under oxidising conditions.  A similar 5 coordinate Fe species was prepared by Krebs and 

coworkers360 using a group of di halo substituted bis(phenol)methylpyridylamine ligands 

(Figure 1.64b). 
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Figure 1.64: Bulky pentadentate (a) and bis(phenol)methylpyridineamine ligands (b)  

(X = Cl or Br) used to form 5 – coordinate Fe intradiol dioxygenase 

model complexes.359,360  

 

Burzlaff and coworkers361-363 developed the anionic bis(3,5-dimethylpyrazolyl)acetate 

(bdmpza) ligand (Figure 1.65) and analogues with larger functionality.  The ligands are 

sufficiently small and inflexible that fac tridentate binding of their pyrazole and carboxylate 



 56

groups is assured.  They found that bulky R groups (e.g. tBu) are necessary on the ring to 

prevent formation of the [FeL2] complex.  Mono- and dinuclear complexes (in which the 

acetato group bridges the metals) have been prepared, with Fe(II) favouring formation of the 

dinuclear form, but the Fe(III)Cl3 monomer was found to be stable.  
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Figure 1.65: Bis(3,5-dimethylpyrazolyl)acetate (bdmpza) ligand (where R = CH3).  

 

1.14 Objectives of the Current Study 

 

Dinuclear metalloproteins often exhibit heterogeneity in the coordination environments of 

their metals, either in coordination number or the nature of the ligand donor sets.  

Haemerythrin is the epitome of this class; a dinuclear Fe active site in which the two Fe 

centres are terminated by a different number of histidine residues.  Small model complexes of 

the active sites of these proteins often fail to replicate the heterogeneity of the coordination 

environments and / or any structural distortion from standard coordination geometries about 

the metals bought about by the polypeptide.  The aim of this dissertation was to replicate the 

heterogeneity of the active sites of these proteins by synthesising multi metal complexes in 

which the metals exist in different coordination environments.  

 

This dissertation reports the syntheses of model complexes designed specifically to replicate 

the active site of dinuclear heterogenic and NHIO metalloproteins.  The complexes have been 

characterised by numerous spectroscopic and physical techniques including UV/Vis, infrared, 

NMR, and EPR spectroscopy, mass spectrometry.  The redox characteristics have been 

examined by cyclic and differential pulse voltammetry and the magnetic properties of several 

species have been investigated by magnetic susceptometry.   

 

The initial approach described in Chapter 3 is to fuse two monomeric copper complexes 

together to form heteroleptic copper dimers.  If this were successful the two copper centres 
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would differ either in the nature of the terminal ligand (i.e. bipy vs. phen) or the coordination 

number of each of the copper ions (i.e. 2N vs. 3N).  The focus of this approach is that one of 

the mononuclear copper starting materials has a terminal ligand, that could readily 

interconvert into a bridging mode (e.g. acetato), facilitating formation of a dinuclear 

heteroleptic complex. 

 

The second approach adopted in this dissertation (Chapter 4) is to imitate the polypeptide 

function through the use of macrocyclic ligation about the metal.  The direction is to design 

macrocyclic ligands that may incorporate two metal centres into two different aza 

coordination pockets.  A number of 2N:3N and 3N:4N heterodentate macrocycles have been 

designed and synthesised including those where bridging phenoxy groups were also 

incorporated into the macrocycle architecture, and their Fe2 complexes prepared. 

 

An extension to the original goals is to model the active site of mononuclear non-haem iron 

oxidase enzymes (NHIO’s).  This is achieved using tripodal amines in which the donor of 

each of the arms could be systematically varied from N donor to O donor (and varied from 

carboxylate to phenolate).  The preparation of these species is described in Chapter 5.  The 

final objective of the current work (also described in Chapter 5) is determination of whether 

these complexes exhibit catalytic oxidase potential, specifically that to facilitate the oxidation 

/ hydroxylation of alkenes by hydrogen peroxide.  
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CHAPTER 2 Experimental Methods and Syntheses 
 

2.1 Instrumentation 

 

2.1.1  Infrared Spectra 

 

Diffuse reflectance Fourier transform infrared spectra (DRIFTS), nujol mulls, thin films and 

pressed KBr discs of the ligands and metal complexes were collected on a Nicolet Nexus 670 

/ 870 infrared spectrophotometer.  KBr was used as both the background and the matrix over 

the range 400 – 4000 cm-1.   

 

2.1.2 Nuclear Magnetic Resonance (NMR) Spectra 
 

1H and 13C NMR spectra were recorded at 298 K on a Varian 300 MHz NMR spectrometer at 

JCU or on a Bruker 600 MHz NMR spectrometer at The Australian Institute of Marine 

Science (AIMS) (by Associate Professor Bruce Bowden).  Spectra were recorded of the 

complexes as solutes in D2O (99.9% Sigma-Aldrich), CDCl3 (99.8% + 0.05% TMS , Sigma-

Aldrich), DMSO-d6 (99.9%, Sigma-Aldrich), CD3CN (99.8% + 0.03% TMS , Sigma-

Aldrich), acetone-d6 (99.9% + 1% TMS, Sigma-Aldrich) or DMF-d7 (99.5%, Sigma-Aldrich).  

In all cases 1H referencing was made to the residual 1H reference of the solvent (HDO = 4.79 

ppm, CHCl3 = 7.27 ppm, DMSO-d5H = 2.50 ppm, CH3CN = 1.94 ppm, DMF = 8.03, 2.92 and 

2.75 ppm, acetone = 2.05 ppm) or to the internal standard tetramethylsilane (TMS) = 0 ppm.  
13C shifts were referenced against DMSO = 39.51 ppm, CDCl3 = 77.23 ppm, CD3CN = 

118.69 ppm, DMF = 34.89 or 29.76 ppm, acetone = 29.92 ppm, or to the internal standard 

TMS at 0 ppm.  TMS was the preferred reference for both 1H and 13C NMR spectra. 

 

2.1.3 X-ray Crystallography 

 

X-ray crystal structure data were collected at James Cook University on a Bruker SMART 

CCD 1000 diffractometer at 293 K using graphite monochromated Mo Kα (λ = 0.71069 Å) 

radiation and the SMART operating software.1  Acquisition parameters for each structure are 

contained in the crystallographic information files (CIF) in Appendices 1.1 – 1.21.  The data 

were corrected for absorption using the program SADABS 2 within the SAINT 3 program.  

The structures were solved using direct methods and refined on F2 using SHELX-974 using 

WIN-GX 5 or SIR-97 6 as interface.  Unless otherwise specified, all non-hydrogen atoms were 

located and were refined with anisotropic thermal parameters.  Hydrogen atoms were 
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included in calculated positions or located and were refined with isotropic thermal 

parameters.  CIF format7 files of each structure are provided as in Appendices 1.1 – 1.21 on 

the Supporting Information compact disc.  Unless otherwise stated the molecules were plotted 

showing 50% anisotropic thermal ellipsoids using ORTEP-III 8 and rendered using 

POVRAY.9  The ORTEP8 atomic colour scheme used throughout this thesis is: C – gray 40%, 

H – gray 70%, N – slate blue, O – red, Cl – forest green, Cu – copper, and Fe – purple.  

 

The X-ray data for [{Cu2Cl3(SYM(P)}2(μ-Cl)]ClO4 (CJE18) and  

[{Fe2(M2)}2(μ-O)2]Cl4.6H2O (CJE19) were collected at 183 K by Dr John McMurtrie at 

Queensland University of Technology on a Oxford Diffraction Ltd CrysAlis CCD 

Diffractometer using CrysAlis CCD software Version 1.171.32.13.10  Cell refinement and 

data reduction were carried out using CrysAlis RED.10  An empirical absorption correction 

using spherical harmonics, implemented in SCALE3 ABSPACK10 scaling algorithm was 

carried out.  The *.ins and *.hkl files were sent to JCU and the structures solved and refined 

in an identical manner to that described above.  

 

2.1.4 Electrochemistry 

 

Electrochemical experiments were performed under argon using a BAS-100A electrochemical 

analyser.  Cyclic and differential pulse voltammograms were recorded in acetonitrile or N,N-

dimethylformamide with NBu4PF6  as supporting electrolyte using a glassy Carbon working 

electrode, Pt auxiliary electrode and an Ag/AgCl or Ag/AgNO3 (0.02 M NBu4B(C6F5)4 in 

CH3CN) reference electrode.  Unless otherwise stated Cyclic Voltammograms (CV) were 

collected at a scan rate of 100 mV s-1.  Differential Pulse Voltammograms (DPV) were 

collected with a sweep width rate of 4 mV s-1, and a pulse amplitude, width and period of 

5mV, 60 ms and 1s respectively.  

 

2.1.5 Electron Paramagnetic Resonance Spectroscopy 

 

Electron Paramagnetic Resonance spectra were recorded on a JEOL JES-TE200 ESR 

spectrometer using a CW X-band source at JCU or at the University of Queensland by 

Associate Professor Mark Riley on a Bruker Biospin Elexsys E580 EPR spectrometer fitted 

with a super high Q cavity.  Magnetic field and microwave frequency calibration were 

achieved with a Bruker ER 036M Teslameter and a Bruker microwave frequency counter.  

Single crystal measurements were made at room temperature using an automated goniometer.  
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For low temperature measurements, the temperature was controlled using a flow-through 

cryostat in conjunction with an ITC 504 controller.  
 

2.1.6 Chromatography 

 

Vacuum liquid chromatography was performed using T.L.C. grade silica (Merck) particle 

size, 90% < 45 μm. 

 

For Gas Chromatography a J and W Scientific (Agilent) HP-1 column (length,15 m; inner 

diameter, 0.250 mm; Film 0.10 μm) was used with N2 (make up gas), He (carrier gas), H2 and 

compressed air with a flame ionisation detector (FID), using a HP5890 gas chromatographer. 

GC-MS were recorded using a Varian CP-3800 Gas Chromatograph coupled to a Varian 

1200L triple quadrupole Mass Spectrometer (in Chemical Ionisation (CI) mode).    

 

2.1.7 Mass Spectrometry 

 

Electrospray Ionisation (ESI) and Atmospheric Pressure Chemical Ionisation (APCI) mass 

spectra were collected on a Varian 1200L Mass Spectrometer using a syringe pump for direct 

injection at a rate of 20 μl / minute.  

 

High Resolution Mass Spectra were collected at AIMS; electrospray ionisation mass spectra 

were collected on a Bruker BioApex 47e Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometer by Dr Chris Glasson. 

 

2.1.8 UV/Vis Spectroscopy 

 

UV/Vis spectra were recorded on a CARY 5E UV/Vis/NIR spectrophotometer interfaced to 

Varian WinUV software over the range 280 – 800 nm. 

 

2.1.9 Magnetic Susceptibility Measurements 

 

Magnetic susceptibilities of [{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]ClO4 (CJE9),  

[{Cu(t-Bu2bipy)}2(μ-OAc)2(µ-DMF)](ClO4)2 (CJE11), [{Cu(tBu2bipy)4(μ3-OH)4](ClO4)4 

(CJE12), [{Fe2(M2)}2(μ-O)2]Cl4 (CJE19) and [Fe2Cl2(pbpa)2] (CJE20) were collected on a 

Quantum Design DC MPMS5 Superconducting Quantum Interference Device (SQUID) 

magnetometer with an applied field of 0 - 5 Tesla in the temperature range 1.8 – 400 K at 
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Monash University by Dr Boujemaa Moubaraki and Professor Keith Murray.  The crystalline 

samples were enclosed in a calibrated gelatin capsule positioned in the centre of a drinking 

straw fixed to the end of the sample rod.  Effective magnetic moments, per mole, were 

calculated using the relationship μeff = 2.828(χmT)½ where χm is the susceptibility per mole of 

complex.  

 

2.1.10 Magnetic Circular Dichroism (MCD) Measurements  

 

MCD spectra of a 3.2 mM solution of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 in an 

ethanol/methanol (50:50) glass in a 2 mm path length quartz cell were measured at ± 7 Tesla 

with an Oxford Instruments Spectromag using an silicon avalanche photodiode detector, with 

a Lastek designed MCD instrument11 at the University of Queensland by Associate Professor 

Mark Riley.  

 

2.1.11 Microwave Syntheses 

 

Reactions involving the use of microwave irradiation under high pressure were performed on 

a CEM MARS express 5 in pressurised sealed quartz reaction vessels.  Temperature and 

pressure were monitored with a CEM XP-1500 compatible fibre optic temperature sensor and 

ESP-1500 Plus pressure sensor.  Solvents were freshly distilled, dried and degassed prior to 

their use in the microwave. 

 

2.1.12 Mössbauer Spectra 

 

The Mossbauer spectrum at 78 K of [{Fe2(M2)}2(μ-O)2]Cl4 (CJE19) was collected in the 

Physics Department, Monash University by Dr John Cashion using a standard 

electromechanical transducer operating in a symmetrical constant acceleration mode.  A 

conventional He bath cryostat was employed for temperature control with the sample 

maintained in exchange gas.  Data were collected with an LSI based 1000 channel 

multichannel analyser. Velocity calibration was made with respect to iron foil. Spectra were 

fitted with a Lorentzian line shape.   
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2.2 Materials 
 

2.2.1 Reagents 

 

All reagents were of laboratory grade quality and were purchased from Sigma-Aldrich and 

were used as received without any further purification except for the following:  

Anhydrous FeCl2 was obtained by dehydration of FeCl2.4H2O in a vacuum oven at 110° C for 

5 days.  It was stored in a desiccator over 4Å molecular sieves. 

Cuprous chloride was dissolved in concentrated HCl, precipitated with water, filtered and 

washed with water, ethanol and ether, dried and stored in a desiccator.   

Tripyridylmethanol (Py3COH) was a gift from Professor Richard Keene (JCU).  

 

2.2.2 Solvents 

 

For reactions where dry solvents were required, the desired solvent was distilled under a N2 

atmosphere: CH2Cl2, CH3CN and MeOH from CaH; ether, hexane, benzene, toluene, THF 

from sodium benzophenone ketyl; cyclohexene from Na; EtOAc and acetic anhydride from 

K2CO3; tert-Butyl alcohol from Mg activated with iodine (Grignard distillation), petroleum 

spirit was distilled from the drum.  N, N-Dimethylformamide was pre-dried with K2CO3, 

filtered then distilled under reduced pressure and stored over molecular sieves.  Immediately 

prior to use N, N-dimethylformamide was chromatographed through activated alumina 

followed by silica.  

 

2.2.3 Safety Warning on the Use of Metal Perchlorate Salts 

 

Many of the complexes described in this thesis were precipitated and / or crystallised as their 

perchlorate salt.  While no difficulties were encountered in the present work, readers should 

be aware that perchlorate salts of metal complexes with organic ligands are potentially 

explosive.   
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2.3 Preparation of Metal Complexes  

 

2.3.1 Preparation of [CuCl2(L)] 

 

Where L =  

N N

R1

R2 R2

R1

N N

R1 R1

R2 R2

OH

N

N N
 

 

Where R1 = H or CH3 and R2 = H, CH3, t-butyl or Ph. 

 

The dichloro complexes were synthesised by dissolving the ligand L in a minimum volume of 

MeOH and adding a solution containing 1 stoichiometric equivalent of CuCl2 in a minimum 

volume of MeOH.12  A green precipitate immediately forms and the suspension was stirred 

for an additional 45 min, then the precipitate was filtered off and washed with MeOH and 

ether and dried at the pump.  These species were not further characterised prior to use.  

 

2.3.2 Synthesis of [Cu(OAc)2(bipy)]13 

 

2,2’-Bipy (0.43 g, 2.7 mmol) in DMF (10 ml) was added to a solution of [Cu2(OAc)4].2H2O 

(0.81 g, 4.1 mmol) in DMF (20 ml).  The mixture was stirred for 5 h then the blue precipitate 

was filtered off and washed with ether and dried at the pump to give [Cu(OAc)2(bipy)]. (0.82 

g, 90 %).  

FT-IR (KBr, cm-1): 2923, 1580, 1400, 1375, 1317, 1248, 1027, 923, 771, 676. 

uv/vis (H2O): λmax = 674 nm , ε = 387 Lmol-1cm-1. 

 

2.3.3 Synthesis of [{Cu(t-Bu2bipy)}2(μ-OAc)2(µ-DMF)](ClO4)2 

 

Method A 

 

[Cu(OAc)2 (bipy)] (0.338 g, 1.00 × 10-3 mol), [CuCl2(t-Bu2bipy)] (0.403 g, 1.00 × 10-3 mol) 

and NaClO4 (0.280 g, 2.00 × 10-3 mol) were dissolved in DMF (20 ml) and stirred at room 

temperature.  An aqueous solution of AgNO3 (0.1 M, 20 ml ) was added and the slurry was 

stirred at room temperature for 1 h then the AgCl precipitate was filtered off.  Blue crystals of 
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[Cu(t-Bu2bipy)}2(µ-OAc)2(µ-DMF)](ClO4)2 suitable for X-ray diffraction were obtained on 

prolonged standing of the filtrate (35 mg, 8 %).  

 

Method B 

 

[CuCl2(t-Bu2bipy)] (0.403 g, 1.00 × 10-3 mol), NaOAc.3H2O (0.272 g, 2.00 × 10-3 mol) and 

NaClO4 (0.280 g, 2.00 × 10-3 mol) were dissolved in DMF (20 ml).  An aqueous solution of 

AgNO3 (0.1 M, 20 ml) was added followed by the precipitation of silver chloride.  The slurry 

was stirred at room temperature for 1 h then the AgCl precipitate was filtered off.  

Evaporation of the filtrate yielded [Cu(t-Bu2bipy)}2(µ-OAc)2(µ-DMF)](ClO4)2 (55 mg, 13 %) 

(un-optimised yield).   

 

Method C 

 

This preparation is as described in Method B above (Section 2.3.3) with [CuCl2(t-Bu2bipy)] 

(0.040 g, 1.0 × 10-4 mol), NaOAc.3H2O (0.027 g, 2.0 × 10-4 mol), NaClO4 (0.028 g, 2.0 × 10-4 

mol) combined in DMF (2 ml), the addition of aqueous AgNO3 solution (0.1 M, 2 ml), 

stirring for 1 h, followed by the removal of the AgCl precipitate by filtration.  The filtrate was 

evaporated to dryness on a rotary evaporator under reduced pressure leaving a green / blue 

precipitate.  The precipitate was recrystallised from boiling water affording blue X-ray 

diffractable crystals of [{Cu(t-Bu2bipy)}2(μ-OAc)2(µ-DMF)](ClO4)2 (Yield 40 mg, 94 %).  

uv/vis (CH3CN): λmax = 628 nm, ε = 154 Lmol-1cm-1  

IR (KBr, cm-1): 2973, 1546, 1485, 1412, 1378, 1251, 1058, 1031. 
1H NMR (300 MHz, DMF-d7): δ (ppm):  8.03 (b,s), 2.90 (s), 2.86 (s), 2.73(s), 2.68(s) and 0.89 

(s, t-butyl).  
1H NMR (300 MHz, CD3CN): δ (ppm):  2.97 (s, N-CH3), 2.84 (s, N-CH3), 0.98 (s, t-butyl).  

Ep = +0.100 DPV (Ag/AgCl). 

  

2.3.4 [Cu4(µ-OH)4(t-Bu2bipy)4](ClO4)4 

 

CuCl2.2H2O (0.2131 g, 1.25 mmol) was dissolved in MeOH (20 ml) and t-Bu2bipy (0.3355 g, 

1.25 mmol) was slowly added to precipitate [CuCl2(t-Bu2bipy)].  The precipitate was filtered 

off and dissolved in water (30 ml) and NaOH (0.0175 g, 4.38 × 10-4 mol), NaOAc.3H2O 

(0.1025 g, 7.5 × 10-4 mol) and NaClO4.H2O (0.1025 g, 7.3 × 10-4 mol) in water (2.5 ml) were 

added.  Precipitation occurred immediately and the light blue/purple precipitate of  

[Cu4(µ-OH)4(t-Bu2bipy)4](ClO4)4 was filtered off and dried (0.2419 g, 43 %). 
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Crystals suitable for X-ray diffraction were grown by vapour diffusion of ether into a solution 

of the complex in acetone.  

uv/vis (acetone): λmax = 601 nm, ε = 233 Lmol-1cm-1 

IR(KBr, cm-1) = 2970, 1646, 1552, 1488, 1412, 1366, 1252, 1100 (b), 1035, 

Ep = +0.03V (Ag/AgCl).  

 

2.3.5 [Cu2(µ-OH)2(t-Bu2bipy)2](ClO4)2 

 

A slurry of Cu(OAc)2.H2O (100 mg, 0.25 mmol) in water (6 ml) was treated with t-Bu2bipy 

(134 mg, 0.50 mmol) dissolved in EtOH (15 ml).  The reaction mixture was heated until all 

the solids had dissolved and then removed from the heat and allowed to stand affording 

crystals suitable for X-ray diffraction.  The unoptimised yield of [Cu2(µ-OH)2(t-

Bu2bipy)2](ClO4)2 was 25 mg (11.5%). 

IR (KBr, cm-1) : 3069, 2963, 2909, 2872, 1654, 1620, 1575, 1551, 1488, 1414, 1393, 1369,  

1326, 1252, 1203, 1092, 1032, 929, 896, 851, 741, 721, 681, 623, 606, 428.   

uv/vis: λmax =  687 nm, ε =  240 Lmol-1cm-1. 

 

2.3.6 Attempted Syntheses of Heteroleptic Dinuclear Cu Complexes  

 

General reaction conditions that afforded crystals suitable for X-ray diffraction 

 

Stoichiometric equivalents of [Cu(OAc)2(bipy)] (1 mmol)(Section 2.3.2) were added to 

[CuCl2(L)] (Section 2.3.1) (1 mmol) dissolved in approximately 15 ml of solvent (minimum 

volume of water was used as required) and NaClO4.H2O (2 mmol) was added.  The reaction 

mixture was stirred for 45 min followed by the addition of 2 equiv. of a Ag+ salt (2 mmol).  

Precipitation of AgCl occurs immediately and the suspension was stirred for an additional 45 

min, before being filtered and the filtrate was used to give rise to the following:   

 

2.3.6.1 [{Cu(bipy)}2(μ-OAc)3](ClO4) 14,15 

 

The reaction was carried out in EtOH resulting in the formation of deep blue crystals suitable 

for X-ray diffraction on slow evaporation of the filtrate. This product was isolated from 

reactions where L = phen, neo and 5,5’-Me2bipy.  
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IR (KBr, cm-1) : 3117, 3109, 3082, 2999, 2930, 1638, 1601, 1576, 1566, 1495, 1474, 1448, 

1427, 1402, 1371, 1337, 1302, 1281, 1254, 1226, 1179, 1163, 1091, 1072, 1057, 1032, 1018, 

977, 920, 814, 777, 772, 739, 732, 675, 658, 650, 638, 621, 559, 514, 488, 458, 443, 421, 418, 

405  

 

2.3.6.2 [Cu2(μ-OAc)(μ-OH)(μ-OH2)(bipy)2](ClO4)2  
14,15 

 

The reaction was carried out in a 50/50 ethanol/water mixture at ~ 50°C affording blue 

crystals suitable for X-ray diffraction on slow evaporation of the solvent.  This product was 

isolated from reactions where L = phen and neo. 

 

IR (KBr, cm-1) : 3535, 3409, 3116, 3085, 3069, 3039, 2934, 1611, 1603, 1577, 1555, 1497,  

1474, 1448, 1322, 1316, 1310, 1282, 1268, 1252, 1222, 1176, 1116, 1074, 1055, 1031, 1020, 

982, 928, 901, 811, 773, 747. 733, 679, 664, 652, 624, 566, 490, 456, 419  

 

2.3.6.3 [Cu2(μ-OAc)(μ-OH)(μ-OH2)(phen)2](ClO4)2 
16 

 

Method A 

The reaction was carried out as described in Section 2.3.6.2.  Following removal of [Cu2(μ-

OAc)(μ-OH)(μ-OH2)(bipy)2](ClO4)2 from the reaction mixture by filtration, light blue crystals 

suitable for X-ray diffraction of [Cu2(μ-OAc)(μ-OH)(μ-OH2)(phen)2](ClO4)2 were obtained 

on slow evaporation of the filtrate. 

 

Method B 

A slurry of Cu(OAc)2.H2O (1.0 g , 2.5 mmol) in water (60 ml) was treated with phen (0.90 g, 

5 mmol) dissolved in EtOH (15 ml).  The reaction mixture was heated until all the solids had 

dissolved and then removed from the heat and allowed to stand affording crystals of [Cu2(μ-

OAc)(μ-OH)(μ-OH2)(phen)2](ClO4)2 (870 mg, 44%) suitable for X-ray diffraction after 2 

weeks. 

IR (KBr, cm-1): 3392, 1651, 1555, 1519, 1429, 1384, 1343, 1146, 1105, 851, 779, 724, 681,  

623, 521. 

 

2.3.6.4 Synthesis of [CuCl(bipy)(neo)]ClO4 

 

The reaction method is as described in Section 2.3.6.2 where [CuCl2(L)] (L= neocuproine, 

neo).  Following the initial crystallisation of [Cu2(μ-OAc)(μ-OH)(μ-OH2)(bipy)2](ClO4)2 the 
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reaction mixture was filtered and upon further evaporation of the filtrate [Cu2(OAc)4] 

crystallised and was itself filtered off.  The green filtrate was allowed to further concentrate 

ultimately affording red crystals of [CuCl(bipy)(neo)] suitable for X-ray diffraction in very 

low yield.  

 

IR (KBr, cm-1): 1659, 1512, 1502, 1447, 1384, 1050, 867, 774, 731, 680. 

 

2.3.6.5 [Cu(Py3COH)2]Cl2.xH2O 17   

 

[CuCl2(Py3COH)] (0.040 g,1.00 ×10-4 mol) and [CuCl2(bipy)] (0.030 g, 1.0 ×10-4 mol) were 

dissolved in a minimum volume of 50:50 ethanol/water (~ 10 ml).  Once dissolved, 

NaOAc.H2O (0.042 g, 3 × 10-4 mol) was added and the solution stirred for 30 min, after 

which AgPF6 (0.100 g, 4.0 × 10-4 moles) was added and the solution stirred for a further 45 

min.  The precipitate was filtered off and washed with water / ethanol.  The filtrate was 

allowed to stand giving rise to blue crystals of [Cu(Py3COH)2]Cl2.xH2O suitable for X-ray 

diffraction.  

 

IR (cm-1) = 3476, 3181, 1649, 1600, 1466, 1438, 1110, 1100, 1010, 725, 660 

 

2.3.6.6  Synthesis of [{Cu(dien)}2(µ-Cl)2](ClO4)2 

 

CuCl2.2H2O (1.70 g, 10 mmol) was added to diethylenetriamine (1.03 g, 10 mmol) in EtOH 

(25 ml) and stirred for 45 min upon which time NaClO4.H2O (1.40 g, 10 mmol) was added as 

a solid.  When the dissolution of NaClO4 was complete the blue solution was filtered and 

slow evaporation of the filtrate afforded crystals of [{Cu(dien)}2(µ-Cl)2](ClO4)2  (1.13g, 45%) 

suitable for X-ray diffraction.   

uv/vis: λmax = 627 nm, ε ~ 350 Lmol-1cm-1 

 

2.3.6.7 Synthesis of [Cu(OAc)(dien)]n(ClO4)n (polymer) 18 

 

This species was synthesised as described in Section 2.3.7.2 except Cu(OAc)2.H2O (2.00 g, 

10 mmol) was used instead of CuCl2.2H2O.  Crystals of [Cu(OAc)(dien)]n(ClO4)n (1.89 g) 

were isolated on evaporation of the solvent. 

uv/vis: λmax = 613 nm, ε = 308 Lmol-1cm-1 

IR (KBr, cm-1):  3132, 2943, 2879, 1560, 1412, 1200, 1145, 1083. 
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2.3.6.8 Synthesis of [{Cu(bipy)}2(μ-OH)2(μ-ClO4)2] 
19 

 

This complex was often isolated as a second product from reactions described in 2.3.6.1, but 

can be prepared directly following the procedure of Toofan et al. 19 as described below: 
 

Cu(ClO4)2.6H2O (0.37 g, 1 mmol) and bipy (0.15 g, 1 mmol) were combined in hot water (40 

ml) and dissolution completed by addition of a further 50 ml of water.  Once cool, the pH was 

adjusted to 6.0 by addition of NaOH solution, resulting in the formation of flocculent crystals. 

These were dissolved in water (~ 2 1) and the solution concentrated to ~ 100 ml by slow 

evaporation on a steam bath.  The reaction mixture was allowed to cool to room temperature, 

affording dark blue needle like crystals of [{Cu(bipy)}2(μ-OH)2(μ-ClO4)2]   

 

2.3.6.9 Synthesis of [{Cu(bipy)2}2(μ-OAc)(μ-OH)(μ-Cl)](ClO4) 20 

 

[CuCl2(L)] (0.1 mmol) (L = 5,5’-Me2-2,2’-bipy, [9]aneN3) dissolved in a minimal amount of 

water, to which solid [Cu(OAc)2(bipy)] (0.1 mmol) was added followed by the addition of 

NaOH (0.1 mmol) and NaClO4 (0.2 mmol).  Upon dissolution of all salts the reaction mixture 

was filtered and on standing the filtrate afforded blue crystals of [{Cu(bipy)2}2(μ-OAc)(μ-

OH)(μ-Cl)](ClO4) (23 mg, 36%) suitable of X-ray diffraction.  

 

IR (KBr, cm-1) : 3450, 3365, 1601, 1576, 1551, 1445, 1319, 1312, 1252, 1171, 1157, 1082,  

1055, 1019, 978, 932, 918, 897, 810, 768, 731, 663, 650, 623, 545, 488, 459, 417. 

uv/vis:  λmax = 685 nm, ε = 166 Lmol-1cm-1. 

 

2.3.6.10  Synthesis of [Cu([9]aneN3)2](ClO4)2 
21 

 

[9]aneN3 (100 mg, 0.77 mmol) dissolved in a minimal amount of EtOH was added to a stirred 

solution of [Cu(OAc)2(bipy)] (261 mg, 0.77 mmol) and CuCl2.4H2O (137 mg, 0.77 mmol) in 

EtOH and stirred for 30 min.  NaClO4.H2O (217 mg, 1.5 mmol) was added and a precipitate 

formed that was filtered off.  The filtrate was allowed to stand forming blue crystals suitable 

for X-ray diffraction of [Cu([9]aneN3)2](ClO4)2.  

 

uv/vis : λmax = 622 nm, ε = 123 Lmol-1cm-1. 
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2.3.6.11  Synthesis of [Cu(OClO3)(bipy)(Pz)2(OH2)](ClO4) 

 

CuCl2.2H2O (1.70 g, 10 mmol) and pyrazole (0.68 g, 10 mmol) were dissolved in EtOH (20 

ml) affording a deep blue solution to which bipy (1.56 g, 10 mmol) and NaClO4.H2O (2.8 g, 

20 mmol) were added.  The solution was stirred for 45 min, was filtered and upon slow 

evaporation of the filtrate blue crystals of [Cu(OClO3)(bipy)(Pz)2(OH2)](ClO4) suitable for  

X-ray diffraction formed (128 mg, 2% unoptimised yield). 

 

IR (KBr, cm-1) : 3086, 3023, 2972, 2938, 2856, 2828, 1469, 1439, 1143, 1117, 1086, 1068,  

1046, 1030, 941, 787, 770, 627 

uv/vis: λmax = 614 nm, ε = 51 Lmol-1cm-1. 

 

2.3.6.12  Synthesis of [{CuCl(NPy3)}2(μ-Cl)2] 

 

NPy3 (100 mg, 0.40 mmol) was dissolved in MeOH (10 ml) to which solid CuCl2.2H2O (72 

mg, 0.40 mmol) was added and the solution stirred for 45 min whereupon a precipitate 

formed that was filtered off and washed with ether (yield 98 mg, 64%).  Bright green crystals 

of [{CuCl(NPy3)}2(μ-Cl)2] suitable for X-ray diffraction were grown by vapour diffusion of 

ether into a solution of the complex in MeOH.  

 

IR (KBr, cm-1):  3095, 3063, 3021, 1589, 1567, 1483, 1468, 1441, 1431, 1289, 776 

uv/vis : λmax = 433 nm, ε = 491 Lmol-1cm-1 
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2.4 Syntheses of para Heterodentate Macrocycles (M1) 

 

O H

OH

OH

HO

OH

O H

H-

Oxidise

(11)

HBr

O H

Br

NH HNR R

(18)

(20, 21, 22)

N NR R

O H O H

(23, 24, 25)

N
NNH

NH H
N

R

R

M1-p-Aryl/Pyr

NH2

N
H NH2

2.4.1

2.4.1

2.4.2

2.4.5-7
2.4.3-4

2.4.8-9
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2.4.1 Synthesis of 4-hydroxymethylbenzaldehyde (11)  

 

 

 

 

Method 1:  

 

p-bisbenzaldehyde (10.0 g, 73.4 mmol) was slurried in EtOH (100 ml) and NaBH4 (~ 0.3 g) 

was added in small amounts at 10 min intervals until the dialdehyde was no longer seen on a 

TLC plate.  The reaction was quenched with water (150 ml) and the mixture extracted with 

CH2Cl2.  The organic phases were combined and washed with saturated NaCl solution until 

all the p-bis-hydroxymethylbenzene was removed (determined by TLC).  The organic phase 

was dried over anhydrous Na2SO4, filtered and the solvent was removed under reduced 

pressure.  The yield of the reaction can vary anywhere between 10 and 85%.  The purity of 

the compound was examined by 1H NMR spectroscopy and if required the sample was 

chromatographed on silica using CH2Cl2 as eluent to remove any impurities. 

 

Method 2:  

 

 

 

 

p-bis-benzaldehyde (10 g, 73 mmol) was dissolved in a minimum volume of EtOH / CH2Cl2 

(50:50).  To the solution an excess of NaBH4 (10 g, 0.25 mol) was added slowly with stirring.  

When the reduction was complete the reaction was quenched with water, extracted with 

CH2Cl2 (3 × 50 ml) and then the aqueous phase was extracted with EtOAc until no more 

products could be obtained.  The organic extracts were combined (both CH2Cl2 and EtOAc),  

dried with anhydrous Na2SO4, filtered and the solvents were removed under reduced pressure.  

If further purification was required, chromatography was employed using silica gel with 

gradient elution (CH2Cl2 to EtOAc to EtOAc 10% MeOH). The reaction affords p-bis-

hydroxymethylbenzene (9.1 g, 90 %).   

 

p-bis-hydroxymethylbenzene (1.0 g, 7.2 mmol) was dissolved in a minimal amount of EtOAc 

(~ 25 ml) and silica gel (1 g) was added with a 1:1 stoichiometric amount of 4-acetylamino-

2,2,6,6-tetramethylpiperidine-1-oxoammonium perchlorate22,23 (2.25 g, 7.2 mmol) (Section 

2.8.37).  The slurry was stirred until the precipitate turned white (~ 24 h).  It was then filtered 

and the precipitate was washed with EtOAc several times.  The filtrate was dried over 

OH

O

H

OH

HO
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anhydrous Na2SO4, filtered and the EtOAc was removed under reduced pressure.  The oily 

residue was taken up into CH2Cl2 and run down a plug of silica to remove any unreacted 

starting material to afford 4-hydroxymethylbenzaldehyde (931 mg, 95 %). 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 10.00 (s, 1 H, CHO), 7.88 (d, 2 H, Ar-H, J = 8.0 Hz), 

7.54 (d, 2 H, Ar-H, J = 8.0 Hz), 4.81 (s, 2 H, Ar-CH2-O). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 192.25, 147.96, 135.89, 130.24, 127.17 and 64.79 

 

2.4.2 Synthesis of 4-bromomethylbenzaldehyde (18) 

 

 

 

 

 

HBr (40 ml, 48 %) was added to 4-hydroxymethylbenzaldehyde (11, Section 2.4.1) (5.0 g, 25 

mmol) and the solution was stirred overnight at 65° C (precipitation began after 2 h).  The 

solution was cooled and the precipitate filtered off, washed with HBr (48 %) and dried under 

suction.  The yield increased with reaction time up to 80 % after 24 h.  Additional material 

can be obtained from the filtrate by dilution with water and extraction into CH2Cl2 and 

removal of the organic solvent in vacuo.    

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 10.02 (s, 1 H, CHO), 7.87 (d, 2 H, Ar-H, J = 8.0 Hz), 

7.56 (d, 2 H, Ar-H, J = 8.0 Hz), 4.52 (s, 2 H, Ar-CH2-Br). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 191.50, 144.23, 136.10, 130.16, 129.66 and 31.96. 

 

2.4.3 Synthesis of N,N'-bis(t-butoxycarbonyl)-1,2-diaminoethane (22) 

 

 

 

 

 

 

Ethylenediamine (1.5 ml, 22 mmol) was dissolved in CH2Cl2 (50 ml) and an aqueous NaOH 

(2.0 g, 50 mmol) solution (50 ml) was added.  To the biphasic mixture predissolved di-tert-

butyl dicarbonate (BOC) (9.82 g, 45.0 mmol) in CH2Cl2 (50 ml) was slowly added and the 

mixture stirred for 24 h.  The organic phase was separated and the aqueous phase washed with 

BrO

H

H
N

N
H

O

O

O

O
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CH2Cl2 (3 × 50 ml).  The organic phases were combined and washed with 10% NaOH 

solution (3 × 50 ml) and saturated NaCl solution (1 × 50 ml).  The organic phase was dried 

over anhydrous Na2SO4, and the solvent was removed on a rotary evaporator.  The white 

residue was dissolved in a minimal volume of CH3CN and reprecipitated with water, filtered 

and washed with water, CH3CN and dried under suction.  The product, N,N'-bis(t-

butoxycarbonyl)-1,2-diaminoethane (22) (4.69g, 82%) was used without further purification.  

 
1H NMR (300 MHz): δ = 3.20 (br s, 4 H, NCH2-CH2-N), 1.44 (s, 18 H, t-butyl). 
13C (75 MHz): δ = 157.04, 79.96, 41.48, 29.03. 

 

2.4.4 Synthesis of bis(2-pyridylmethyl)ethylenediamine (21)24 

 

 

 

 

 

 

 

2-Pyridine carboxaldehyde (4.05 g, 37.8 mmol) was added to ethylenediamine (1.07 g , 18.0 

mmol) in methanol (30 ml).  The reaction mixture was brought to the boil and then cooled to 

room temperature.  Once cool NaBH4 (2 g, 50 mmol) was added in small portions, stirring 

was continued after the final addition for an additional 3 h.  The solvent was removed under 

reduced pressure and the residue was extracted with CH2Cl2 (50 ml) and water (25 ml), the 

aqueous phase was extracted with CH2Cl2 (2 × 50 ml) and the combined organic extracts were 

washed with saturated NaHCO3 solution (30 ml), brine (30 ml), dried over anhydrous 

Na2SO4, filtered and the solvent removed under reduced pressure.  The residual yellow oil 

was taken up in a minimal amount of EtOH and the HCl salt was precipitated by the dropwise 

addition of HCl (10 M), the white precipitate was filtered off and washed with EtOH and 

ether.  

 

 

 

 

 

 

 

NH HN

N N
4.HCl
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2.4.5 Synthesis of N,N’-dibenzyl-N,N’-di-4-benzaldehydeethane-1,2-diamine (23) 

 

 

 

 

 

 

 

 

 

 

N,N'-bis(phenylmethyl)-1,2-ethanediamine dihydrochloride (787 mg, 2.5 mmol) was added to 

CH3CN (25 ml) containing K2CO3 (2.0 g) and the mixture stirred for 20 minutes.  4-

Bromomethylbenzaldehyde (18, Section 2.4.2) (1.00 g, 5.0 mmol) was then added as a solid 

and the mixture was stirred for one week.  Water was added to the mixture that was then 

extracted with CH2Cl2 (3 × 50 ml).  The organic phase was washed with saturated NaHCO3 

solution, saturated NaCl solution and dried over anhydrous Na2SO4.  The solution was filtered 

and the solvent was removed under reduced pressure.  The residue was redissolved in CH2Cl2 

and chromatographed on silica with CH2Cl2 as eluent.  Evaporation of the solvent yielded  

N’-dibenzyl-N,N’-di-4-benzaldehydeethane-1,2-diamine (23) as a yellow oil (357 mg, 30 %). 

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.96 (s, 2 H, CHO), 7.77 – 7.75 (d, 4 H, Ar-H, J = 8.0 

Hz), 7.44 – 7.42 (d, 4 H, Ar-H, J = 8.0 Hz), 7.25 (s, 10 H, Ar-H), 3.55 (s, 4 H, Ar-CH2), 3.51 

(s, 4 H, Ar-CH2), 2.60 (s, 4 H, N-CH2).  

 
13C (75 MHz, CDCl3): δ (ppm) = 192.27, 147.51, 139.26, 135.57, 129.98, 129.32, 128.93, 

128.53, 127.32, 59.21, 58.78 and 51.75. 

 

APCI-MS: (M + 1)+1, calculated 477.25, found 477 ((M +1)+1)(19.64%), 478 (7.12%), 252 

(63.04%), 253 (11.52%) and 91 (100%). MS-MS 477→ 252 (100%) and 91 (19.81%). 

 

 

 

 

 

 

N N

O O

H H
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2.4.6 N,N’-di-4-benzaldehyde-N,N’-bis-pyrid-2-ylmethylethane-1,2-diamine (24) 

 

 

 

 

 

 

 

 

The preparation is as described in Section 2.4.5 except N, N'-bis(2-pyridylmethyl)-1,2-

ethanediamine.4HCl (21, Section 2.4.4)(879 mg, 2.26 mmol) was used instead of N, N'-

bis(phenylmethyl)-1,2-ethanediamine dihydrochloride (502 mg, 21%) as a yellow oil.  

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 9.97 (s, 2 H, CHO), 8.48 (d. 2 H, Py-H, J = 4.8 Hz), 

7.77 (d, 4 H, Ar-H, J = 8.1 Hz), 7.59 (dt, 2 H, Py-H,  J = 7.8 Hz and 1.8 Hz), 7.46 (d, 4 H, Ar-

H, J = 8.1 Hz), 7.40 (d, 2 H, J = 7.8 Hz), 7.14 (t, 2 H, Py-H, J = 4.8 Hz), 3.72 (s, 4 H, Py-CH2-

N), 3.66 (s, 4 H, Ar-CH2-N), 2.70 (s, 4 H, N-CH2-CH2-N). 

  
13C (75 MHz, CDCl3): δ (ppm) = 191.75, 159.28, 148.76, 146.62. 136.28, 135.22, 129.56, 

128.82, 122.54, 121.89, 60.54, 56.68 and 51.87. 

 

APCI-MS: (M + 1)+1, calculated 479.24, found 479 (M + 1)+1 , 38.36%), 480 (13.35%), 253 

(100%). MS-MS 479 → 253 (100%). 

 

2.4.7 Synthesis of {2-[t-butoxycarbonyl-(4-formylbenzyl)-amino]-ethyl}-(4-formyl-

benzyl)-carbamic acid tert-butyl ester (25) 

 

 

 

 

 

 

 

 

Solid 4-bromomethylbenzaldehyde (18, Section 2.4.2) (1.53 g, 7.70 mmol) was added to the 

BOC protected ethylenediamine (22, Section 2.4.3) (1.00 g, 3.85 mmol) and solid K2CO3 (2.0 

N NN N

O O

H H

NN

O

O

O

O

O
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g) in DMF (40 ml).  This mixture was then stirred at 50° C for one week.  The slurry was 

added to saturated K2CO3 solution upon which unreacted 1,2-diaminoethane-N,N'-bis(t-

butoxycarbonyl) precipitated out and was filtered off.  The filtrate was extracted with CH2Cl2 

(6 × 50 ml) and the combined organic extracts were washed with saturated K2CO3 solution, 

dried over anhydrous Na2SO4, filtered and the CH2Cl2 was removed using a rotary evaporator.  

The remaining DMF was distilled off under reduced pressure leaving an orange / yellow oil.  

The oil was chromatographed with CH2Cl2 and {2-[t-butoxycarbonyl-(4-formylbenzyl)-

amino]-ethyl}-(4-formyl-benzyl)-carbamic acid tert-butyl ester (25) was the second fraction 

off the column (R.F. ~0.05) that on evaporation of the solvent was obtained as a yellow solid 

(352 mg, 19%).   

 
1H NMR (300 MHz): δ (ppm) = 9.97 (s, 2 H, CHO), 7.86 – 7.83 (d, 4 H, ArH, J = 8.1 Hz), 

7.53 – 7.50 (d, 4 H, ArH, J = 8.1 Hz), 4.78 – 4.77 (d, 4 H , Ar-CH2, J = 3.5 Hz), 3.18 – 3.16 

(d, 4 H, N-CH2-N, J = 7.1 Hz), 1.4 (s, 18 H, t-butyl-H). 
 

13C (75 MHz): δ (ppm) = 192.46, 156.76, 148.43, 135.68, 130.19, 127.14, 79.78, 64.51, 40.92 

and 28.56.   

 

2.4.8 Synthesis of 3,6-dibenzyl-3,6,13,16,19-pentaaza-tricyclo[19.2.2.28,11]heptacosa-

1(24),8,10,21(25),22,26-hexaene (M1-p-aryl) 

 

 

 

 

 

 

 

 

 

 

Diethylenetriamine (151 mg, 1.47 mmol) was dissolved in CH3CN (50 ml) and was slowly 

added over a period of 3 h to N,N’-dibenzyl-N,N’-di-4-benzaldehydeethane-1,2-diamine (23, 

Section 2.4.5)(700 mg, 1.47 mmol) in CH3CN (100 ml).  The solution was stirred for 24 h 

then an excess of NaBH4 (2 g) was slowly added and the mixture stirred for an additional 24 

h.  The reaction mixture was acidified with HCl (10 M, pH 5) and the solvent was removed 

under reduced pressure.  The residue was dissolved in water (50 ml) and basified with solid 

N

NNH

NH
H
N
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NaOH followed by extraction into CH2Cl2 (3 × 50 ml).  The organic phases were combined 

and washed with saturated NaHCO3 solution (2 × 50 ml) and saturated brine (50 ml).  The 

organic phase was dried over anhydrous Na2SO4 and the solvent removed on a rotary 

evaporator.  The residue was dissolved in MeOH (20 ml) and HBr (48 %, 2 ml) was added.  

The solution was stirred for 2 h, basified with aqueous NaOH and filtered through celite.  The 

residue was washed with CH2Cl2.  The combined filtrates were dried over anhydrous Na2SO4, 

filtered and the solvent removed under reduced pressure leaving 3,6-dibenzyl-3,6,13,16,19-

pentaaza-tricyclo[19.2.2.28,11]heptacosa-1(24),8,10,21(25),22,26-hexaene (252 mg, 31%) as a 

white oily solid.   

 
1H NMR (300 MHz, CDCl3) : δ (ppm) = 7.34 – 7.2 (m, 14 H Ar-H), 7.11 – 7.08 (d, 4 H, J = 

7.7 Hz) 3.77 (s, 4 H, Ar-CH2), 3.58 (s, 4 H, Ar-CH2), 3.48 (s, 4 H, Ar-CH2), 2.88 – 2.84 (d, 8 

H, N-CH2, J = 3.8 Hz), 2.59 (s, 4 H, N-CH2). 

 
1H NMR (500 MHz, CD3CN) : δ (ppm) = 7.36 – 7.35 (m, 4 H, Ar-H), 7.35 – 7.30 (m, 4 H, 

Ar-H), 7.26 – 7.23 (m, 8 H, Ar-H), 7.10 – 7.09 (d, 4 H, Ar-H), 3.72 (s, 4 H, Ar-CH2), 3.58 (s, 

4 H, Ar-CH2), 3.44 (s, 4 H, Ar-CH2), 2.81 – 2.75 (m, 8 H, N-CH2), 2.56 (s, 4 H, N-CH2). 
 

13C (125 MHz, CD3CN): δ (ppm) = 141.25, 140.79, 139.11, 129.66, 129.61, 129.20, 128.49, 

127.73, 60.04, 58.50, 53.78, 49.12 and 48.73. 

 

APCI-MS: (M + 1)+1 calculated 548.78 found 548 = M+1 +1 (71.8%), m/z = 91 (100%). 

 

2.4.9 Synthesis of 3,6-bis-pyrid-2-ylmethyl-3,6,13,16,19-pentaaza-

tricyclo[19.2.2.28,11]heptacosa-1(24),8,10,21(25),22,26-hexaene (M1-p-pyr) 
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The preparation is as described in Section 2.3.38 except the reactants were N, N’-di-4-

benzaldehyde-N, N’-bis-pyrid-2-ylmethylethane-1,2-diamine (24, Section 2.4.6)(600 mg, 1.25 

mmol) and diethylenetriamine (129 mg, 1.25 mmol) affording the macrocycle (158 mg, 23 %) 

which was used without further purification. 

 
1H NMR (300 MHz, CDCl3) : δ (ppm) = 8.50 (br s, 2 H, Py-H), 7.64 – 7.44 (m, 4 H, Ar-H), 

7.35 – 7.01 (m, 10 H, Ar-H), 3.82 – 3.66 (m, 8 H, Ar-CH2), 3.53 (d, 4 H, Ar-CH2-NH, J = 8.4 

Hz), 2.73 – 2.59 (m, 12 H, N-CH2-CH2-N). 
 

13C (75 MHz, CDCl3): δ (ppm) = 159.96, 148.69, 136.30, 128.77, 128.62, 127.66, 122.50, 

121.75, 61.27, 57.96, 54.89, 53.42, 51.16 and 50.60  

 

APCI-MS: (M + 1)+1 calculated 550.36, found 550 ((M + 1)+1)(27.00%), 551 (11.35%), 578 

(M + 29 (H+(BH3)2)) (11.84%), 134 (2-NCH2(C6H6)100%), 135 (72.62%), 92 (Py-CH2, 

(66.27%)), 211 (17.49%) MS-MS 550 → 134 (100%), 211 (82.52%), 92 (9.56%).  
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2.5  Synthesis of meta Heterodentate Macrocycles (M1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.1 Synthesis of Isophthalic Acid Dimethyl Ester (26) 

 

 

 

 

 

 

Method A: 

Isophthalic acid (10 g, 0.06 mol) was refluxed in MeOH (100 ml) with a catalytic amount of 

H2SO4 (0.5 ml) overnight.  The solution was cooled and poured into saturated NaHCO3 
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solution (250 ml) and the pH adjusted to 9 by slow addition of solid NaHCO3.  This solution 

was extracted with CH2Cl2 (3 × 100 ml) and the CH2Cl2 phase washed with saturated 

NaHCO3 solution (2 × 50 ml) and saturated NaCl solution (50 ml).  The organic phase was 

dried over anhydrous Na2SO4, filtered and the solvent removed under reduced pressure 

affording isophthalic acid dimethyl ester (26) (9.8 g, 83%).as a white solid. 

 

Method B: 

SOCl2 (20 ml) was added dropwise to a solution of isophthalic acid (10 g, 0.06 mol) in 

methanol (35 ml) with stirring at 0º C.  The reaction mixture was refluxed overnight 

following the final addition of SOCl2.  The solvent was then removed under reduced pressure 

and saturated NaHCO3 solution (75 ml) was added to the residue followed by extraction with 

CH2Cl2 (3 × 50 ml).  The combined organic extracts were washed with saturated NaHCO3 

solution (2 × 50 ml) and brine (50 ml).  The CH2Cl2 extracts were dried over anhydrous 

Na2SO4, filtered and the solvent removed under reduced pressure to give isophthalic acid 

dimethyl ester (26) as a white solid (11.1 g, 96 %). M.P = 68-70° C. 
 

1H NMR (300 MHz, CDCl3) : δ (ppm) = 8.69 (s, 1 H, Ar-H), 8.24 (d, 2 H, Ar-H, J = 7.8 Hz), 

7.54 (t, 1 H, Ar-H, J = 7.8 Hz), 3.95 (s, 6 H, O-CH3). 
 

13C (75 MHz, CDCl3): δ (ppm) = 166.44, 134.00, 130.91, 130.78, 128.82, 52.57. 

 

2.5.2 Synthesis of (3-hydroxymethylphenyl)methanol (27) 

  

 

 

 

 

 

Lithium aluminium hydride (7.6 g, 0.20 mol) was added in small portions to a solution of 

isophthalic acid dimethyl ester (26, Section 2.5.1)(9.0 g, 46 mmol) in dry THF (250 ml) at 0° 

C.  After the complete addition of the LiAlH4 the slurry was refluxed overnight, cooled and 

placed back into an ice bath.  To this, water (8 ml) followed by NaOH solution (10 %, 8 ml) 

and water (24 ml), were added dropwise and the slurry was stirred until the precipitate turned 

white (~ 3 h).  The mixture was filtered and the residue washed with THF (100 ml) and 

EtOAc (100 ml).  The filtrate was rotary evaporated to dryness and the residue taken up in 

EtOAc and dried over anhydrous Na2SO4, filtered and the solvent removed under reduced 

OH

OH
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pressure affording (3-hydroxymethylphenyl)methanol (27) (5.45 g, 85 %) as a colourless oil 

that crystallised upon standing.  
 

1H NMR (300 MHz): δ (ppm) = 7.33 – 7.27 (t, 1 H, ArH, J = 7.48 Hz), 7.22 – 7.20 (d, 3 H J = 

7.6 Hz),  4.58 (s, 4 H, CH2OH). 
 

13C (75 MHz): δ (ppm) = 141.13, 128.59, 126.13, 125.48, 64.90. 

 

2.5.3 Synthesis of 3-hydroxymethylbenzaldehyde (28) 25 

 

 

 

 

 

 

 

MnO2 (1.26 g, 14.5 mmol) was added to a stirred solution of  

(3-hydroxymethylphenyl)methanol (27, Section 2.5.2) (2.00 g, 14.5 mmol) in THF (25 ml) 

and the reaction mixture refluxed for 24 h.  The solution was filtered hot and the precipitate 

was washed with THF (2 × 50 ml), EtOAc (2 × 50 ml) and the combined filtrates were 

evaporated to dryness.  The residue was dissolved in CH2Cl2 and dried over anhydrous 

Na2SO4, filtered and the solvent removed under reduced pressure.  The residue was dissolved 

in CH2Cl2 and chromatographed on silica using CH2Cl2 as the eluent.  On evaporation of the 

solvent 3-hydroxymethylbenzaldehyde (28) (1.05 g, 53 %) was obtained as a colourless oil. 
 

1H NMR (300 MHz): δ (ppm) = 9.97 (s, 1 H, CHO), 7.85 (s, 1 H, Ar-H), 7.77 (d, 1 H, Ar-H, J 

= 7.2 Hz), 7.62 (d, 1 H, Ar-H, J = 7.5 Hz), 7.50 (t, 1 H, Ar-H, J = 7.2 Hz), 4.75 (s, 2 H, Ar-

CH2-O).  
 

13C NMR (75 MHz): δ (ppm) = 192.75, 142.36, 136.61, 133.04, 129.30, 129.08, 127.92 and 

64.34. 
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2.5.4 Synthesis of m-methylbromobenzaldehyde (29) 

 

 

 

 

 

 

 

 

3-Hydroxymethylbenzaldehyde (28, Section 2.5.3)(1.05 g, 7.7 mmol) was stirred in HBr (48 

%, 15 ml) at 65º C overnight.  The reaction mixture was poured into water (100 ml) and 

extracted with CH2Cl2 (3 × 50 ml).  The combined organic extracts were washed with brine 

(50 ml) and saturated NaHCO3 solution (50 ml) and the organic phase dried over anhydrous 

Na2SO4, filtered and the solvent removed under reduced pressure.  The product was purified 

by chromatography (silica), using gradient elution 4:1 hexane:CH2Cl2 to 100% CH2Cl2.  On 

evaporation of the solvent m-methylbromobenzaldehyde (29) (1.16 g, 75 %) was obtained as 

a pale yellow solid. 
 

1H NMR (300 MHz): δ (ppm) = 10.02 (s, 1 H, CHO), 7.91 (s, 1 H, Ar-H), 7.82 (d, 1 H, Ar-H, 

J = 7.5 Hz), 7.62 (d, 1 H, Ar-H, J = 7.8 Hz), 7.53 (t, 1 H, Ar-H, J = 7.5 Hz), 4.54 (s, 2 H, Ar-

CH2-Br). 
 

13C NMR (75 MHz): δ (ppm) = 191.62, 138.96, 136.87, 134.88, 129.73 and 32.02. 

 

2.5.5 Synthesis of N,N’-di-3-benzaldehyde-N,N’-dibenzylethane-1,2-diamine (30) 
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N,N'-bis(phenylmethyl)-1,2-ethanediamine.2 HCl (354 mg, 1.1 mmol) and K2CO3 (1.5 g) 

were dissolved in a CH3CN / water mixture (90:10, 30 ml) to which m-

methylbromobenzaldehyde (29, Section 2.5.4) (450 mg, 2.2 mmol) was added in small 

portions.  The mixture was then stirred at 50° C for 2 days.  The reaction was quenched by the 

addition of water (100 ml) and extracted with CH2Cl2 (3 × 50 ml).  The combined organic 

extracts were washed with NaHCO3 solution (50 ml) and brine (50 ml).  The CH2Cl2 layer 

was dried over anhydrous Na2SO4, filtered and the solvent removed under reduced pressure, 

leaving N,N’-di-3-benzaldehyde-N,N’-dibenzylethane-1,2-diamine (30) (472 mg, 88 %) as a 

yellow oil that was used without further purification. 

 
1H NMR (300 MHz): δ (ppm) = 9.94 (s, 2 H, CHO), 7.77 (s, 2 H, Ar-H), 7.71 (d, 2 H, Ar-H, J 

= 7.5 Hz), 7.54 (d, 2 H, Ar-H, J = 7.5 Hz), 7.40 (t, 2 H, Ar-H, J = 7.5 Hz), 7.26 – 7.21 (m, 5 

H, Ar-H), 3.55 (s, 4 H, Ar-CH2), 3.50 (s, 4 H, Ar-CH2), 2.59 (s, 4 H, N-CH2-CH2-N). 

 
13C NMR (75 MHz): δ (ppm) = 192.39, 140.99, 139.08, 136.35, 134.72, 129.68, 128.83, 

128.66, 128.41, 128.22, 126.97, 58.79, 58.14 and 51.28. 

 

APCI-MS: (M + 1)+1 calculated 477.25 found 477 (50.58%), 488 [(M + 2)+1 (17.19%)], 252 

[M – CHO-C6H4-N(C2H4)(CH2-C6H5) (100%)], 253 (18.36%). MS-MS 477 → 252 (100%), 

160 (8.30%), 91 (9.48%). 

 

2.5.6 N,N’-di-3-benzaldehyde-N,N’-bis-pyrid-2-ylmethylethane-1,2-diamine (31) 

 

 

 

 

 

 

 

 

 

The same procedure was used as described in Section 2.5.5 except N,N'-bis(2-pyridylmethyl)-

1,2-ethanediamine.4HCl (21, Section 2.4.4)(427 mg, 1.1 mmol) was used instead of N,N'-

bis(phenylmethyl)-1,2-ethanediamine.2 HCl.  Workup afforded N,N’-di-3-benzaldehyde-

N,N’-bis-pyrid-2-ylmethyl-ethane-1,2-diamine as a yellow oil (487 mg, 93 %). 
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O

H

O
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1H NMR (300 MHz): δ (ppm) = 9.90, 8.45 (d, 2 H, Py-H, J = 4.8 Hz), 7.75 (s, 2 H, Ar-H, J = 

7.5 Hz), 7.68 (d, 2 H, Ar-H,  J = 8.1 Hz), 7.60 – 7.54 (m, 4 H, Ar-H and Py-H), 7.40 (m, 4 H, 

Py-H and Ar-H), 7.13 (t, 2 H, Py-H, J = 4.8 Hz). 
 

13C NMR (75 MHz): δ (ppm) = 192.52, 159.68, 149.07, 140.77, 136.60 (2 x C), 134.93, 

129.86, 129.07, 128.70, 122.92, 122.18, 60.75, 58.65 and 52.00. 

 

2.5.7 Synthesis of {2-[tert-butoxycarbonyl-(3-formylbenzyl)-amino]-ethyl}-(3-formyl-

benzyl)-carbamic acid tert-butyl ester (32) 

 

 

 

 

 

 

 

 

The same procedure was used as described in Section 2.5.5 except 1,2-diaminoethane-N,N'-

bis(tert-butoxycarbonyl) (22, Section 2.4.3) (286 mg, 1.1 mmol) was used instead of N,N'-

bis(phenylmethyl)-1,2-ethanediamine.2 HCl.  Workup afforded {2-[tert-butoxycarbonyl-(3-

formyl-benzyl)-amino]-ethyl}-(3-formyl-benzyl)-carbamic acid tert-butyl ester (526 mg, 96 

%) as a yellow solid.  

 
1H NMR (300 MHz): δ (ppm) = 10.00 (s, 2 H, CHO), 7.88 (s, 2 H, Ar-H), 7.79 (d, 2 H, Ar-H, 

J = 7.5 Hz), 7.64 (d, 2 H, Ar-H, J = 7.5 Hz), 7.52 (t, 2 H, Ar-H, J = 7.5 Hz), 4.77 (s, 4 H, Ar-

CH2), 3.20 (s, 4 H, N-CH2-CH2-N), 1.43 (s, 18 H, C(CH3)3). 

 
13C NMR (75 MHz): δ (ppm) = 192.36, 156.40, 142.12, 136.48, 132.77, 129.10, 128.84, 

127.74, 79.46, 64.22, 40.71, 28.30. 

 

APCI-MS: (M + 1)+1 calculated 497.26, found 543 [M + 47 (100%) (HCOOH2)+], 283 [M – 

213 (95.62%)].   
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2.5.8 Synthesis of 3,6-dibenzyl-3,6,14,17,20-pentaaza-tricyclo[20.3.1.18,12]heptacosa-

1(25),8(27),9,11,22(26),23-hexaene (M1-m-aryl) 

 

 

 

 

 

 

 

 

 

 

 

 

The preparation is analogous to that described in Section 2.4.8 except N,N’-di-3-

benzaldehyde-N,N’-dibenzylethane-1,2-diamine (30, Section 2.5.5) (472 mg, 1.0 mmol) and 

diethylenetriamine (102 mg, 1.0 mmol) were used.  Workup afforded M1-m-aryl as a yellow 

oily solid (323 mg, 60 %).  

 
1H NMR (300 MHz): δ (ppm) = 7.29 – 7.08 (m, 18 H, Ar-H), 3.72 (s, 4 H, Ar-CH2), 3.50 (s, 4 

H, Ar-CH2), 3.48 (s, 4 H, Ar-CH2), 2.70 (s, 4 H, N-CH2-CH2-N), 2.58 (s, 8 H, N-CH2-CH2-N-

CH2-CH2-N).  
13C NMR (75 MHz): δ (ppm) =  140.25, 139.61, 139.55, 128.61, 128.24, 127.99, 127.91, 

127.43, 126.82, 126.60, 58.51, 58.43, 53.80, 50.92, 48.88, 48.60. 

 

HR-MS:  calculated for (M + 1)+1 , 548.3748; Found 548.3716. 

Calculated for (M + Na)1+, 570.3567; Found 570.3556.  

100% ion is a +1 species of 576.4028 which corresponds to (M + 29.0202)+1, 

which is best fitted with (BHOH)+ ; 576.3874. 

IR (cm-1) :  3058, 3026, 2932, 2811, 2376, 1605, 1492, 1451, 1366, 1260, 1156, 1104,  

1028, 976, 909, 788, 733, 699, 644 
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2.5.9 Synthesis of 3,6-bis-pyrid-2-ylmethyl-3,6,14,17,20-pentaaza-

tricyclo[20.3.1.18,12]heptacosa-1(25),8(27),9,11,22(26),23-hexaene (M1-m-pyr) 

 

 

 

 

 

 

 

 

 

The preparation is analogous to that described in Section 2.4.8 except N,N’-di-3-

benzaldehyde-N,N’-bis-pyrid-2-ylmethylethane-1,2-diamine (31, Section 2.5.6)(487 mg, 1 

mmol) and diethylenetriamine(102 mg, 1 mmol) were used.  Workup afforded the product 

(M1-m-pyr) (295 mg, 53 %) as a yellow oily solid.  

 
1H NMR (300 MHz): δ (ppm) =  8.48 (d, 2 H, Py-H, J = 3.9 Hz), 7.59 (dt, 2 H, Py-H, J = 1.8 

Hz 7.8 Hz), 7.46 (d, 2 H, Py-H, J = 7.8 Hz), 7.31 (s, 2 H, Ar-H), 7.18 – 7.09 (m, 8 H, Py-H 

and Ar-H), 3.75 – 3.71 (m, 8 H, Ar-CH2), 3.54 (s, 4 H, Ar-CH2), 2.72 (s, 4 H, N-CH2-CH2-N), 

2.66 (s, 8 H, N-CH2-CH2-N-CH2-CH2-N).    
 

13C NMR (75 MHz): δ (ppm) = 160.23, 148.76, 140.42, 139.29, 136.33, 128.32, 128.08, 

127.60, 127.06, 122.68, 121.75, 60.60, 58.89, 53.89, 51.65, 49.04 and 48.77. 

 

HR-MS: Calculated for (M + 1)+1, 550.3652; Found 550.3637. 

Calculated for (M + Na)+1, 572.3472; Found 572.3462.  

 

IR (cm-1) : 3054, 3011, 2928, 2818, 1590, 1569, 1472, 1435, 1362, 1303, 1149, 1119, 1047, 

994, 909, 756, 733, 702. 

 

 

 

 

 

 

 

N NN N

NH
H
N

HN



 98

2.6 Synthesis of Heterodentate Phenoxy Macrocycle (M2)  

 

 

33 34

35M2

2.6.2

2.6.3

2.6.4

 
 

2.6.1 2,6-Diformyl-p-cresol (33) 26 

 

 

 

 

 

 

 

 

Anhydrous trifluoroacetic acid (TFA, 50 ml) was added to hexamethylenetetramine (10.59 g, 

75.5 mmol) with stirring, followed by the addition of p-cresol (4.03 g, 37.3 mmol).  The 

reaction mixture was refluxed for 24 h.  The mixture was poured into HCl (4 M, 200 ml) and 

stirred for 30 min, after which it was extracted with CH2Cl2 (3 × 150 ml).  The combined 

organic extracts were washed with HCl (4 M, 2 × 200ml), water (200 ml) and brine (200 ml).  

The CH2Cl2 layer was dried over anhydrous Na2SO4, filtered and the solvent removed under 

reduced pressure to give a yellow solid.  The product was purified by column chromatography 

(silica, CH2Cl2 eluent), to give on evaporation of the solvent, 2,6-diformyl-p-cresol (33) 

(4.58g, 65%) as yellow needles. 

O

H
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M.P : 102 - 103° C 

 
1H NMR (300 MHz): δ (ppm) = 11.43 (s, 1 H, Ar-OH), 10.18 (s, 1 H, CHO), 7.73 (s, 2 H, Ar-

H), 2.35 (s, 3 H, Ar-CH3). 
 

13C NMR (75 MHz): δ (ppm) = 192.20, 137.96, 129.48, 122.85 and 20.05. 

 

IR (KBr, cm-1):3471, 2922, 2870, 1708, 1681, 1668, 1604, 1552, 1460, 1403, 1333, 1303, 

1215, 962, 902, 748, 721, 625. 

 

2.6.2 Synthesis of N, N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine (34) 27,28 

 

 

 

 

 

 

 

 

Method A: 

 

2,6-Diformyl-p-cresol (1.0 g, 6.1 mmol) was slurried in EtOH (50 ml) to which 

ethylenediamine (183 mg, 3.05 mmol) in EtOH (10 ml) was slowly added.  All solids dissolve 

followed by the formation of a yellow precipitate after ~10 min.  The suspension was stirred 

overnight (it is difficult to filter otherwise) and filtered off.  The residue was washed with 

cold EtOH and dried by suction to give N, N'-bis(3-formyl-5-

methylsalicylidene)ethylenediamine (34) as a yellow solid. (915 mg, 85 %, M.P. 191-193° C). 

 

Method B: 

 

The procedure is as described above except CH2Cl2 was employed as the solvent and the 

reaction was stirred for 30 min, filtered and the filtrate was dried over anhydrous Na2SO4, 

filtered and the solvent removed under reduced pressure to give N,N'-bis(3-formyl-5-

methylsalicylidene)ethylenediamine (34) as a yellow solid (1.05 g, 98 %, M.P 191-193° C). 
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1H NMR (300MHz): δ (ppm) = 10.48 (s, 2 H, CHO), 8.39 (s, 2 H, CH=N), 7.67 (d, 2 H, Ar-

H, J = 2.0 Hz), 7.29 (d, 2 H, Ar-H, J = 2.0 Hz), 4.00 (s, 4 H, N-CH2-CH2-N), 2.30 (s, 6 H, Ar-

CH3).  

 

2.6.3 Synthesis of N,N'-bis(3-formyl-5-

methylsalicylidene)ethylenediamineaquamethoxymagnesium(II) (42) 27 

 

 

 

 

 

 

 

 

 

 

 

N,N'-Bis(3-formyl-5-methylsalicylidene)ethylenediamine (34, Section 2.6.2) (1.108 g, 3.10 

mmol), NaOCH3 (336 mg, 6.22 mmol) and MgCl2.6H2O (630 mg, 3.10 mmol) were stirred in 

methanol (40 ml) at room temperature for 45 min.  The reaction mixture was filtered to 

remove any unreacted starting material and the product was precipitated out of the filtrate by 

the addition of water.  The yellow precipitate was filtered off and washed with water and 

methanol and dried under suction.  The product, N,N'-bis(3-formyl-5-

methylsalicylidene)ethylenediamineaquamethoxymagnesium(II) (42) (913 mg, 69 %), was 

used without further purification.  

 

2.6.4 Synthesis of 10,24-dimethyl-3,6,14,17,20-

pentaazatricyclo[20.3.1.18.12]heptacosa-1(26),2,6,8,10,12(27),13,20,22,24-decane-

26,27-diol, (M2) 
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Diethylenetriamine (216 mg, 2.1 mmol) and MgCl2.6H2O (427 mg, 2.1 mmol) dissolved in 

MeOH (75 ml) were added slowly to a refluxing solution of N,N'-bis(3-formyl-5-

methylsalicylidene)ethylenediamineaquamethoxymagnesium(II) (42, Section 2.6.3) (913 mg, 

2.1 mmol) slurried in MeOH (100 ml). [NOTE:  some precipitation occurs in the pressurised 

dropping funnel containing the MgCl2.6H2O and diethylenetriamine] 

 

The Mg complex slowly dissolves whilst the diethylenetriamine is being added.  Upon 

completion of the slow addition the reaction mixture was cooled and stirred for 24 h at room 

temperature.  To the solution an excess of NaBH4 (4 g, 0.1 mol) was added in small portions 

over a period of 1 h and the mixture was stirred for a further 24 h.  The solution was then 

filtered and the filtrate was concentrated to ~ 50 ml, diluted with water (50 ml) and acidified 

with HCl (1 M) to pH 5.  EDTA (di-sodium salt, 10 g, 36 mmol) was dissolved in a water (75 

ml) NH3 solution (12 M, 25 ml).  The reaction mixture was allowed to stand for 1 h, then was 

extracted with CH2Cl2 (3 × 75 ml).  The combined organic extracts were washed with brine 

(50 ml).  The CH2Cl2 layer was dried over anhydrous Na2SO4, filtered and the solvent 

removed under reduced pressure, giving rise to 10,24-dimethyl-3,6,14,17,20-

pentaazatricyclo[20.3.1.18,12]heptacosa-1(26),2,6,8,10,12(27),13,20,22,24-decane-26,27-

diol, (M2) as a light yellow solid (754 mg, 84 %).  

 
1H NMR (300 MHz): δ (ppm) = 6.80 (s, 4 H, Ar-H), 3.82 (s, 8 H, Ar-CH2), 2.83 (s, 12 H, N-

CH2), 2.21 (s, 6 H, Ar-CH3). 
 

13C NMR (75 MHz): δ (ppm) = 154.34, 129.35, 127.96, 124.57, 52.08, 48.68 and 20.59. 

 

ESI-MS: (M + 1)+1 calculated 428.29 found 428 ([M + 1]+1 100.00%), 429 (29.40%), 442 (M 

+ 14 [M + (BH4)+]), 236 ([M – 191], 60.68%). MS – MS 428 → 267 (100%), 236 (72.32%). 

 

2.7 Synthesis of Bipyridyl Based Macrocycles 

 

2.7.1 2,6-Pyridinedicarboxylic acid, dimethyl ester and diethyl ester (48) 29 

 

 

   R = Me or Et 
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These compounds were synthesised using the traditional Fischer esterification technique.  2,6-

Pyridinedicarboxylic acid (6.68 g, 40 mmol) was refluxed in the appropriate alcohol (MeOH 

or EtOH, 50 ml) with a catalytic amount of H2SO4 (0.5 ml) overnight.  The solution was 

cooled to room temperature and poured into a saturated NaHCO3 solution of volume three 

times that of the alcohol.  The solution was further basified with solid NaHCO3 (if necessary) 

followed by extraction with CH2Cl2.  The organic extracts were combined and washed with 

saturated NaHCO3 solution (3 × 50 ml) and brine (50 ml).  The organic phase was dried over 

anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure affording in 

each case a white solid.  Yields were approximately 80%.  The products were confirmed by 

comparison of their 1H NMR spectra to reported values.  

 

The diethyl ester (M.P 43 - 44° C). 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.28 (d, 2 H, Ar-H, J = 7.7 Hz), 8.00 (t, 1 H, Ar-H, J 

= 7.7 Hz), 4.49 (q, 4 H, OCH2, J = 7.14), 1.46 (t, 6 H, CH3, J = 7.4 Hz). 

 

The dimethyl ester (M.P 119 - 121° C) 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.33 (d, 2 H, Ar-H, J = 7.6 Hz), 8.04 (t, 1 H, Ar-H, J 

= 7.6 Hz), 4.04 (s, 6H, -OCH3). 

 

2.7.2 2,6-Pyridinedimethanol (49)30 

 

 

 

 

 

 

 

2,6-Pyridinedicarboxylic acid, dimethyl ester (48, Section 2.7.1)(3.00 g, 2.16 × 10-2 moles) 

(or the diethyl ester) in MeOH (75 ml) was reduced with an excess of NaBH4 (20 g, 0.5 

moles) by slow addition of the hydride.  After the complete addition of the hydride the 

solution was refluxed for 48 h.  The mixture was filtered and the filtrate was removed under 

reduced pressure.  The whitish residue was taken up in a saturated K2CO3 solution and the 

aqueous phase was continuously extracted with CHCl3 for 48 h.  The organic phase was dried 

with anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure.  The 

N

OH OH
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residue was recrystallised from MeOH to yield 2,6-dihydroxymethylpyridine (1.08 g, 36%) as 

a white solid. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 7.70 (t, 1 H, Ar-H, J = 7.7 Hz), 7.20 (d, 2 H, Ar-H, J 

= 7.7 Hz), 4.79 (s, 4 H, CH2).  

 

2.7.3 2,6-Bis(chloromethyl)pyridine (50)31 

 

 

 

 

 

 

Two methods were employed to prepare 2,6-bis(chloromethyl)pyridine.   

 

Method A.  

 

SOCl2 (20 ml) was added dropwise to solid 2,6-dihydroxymethylpyridine (49, Section 2.7.2) 

(1.0 g, 7.1 mmol) with stirring at -80° C.  Upon complete addition of the SOCl2 the reaction 

mixture was refluxed overnight.  The reaction mixture was cooled to -80° C and quenched by 

the slow addition of methanol (20 ml) and water (20 ml).  The mixture was then poured into a 

saturated K2CO3 solution (100 ml) and further basified by the slow addition of solid K2CO3.  

The product was then extracted into CH2Cl2 (3 × 50 ml), the solvent was dried over 

anhydrous Na2SO4, filtered and the filtrate removed under reduced pressure affording a 

yellow oil.  The oil was dissolved in CH2Cl2 and passed through a plug of silica, washed with 

CH2Cl2, yielding upon removal of the solvent, 2,6-bis(chloromethyl)pyridine (1.20 g, 96%) as 

a white solid. 

 

Method B. 

 

2,6-Pyridinedicarboxylic acid dimethyl ester (48, Section 2.7.1) (1.50 g, 7.7 mmol) in 

methanol (40 ml) was reduced with an excess of NaBH4 (20 g, 0.5 moles) by slow addition of 

the hydride.  After the complete addition of the hydride the solution was refluxed for 48 h.  

While the reaction was still warm, water (20 ml) was added and the solution filtered.  The 

solvent was removed from the filtrate under reduced pressure.  The remaining white residue 

was cooled to -80° C and SOCl2 (50 ml) was added dropwise and the mixture was refluxed 

N

ClCl
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for 24 h.  The product was isolated in the same manner as that outlined in Method A affording 

2,6-bis(chloromethyl)pyridine (1.12 g, 83 %) as a white solid. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 7.78 (t, 1 H, Ar-H, J = 7.8 Hz), 7.45 (d, 2 H, Ar-H, J 

= 7.8 Hz), 4.68 (s, 4 H, CH2-Cl). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 156.29, 138.11, 122.07 and 46.38. 

 

2.7.4 2,6-Bis(bromomethyl)pyridine (51) 

 

 

 

 

 

2,6-Pyridinedimethanol (49, Section 2.7.2) (0.5 g, 3.6 mmol) was refluxed in HBr (48%, 20 

ml) for 48 h.  The reaction mixture was cooled and diluted with water (80 ml) and extracted 

with CH2Cl2 (1 × 50 ml).  The aqueous phase was then basified with solid NaHCO3 followed 

by extraction with CH2Cl2 (3 × 50 ml).  The organic extracts were combined and washed with 

saturated NaHCO3 solution (50 ml) and brine (50 ml).  The organic solvent was dried with 

anhydrous Na2SO4, filtered and the solvent removed using a rotary evaporator.  The residue 

was dissolved in CH2Cl2 and chromatographed on silica using CH2Cl2 as the eluent.  Removal 

of the solvent yielded 2,6-bis(bromomethyl)pyridine (0.65 g, 68 %) as a white solid.  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 7.72 (t, 1 H, Ar-H, J = 7.7 Hz), 7.39 (d, 2 H, Ar-H, J 

= 7.7 Hz), 4.55 (s, 4 H, CH2-Cl). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 156.73, 138.11, 122.79 and 33.45. 

 

2.7.5 2,6-Dimethylaminopyridine dihydrobromide (52)32 

 

 

 

 

 

2,6-Bis(chloromethyl)pyridine (50, Section 2.7.3) (600 mg, 3.4 mmol) and potassium 

phthalimide (1.26 g, 6.8 mmol) were suspended in N, N-dimethylformamide (DMF) (10 ml) 

and heated overnight at ~ 125° C.  The solution was cooled and the DMF was removed under 

reduced pressure.  The residue was suspended in water (20 ml) and the precipitate filtered off 

N

BrBr

N

NH2NH2

2HBr
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and washed with water.  The precipitate was refluxed in HBr (48 %, 20 ml) for 3 h and the 

suspension cooled and filtered.  The precipitate was washed with water and the filtrate was 

concentrated to approximately half the original volume, cooled and filtered.  The precipitates 

were combined and washed with water and EtOH, yielding a white powder of 2,6-

dimethylaminopyridine dihydrobromide (800 mg, 79 %).  

 
1H NMR (300 MHz, D2O): δ (ppm) = 7.88 (t, 1 H, Ar-H, J= 7.7 Hz), 7.41 (d, 2 H, Ar-H, J = 

7.7 Hz) and 4.36 (s, 4H, CH2-N).   

 

2.7.6 5,5'-Bis(bromomethyl)-2,2'-bipyridyl (43) 33 

 

 

 

 

 

5,5’-Dimethyl-2,2’-bipyridine (2.78 g, 15.0 mmol), N-bromosuccinimide (5.35 g, 30.0 mmol) 

and azobisisobutyronitrile (AIBN, catalytic amount) in CCl4 (50 ml) were refluxed under 

white light for ~ 30 min.  The reaction was followed by thin layer chromatography (TLC) 

until the starting bipyridyl was no longer visible.  The reaction mixture was cooled affording 

a white precipitate that was filtered off and washed with cold CH2Cl2 and used without further 

purification. (Yield 2.31 g, 45 %).   

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.68 (ds, 2 H, Ar-H, J = 2.1 Hz), 8.39 (d, 2 H, Ar-H, 

J = 8.4 Hz), 7.86 (dd, 2 H, Ar-H, J = 8.4 Hz, 2.1 Hz), 4.53 (s, 4 H, CH2-Br).  
13C NMR (75 MHz, CDCl3): δ (ppm) = 156.1, 149.3, 137.8, 134.0, 120.5 and 29.5. 

 

2.7.7 Bis-benzaldehyde-2,2'-[[2,2'-bipyridyl]-5,5'-diylbis(methyleneoxy)] (44o) 34 

 

 

 

 

 

 

 

5,5'-Bis(bromomethyl)-2,2'-bipyridine (43, Section 2.7.6) (1.0 g, 2.9 mmol), salicylaldehyde 

(1.07 g, 8.8 mmol) and K2CO3 (2 g) were stirred in CH3CN (30 ml) at 45° C for 18 h.  The 
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solution was cooled, diluted with water (30 ml) then acidified with HCl (1M) to a pH of 2 and 

then further diluted with water (50 ml).  The solution was extracted with CH2Cl2 (2 × 50 ml).  

The aqueous phase was then basified with solid K2CO3 and extracted with CH2Cl2 (3 × 50 

ml).  The organic extracts were combined, washed with saturated K2CO3 solution (2 × 50 ml) 

and brine (50 ml).  The organic phase was dried over anhydrous Na2SO4, filtered and the 

solvent removed under reduced pressure leaving bis-benzaldehyde, 2,2'-[[2,2'-bipyridine]-

5,5'-diylbis(methyleneoxy)] (44o) (1.05 g, 85%) as a creamy white solid.  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 10.56 (s, 2 H, CHO), 8.79 (s, 2 H, Py-H), 8.49 (d, 2 

H, Py-H, J = 8.4 Hz), 7.95 (dd, 2 H, Py-H, J = 8.4 Hz, 2.4 Hz) 7.89 (dd, 2 H, Ar-H, J = 8.1 

HZ, 2.1 Hz), 7.58 (dt, 2 H, Ar-H, J = 9.0 Hz, 1.7 Hz), 7.13 – 7.08 (m, 3 H, Ar-H) 5.30 (s, 4 H 

Py-CH2-O). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 189.64, 160.70, 148.51, 136.49, 136.21, 132.12, 

129.08, 125.45, 121.73, 121.39, 113.02 and 68.20. 

 

2.7.8 Bis-benzaldehyde-3,3'-[[2,2'-bipyridyl]-5,5'-diylbis(methyleneoxy)] (44m) 

 

 

 

 

 

 

 

 

 

The preparation is analogous to that described for 44o in Section 2.7.7 except 3-

hydroxybenzaldehyde was used instead of salicylaldehyde and the reaction mixture was 

stirred for 24 h to yield bis-benzaldehyde-3,3'-[[2,2'-bipyridine]-5,5'-diylbis(methyleneoxy)] 

(44m) (0.90 g, 73%) as a tan solid.  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 10.00 (s, 2 H, CHO), 8.77 (dd, 2 H, Py-H, J = 2.1 

Hz), 8.47 (d, 2 H, Py-H, J = 8.4 Hz), 7.94 (dd, 2 H, Py-H, J = 8.4 Hz, 2.1 Hz) 7.52 -7.50 (m, 6 

H, Ar-H), 7.31 – 7.28 (m, 4 H), 5.22 (s, 4 H, Py-CH2-O). 
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2.7.9 Bis-benzaldehyde, 4,4'-[[2,2'-bipyridyl]-5,5'-diylbis(methyleneoxy)] (44p) 

 

 

 

 

 

 

 

 

 

The preparation is analogous to that described for (44o) in Section 2.7.7 except 4-

hydroxybenzaldehyde was used instead of salicylaldehyde and the reaction mixture was 

refluxed for 48 h.  The product bis-benzaldehyde, 4,4'-[[2,2'-bipyridine]-5,5'-

diylbis(methyleneoxy)] (44p) (0.60 g, 49%) was obtained as a tan solid. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 9.92(s, 2 H, CHO), 8.77 (ds, 2 H Py-H, J = 1.8 Hz), 

8.48 (d, 2 H, Py-H, J = 8.4 Hz), 7.94 (dd, 2 H, Py-H, J = 8.4 Hz, 2.2 Hz), 7.88 (d, 4 H, Ar-H, J 

= 8.7 Hz), 7.12 (d, 4 H, Ar-H, J = 8.7 Hz), 5.25 (s, 4 H, Py-CH2-O). 
 

13C NMR (75 MHz, CDCl3): δ (ppm) = 190.99, 163.45, 148.64, 136.58, 132.31, 132.00, 

130.70, 121.31, 115.33 and 67.92. 

 

2.7.10 Synthesis of 17,26-Dioxa-3,6,9,20,23-pentaaza-tricyclo[25.4.0.011,16]hentriaconta-

1(31),11(16),12,14,27,29-hexaene-19,24-dione (36) 

 

 

 

 

 

 

 

 

N,N'-1,2-ethanediylbis[2-(2-formylphenoxy)]-acetamide (35) (412 mg, 1.00 mmol) in glacial 

acetic acid (100 ml) was added dropwise to a refluxing solution of diethylenetriamine (103 

mg, 1.00 mmol) in acetic acid (1 ml).  The reaction mixture was refluxed for a further 2 h 

followed by removal of the solvent under reduced pressure.  Water was added to precipitate 
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the imine which was filtered off and recrystallised from methanol to yield an off white solid.  

The purified imine was slurried in methanol and reduced by the slow addition of solid NaBH4 

(1.5 g, 37.5 mmol).  The precipitate slowly dissolves and the reaction mixture was stirred 

overnight.  The solvent was removed under reduced pressure yielding a white solid that was 

partitioned in CH2Cl2 (100 ml) and water (50 ml).  The aqueous phase was washed with 

CH2Cl2 (2 × 50 ml) the organic phases were combined and washed with saturated NaHCO3 

(50 ml) and brine (50 ml).  The solvent was dried with anhydrous Na2SO4, filtered and the 

solvent removed under reduced pressure affording 17,26-dioxa-3,6,9,20,23-pentaaza-

tricyclo[25.4.0.011,16]hentriaconta-1(31),11(16),12,14,27,29-hexaene-19,24-dione (36) as a tan 

solid (300 mg, 61%).   
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 7.14 (d, 2 H, Ar-H, J = 7.2 Hz), 6.94 – 6.84 (m, 8 H, 

Ar-H), 4.52 (s, 4 H, OC-CH2-O), 3.76 (s, 4 H, Ar-CH2), 3.25 (t, 4 H, ON-CH2, J = 2.4 Hz), 

2.70 (s, 8 H, N-CH2-CH2-N). 
 

13C NMR (75 MHz, CDCl3): δ (ppm) = 169.16, 156.14, 131.05, 129.30, 128.12, 121.44, 

121.10, 67.25, 50.48, 49.49, 48.90 and 38.28. 

 

ESI-MS; (M + 1)+1 calculated 456.55, found 456 (m/z = M +1, 100%), 470 (m/z = M +14 

(+BH4)) and 482 (m/z = M + 27 (+B2H7)). 

 

2.7.11 Synthesis of 7,27-dioxa-3,14,17,20,31-

pentaaazapentacyclo[27.2.2.22,5.18,12.122,26]heptatriaconta-

1(31),2,4,8(35),9,11,22(34),23,25,29,32,36-dodecaene (45) 

 

 

 

 

 

 

 

 

 

Bis-benzaldehyde-2,2'-[[2,2'-bipyridine]-5,5'-diylbis(methyleneoxy)] (44o, Section 2.7.7) 

(600 mg, 1.4 mmol) was dissolved in CH3CN (100 ml) and CH2Cl2 (100 ml) and added 

slowly to a solution of diethylenetriamine (146 mg, 1.4 mmol) in CH3CN (75 ml).  After the 
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NH
H
N

HN



 109

final addition of the aldehyde the reaction was stirred for 24 h over which time a precipitate 

formed that was filtered off.  The precipitate was slurried in MeOH (100 ml) and solid NaBH4 

(1.5 g) was slowly added causing the precipitate to slowly dissolve.  Stirring was continued 

overnight.  The solvent was then removed under reduced pressure and the residue was 

partitioned between CH2Cl2 (100 ml) and H2O (50 ml).  The aqueous phase was washed with 

CH2Cl2 (2 × 50 ml), the combined organic extracts were washed with saturated NaHCO3 

solution (50 ml) and brine (50 ml) and dried over anhydrous Na2SO4, filtered and the solvent 

removed under reduced pressure yielding a yellow oil.  The oil was dissolved in EtOH (10 

ml) and HBr (48 %, 3 ml) was added and the mixture was allowed to stand overnight.  The 

precipitate that formed was filtered off, dissolved in water then basified with NaOH (1 M) 

and extracted with CH2Cl2 (3 × 50 ml).  The organic extracts were combined and washed with 

saturated NaHCO3 solution (50 ml) and brine (50 ml).  The organic phase was dried with 

anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure yielding 

7,27-dioxa-3,14,17,20,31-pentaaazapentacyclo[27.2.2.22,5.18,12.122,26]heptatriaconta-

1(31),2,4,8(35),9,11,22(34),23,25,29,32,36-dodecaene (45) (392 mg, 57%) as a colourless oil.  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.64 (s, 2 H, Py-H), 8.36 (d, 2 H, Py-H, J = 8.1 Hz), 

7.81 (d, 2 H, Py-H, J = 8.4 Hz), 7.3 – 7.24 (m, 4 H, Ar-H), 6.98 – 6.91 (m, 4 H, Ar-H), 5.06 

(s, 4 H, Py-CH2-O), 3.82 (s, 4 H, Ar-CH2-N), 2.74 (s, 8 H, N-CH2-CH2-N). 

 

ESI-MS; (M + 1)+1, calculated 496.62, found 496 (M +1, 85%), 501 (M + 6, 10%), 502 (M + 

7, 100%), 503 (M + 8, 67%), 508 (M + 13, 40%, M + BH3) 509 (M + 14, M + BH4), 539. 

MS-MS 502 m/z → 496 m/z. 

 

2.7.12 Synthesis of (2-methoxy-benzyl)-{6-[(2-methoxy-benzylamino)-methyl-pyrid-2-

ylmethyl}]-amine-5,5’-dimethyl-2,2’-bipyridyl (46) 
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2,2'-[[2,2'-bipyridine]-5,5'-diylbis(methyleneoxy)] (44o, Section 2.7.7) (345 mg, 0.8 mmol) 

was made up in a 50:50 CH3CN / CH2Cl2 mixture (100 ml) and was slowly added to a stirring 

mixture of 2,6-pyridinedimethanamine dihydrobromide (52, Section 2.7.5) (244 mg, 0.8 

mmol) and K2CO3 (200 mg) in CH3CN (50 ml).  After the final addition of the aldehyde the 

reaction mixture was stirred for 24 h at room temperature.  The isolation of the product was as 

described in Section 2.3.17, yielding (2-methoxy-benzyl)-{6-[(2-methoxy-benzylamino)-

methyl-pyridin-2-ylmethyl}]-amine-5,5’-dimethyl-[2,2’]bipyridinyl (46) (144 mg, 34%) as an 

off white solid. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.75 (s, 2 H, Ar-H), 8.43 (d, 2 H, Ar-H, J = 8.1 Hz),  

7.91 (d, 2 H, Ar-H, J = 8.1 Hz), 7.43 (d, 2 H, Ar-H, J = 6.6 Hz), 7.29 – 7.23 (m, 3 H, Ar-H), 

7.02 – 6.93 (m, 6 H, Ar-H), 5.71 (s, 4 H, O-CH2), 5.16 (s, 4 H, Ar-CH2-N), 5.03 – 4.91 (m, 2 

H, NH), 4.61 (s, 4 H, Py-CH2-N). 
 

13C NMR (75 MHz, CDCl3): δ (ppm) = 155.64, 155.28, 152.57, 147.98, 135.90, 132.74, 

128.97, 128.97, 128.63, 128.41, 127.33, 125.32, 121.04, 120.73, 111.39, 73.49, 71.83 and 

67.30. 

 

2.7.13 Synthesis of 2,9-diformyl-1,10-phenanthroline (53) 

 

 

 

 

 

 

 

2,9-dimethylphenanthroline (3.0 g, 14 mmol) and SeO2 (7.5 g, 68 mmol) were refluxed in 

1,4-dioxane (200 ml) for 4 h and filtered hot.  Upon cooling, the product, 2,9-diformyl-1,10-

phenanthroline (53), precipitated out as a yellow solid.  It was filtered off and washed with 

cold 1,4-dioxane and used without further purification.  The yield of product was  

2.72 g (80 %).  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 10.57 (s, 2 H, CHO), 8.53 (d, 2 H, Ar-H, J = 8.1 Hz), 

8.40 (d, 2 H, Ar-H, J = 8.1 Hz), 8.06 (s, 2 H, Ar-H). 
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2.7.14 Synthesis of 2,9-dimethanol-1,10-phenanthroline (54) 

 

 

 

 

 

 

 

 

NaBH4 (3.0 g, 75 mmol) was added slowly to a methanol (50 ml) solution charged with 2,9-

diformyl-1,10-phenanthroline (53, Section 2.7.13) (1.0 g, 4.2 mmol).  Following the final 

addition the reaction mixture was stirred for 24 h.  The reaction mixture was quenched with 

water (150 ml) and stirring continued for a further hour followed by extraction with EtOAc (5 

× 100 ml) and CH2Cl2 (5 × 100 ml).  The combined organic extracts were dried over 

anhydrous Na2SO4, filtered and the solvent removed under reduced pressure affording 2,9-

dimethanol-1,10 phenanthroline (54) (712 mg, 70%) as a light yellow solid. 

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.19 (d, 2 H, Ar-H, J = 8.1 Hz), 7.75 (s, 2 H, Ar-H), 

7.60 (d, 2 H, Ar-H, J = 8.1 Hz), 5.11 (s, 4 H, Ar-CH2O). 

 

2.7.15 Synthesis of 2,9-dimethylchloro-1,10-phenanthroline (55) 

 

2,9-Dimethanol-1,10-phenanthroline (54, Section 2.7.14) (712 mg, 3 mmol) was cooled to 

-80° C and SOCl2 (10 ml) was added dropwise over an hour.  The reaction mixture was 

allowed to warm to room temperature followed by refluxing the solution overnight.  The 

reaction mixture was cooled to -80° C and the reaction was quenched by the addition of 

MeOH (25 ml) followed by water (50 ml).  The solvent was removed under reduced pressure.  

The remaining slurry was taken up in water (10 ml), basified with saturated NaHCO3 solution 

and extracted with CH2Cl2 (3 × 50ml).  The combined organic extracts were washed with 

saturated NaHCO3 solution (2 × 50 ml) and brine (50 ml).  The CH2Cl2 extracts were dried 

over anhydrous Na2SO4, filtered and the solvent was removed under reduced pressure to give 

2,9-dimethylchloro-1,10-phenanthroline (55) (739 mg, 92%) as a yellow solid.  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.32 (d, 2 H, Ar-H, J = 8.5 Hz), 7.95 (d, 2 H, Ar-H, J 

= 8.5 Hz), 7.83 (s, 2 H, Ar-H), 5.11 (s, 4 H, CH2-Cl). 
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13C NMR (75 MHz, CDCl3): δ (ppm) = 157.43, 122.50, and 47.41. 

 

2.8  Synthesis of Precursors for the Attempted Synthesis of Heterodentate 

Macrocycles; Symmetrical Macrocycles, Ligands for NHIO Models and their 

Metal Complexes 

 

2.8.1 Synthesis of the Methyl- and Ethyl Esters of 2-Formylbenzoic acid (7) 35-37 

 

H

O

O

O

R

O

O

O

R  
     R = CH3, C2H5 

 

The two esters were synthesised by refluxing 2-formylbenzoic acid in the appropriate alcohol 

(EtOH or MeOH) overnight with a catalytic amount of H2SO4.  The reaction mixture was 

cooled and poured into 2.5 volume equivalents of saturated aqueous NaHCO3 solution.  

Further NaHCO3 was added until the pH was 9-10.  The product was then extracted into 

CH2Cl2 (3 × 100 ml); the organic extracts were washed with saturated NaHCO3 solution, 

saturated NaCl solution and dried over anhydrous Na2SO4, filtered and the solvent removed 

under reduced pressure affording the product esters in ~ 80% yield. [NOTE: both the ester 

and the starting carboxylic acid are in equilibrium with the bicyclic system].   

 

2-Formylbenzoic acid methyl ester:  
 1H NMR (300 MHz, CDCl3): δ (ppm) = 10.61 (s, CHO), 7.88 – 7.56 (m, Ar-H), 6.31 (s, CH), 

3.97 (s, CH3). 
13C NMR (75 MHz, CDCl3): δ (ppm) = 134.67, 131.70, 131.10, 130.04, 128.49, 127.05, 

125.62, 123.66, 103.36, 57.03 and 54.22. 

 

2-Formylbenzoic acid ethyl ester: 
1H NMR (300MHz, CDCl3): δ (ppm) = 10.61 (s, CHO), 7.88 – 7.85 (m, Ar-H), 7.70 – 7.67 

(m, Ar-H), 7.60 – 7.56 (m, Ar-H), 6.36 (s, CH), 3.99 – 3.83 (m, CH2), 1.43 – 1.29 (m, CH3). 
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The monocyclic methyl ester can also be synthesised according the general procedure of Ye 

et al.36  An excess of CH3I was added to a slurry containing 2-formylbenzoic acid and K2CO3 

in acetone.  The mixture was refluxed, cooled and filtered.  The filtrate was concentrated by 

rotary evaporation and extracted into CH2Cl2.  The organic phase was washed with saturated 

aqueous Na2SO4 solution and dried over anhydrous Na2SO4.  The solvent was removed under 

reduced pressure affording 2-formyl-benzoic acid methyl ester in 60% yield.  

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 10.60 (s, 1 H, CHO), 7.93 – 7.91 (m, 2 H, Ar-H), 

7.65 – 7.62 (m, 2 H, Ar-H) and 3.97 (s, 3H, O-Me).   

 
13C NMR (75 MHz, CDCl3): δ (ppm) = 192.07, 166.69, 136.95, 132.92, 132.36, 131.94, 

130.34, 128.39 and 52.74. 

 

2.8.2 Synthesis of bis-2-[2(-aminoethylimino)-methyl]-benzoic acid methyl ester (8) 

 

 

 

 

 

 

 

To a solution of 2-formylbenzoic methyl ester (7, Section 2.8.1) (1.00 g, 6.10 mmol) in 

MeOH (25 ml), diethylenetriamine (0.314 g, 3.05 mmol) in MeOH (15 ml) was added over a 

period of 20 min and stirring was continued at room temperature overnight.  The imine can be 

isolated by precipitating out its H2SO4 salt formed by slow addition of sulfuric acid to the 

solution.  The white precipitate was filtered off and washed with MeOH followed by ether 

and dried under suction.  

 
1H NMR (300 MHz, D2O): δ (ppm) = 7.73 (d, 2 H, Ar-CH-N, J = 7.2 Hz), 7.46 – 7.26 (m,  8 

H), 4.37 (s, 6 H, OCH3), 3.70 (s, 4 H, =N-CH2), 2.96 (2, 6 H, N-CH2). 
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2.8.3 Synthesis of [2-({2-[2-(2-hydroxymethylbenzylamino)-ethylamino]-ethylamino}-

methyl)-phenyl]-methanol (9) 

 

 

 

 

 

 

 

To a solution of diimine-diorthodimethylbenzoate (8, Section 2.8.2) in methanol an excess of 

NaBH4 (10 g, 0.27 moles) was added in small portions (~ 0.3 g in each).  After the addition of 

half of the NaBH4 additional MeOH (50 ml) was added.  Upon completion of the NaBH4 

addition the reaction mixture was refluxed for 2 h, allowed to cool and stirred at room 

temperature overnight.  The solution was acidified with HCl (1 M) until the pH was 3 then 

poured into a saturated aqueous NaHCO3 solution (100 ml) and continuously extracted with 

CH2Cl2.  The CH2Cl2 extract was dried over anhydrous Na2SO4, filtered and the solvent was 

removed under reduced pressure affording the di-amine, di-alcohol as an oil (0.52 g, 50 %). 

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.79 (dd, 2 H, Ar-H, J = 7.8 and 1.2 Hz), 7.75 (dd, 2 

H, Ar-H, J = 7.8 and 1.2 Hz), 7.51 (dt, 2 H, Ar-H, J = 7.8 and 1.2 Hz) 7.37 (dt, 2 H, Ar-H, J = 

7.2 and 1.2 Hz).   
13C NMR (75 MHz, CDCl3): δ (ppm) = 138.88, 131.75, 130.09, 128.52, 127.09, 101.01, 54.25 

and 52.46. 

 

2.8.4 Synthesis of Bis-2-[(2-aminoethylamino)methyl]-benzaldehyde (10) 

 

 

 

 

 

 

 

[2-({2-[2-(2-Hydroxymethylbenzylamino)-ethylamino]-ethylamino}-methyl)-phenyl]-

methanol (9, Section 2.8.3) (0.52 g, 1.5 mmol) was dissolved in CH2Cl2 (40 ml).  To this 

solution, silica (0.6 g) and 4-acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium 

perchlorate (0.60 g, 1. 8 mmol) were added and the slurry stirred until the precipitate became 
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white (~ 4 h).  The white precipitate was filtered off and washed with CH2Cl2 (3 × 25 ml).  

The filtrate was dried over anhydrous Na2SO4, filtered and the solvent removed under reduced 

pressure affording bis-2-[(2-aminoethylamino)methyl]-benzaldehyde (10) (0.51 g, 98 %) as a 

colourless oil. 

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 10.60 (s, 2 H, CHO), 7.98 – 7.68 (m, 2 H, Ar-H), 

7.70 – 7.62 (m, 2 H, Ar-H), 3.96 (s, 4 H, Ar-CH2), 2.79 (s, 8 H, 2x(N-CH2-CH2-N)).  

 
13C NMR (75 MHz, CDCl3): δ (ppm) = 192.30, 137.20, 133.28, 132.64, 130.69, 128.68, 53.02 

and 52.74. 

 

2.8.5 Synthesis of [4-({2-[4-hydroxymethylbenzylidene)-amino]-ethylimino}-methyl)-

phenyl]-methanol (12) 

 

 

 

 

 

 

 

 

Ethylenediamine (475 μl, 7.3 mmol) and 4-hydroxymethylbenzaldehyde (11, Section 2.4.1) 

(2.0 g, 15 mmol) in CHCl3 (50 ml) were stirred at room temperature for 3 h forming a white 

precipitate.  The precipitate [4-({2-[4-hydroxymethylbenzylidene)-amino]-ethylimino}-

methyl)-phenyl]-methanol (12) (1.86 g, 85 %) was filtered off and washed with cold CHCl3. 

It was used without further purification.  

 
1H NMR (300 MHz, CD3OD): δ (ppm) =  8.22 (s, 2 H, Ar-CH=N), 7.60 (d, 4 H, Ar-H, J = 8.4 

Hz), 7.32 (d, 2 H, Ar-H, J = 8.4 Hz), 4.54 (s, 4 H, Ar-CH2-O), 3.87 (s, 4 H, N-CH2-CH2-N).  
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2.8.6 Synthesis of (4-{[2-(4-hydroxymethylbenzylamino)-ethylamino]-methyl}-

phenyl)-methanol and its HCl salt (13) 

 

 

 

 

 

 

 

 

The white precipitate [4-({2-[4-hydroxymethylbenzylidene)-amino]-ethylimino}-methyl)-

phenyl]-methanol (12, Section 2.8.5) (1.86 g, 6.2 mmol) from Section 2.8.5 was slurried in 

methanol (30 ml) and NaBH4 (4 g, 0.1 mol) was added in small portions and the mixture 

stirred overnight.  The solvent was removed under reduced pressure and the residue was taken 

up in saturated NaHCO3 solution and continuously extracted for 48 h with CHCl3.  The 

organic phase was dried over anhydrous Na2SO4, filtered and the solvent removed under 

reduced pressure.  The remaining oil was dissolved in a minimum volume of MeOH and HCl 

(10 M) was added until cessation of a white precipitate occurred.  The precipitate (4-{[2-(4-

hydroxymethylbenzylamino)-ethylamino]-methyl}-phenyl)-methanol hydrochloride (1.61 g, 

85 %) was filtered off and washed with ether.  
 

1H NMR shifts of the free base. 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.29 – 7.27 (m, 8 H, 2 × Ar-H), 4.65 (s, 4 H, Ar-CH2-

O), 3.73 (s, 4 H, Ar-CH2-N), 2.72 (s, 4 H, N-CH2-CH2-N). 

 
1H NMR shifts of the HCl salt.  
1H NMR (300 MHz, D2O): δ (ppm) = 7.44 (s, 8 H, Ar-H), 4.63 (s, 4 H, Ar-CH2-O), 4.27 (s, 4 

H, N-CH2-CH2-N), 3.44 (s, 4 H, Ar-CH2-N). 
 

13C NMR (75 MHz, D2O): δ (ppm) = 142.08, 130.21, 129.47, 128.25, 63.43, 51.41 and 42.56.  
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2.8.7 Synthesis of 4-[1,3]dioxolan-2-yl-benzaldehyde (15) 38 

 

 

 

 

 

 

Terephthaldehyde (4.00 g, 29.8 mmol), ethylene glycol (0.80 ml, 15 mmol) and a catalytic 

amount of TsOH were refluxed in benzene (200 ml) in a Dean-Stark trap for 2 h.  The 

reaction mixture was cooled to room temperature and washed with saturated NaHCO3 

solution (2 × 50 ml) and brine (50 ml).  The organic phase was dried over anhydrous Na2SO4,  

filtered and the benzene was removed under reduced pressure.  The remaining oily residue 

was chromatographed on silica using a 80:20 hexane CH2Cl2 mixture eluent.  The product 

was the second fraction off the column, that on evaporation of the eluent afforded 4-

[1,3]dioxolan-2-yl-benzaldehyde (15) (2.10 g, 40 %) as a colourless oil. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 10.07 (s, 1 H, CHO), 7.95 (d, 2 H, Ar-H, J = 8.1 Hz), 

7.69 (d, 2 H, Ar-H, J = 8.1 Hz), 5.84 (s, 1 H, CHO2), 4.12 – 4.03 (m, 4 H, CH2-CH2). 
 

13C NMR (75 MHz, Acetone-d6): δ (ppm) = 207.10, 146.77, 139.09, 131.20, 129.09, 104.48 

and 67.07. 

 

2.8.8 Synthesis of N,N’-bis-(4-[1,3]dioxolan-2-yl-benzylidene)-ethane-1,2-diamine 

(16a) 

 

 

 

 

 

 

 

 

To the mono-protected p-benzaldehyde (4-[1,3]dioxolan-2-yl-benzaldehyde, 15, Section 

2.8.7) (263 mg, 1.50 mmol) and anhydrous Na2SO4 (1 g) suspended in CH2Cl2 (5 ml), 

ethylenediamine (50 µl, 0.74 mmol) was added and the mixture stirred for 2 h.  The solution 

was filtered and the solvent was removed under reduced pressure affording N,N’-bis-(4-

O

HO

O

N N

O
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[1,3]dioxolan-2-yl-benzylidene)-ethane-1,2-diamine (16a) as a yellow oil that was used 

without further purification.  
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.35 (s, 2 H, Ar-CH=N), 7.76 (d, 4 H, Ar-H, J = 8.4 

Hz), 7.50 (d, 4 H, Ar-H, J = 8.4 Hz), 5.75 (s, 2 H, CHO2), 4.09 – 3.92 (m, 12 H, CH2-CH2).  

 

2.8.9 Synthesis of N,N’-bis-(4-[1,3]dioxolan-2-yl-benzyl)-ethane-1,2-diamine (16b) 

 

 

 

 

 

 

 

 

 

NaBH4 (1.5 g) was dissolved in methanol (20 ml) and added slowly to the oil 16a (Section 

2.8.8).  Stirring was continued for 45 min and the mixture added to water (80 ml).  The 

mixture was extracted with CH2Cl2 (3 × 50 ml) and the combined organic extracts were dried 

over anhydrous Na2SO4, filtered and the solvent removed under reduced pressure affording an 

oil that was used without further purification.  

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.47 – 7.31 (m, 4 H, Ar-H), 5.80 (s, 2 H, CHO2), 4.14 

– 4.01 (m, 8 H, CH2-CH2), 3.78 (s, 4 H, Ar-CH2-N), 2.73 (s, 4 H, N-CH2-CH2-N). 

 
13C NMR (75 MHz, CDCl3): δ (ppm) = 129.44, 127.89, 127.27, 125.73, 105.00, 102.78, 

67.51, 65.53, 63.55. 

 

2.8.10 Synthesis of N,N’-di-p-benzaldehyde-ethane-1,2-diamine hydrochloride (17) 
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16b (Section 2.8.9) was dissolved in EtOH (5 ml) and HCl (10 M, 5 ml) was added and the 

mixture was allowed to stand overnight.  The precipitate that formed was filtered off and 

washed with ether (deprotection had not been completed).  This process was repeated with a 

refluxing solution of EtOH (10 ml) and HCl (10 M, 1 ml) to give N,N’-di-p-benzaldehyde-

ethane-1,2-diamine hydrochloride (17) as a white solid.  All attempts to isolate the free base 

proved unsuccessful.  

 
1H NMR (300 MHz, D2O): δ (ppm) = 9.96 (s, 2 H, CHO), 8.00 (d, 4 H, Ar-H, J = 7.8 Hz), 

7.66 (d, 4 H, Ar-H, J = 7.8 Hz), 4.40 (s, 4 H, Ar-CH2), 3.51 (s, 4 H, N-CH2-CH2-N). 

 

2.8.11 Synthesis of 2,5,8,17,20,23-hexaaza[9.9]paracyclophane (1) 39,40 

 

 

 

 

 

 

 

 

 

 

 

Terephthalaldehyde (3.0 g, 22 mmol) dissolved in CH3CN (100 ml) was added dropwise to a 

stirred solution of diethylenetriamine (2.93 g, 22.4 mmol) in CH3CN (100 ml).  A precipitate 

formed during the addition and the suspension was stirred overnight.  The precipitate (the 

imine) was filtered off and was then suspended in MeOH (75 ml) and an excess of NaBH4 (6 

g, 0.15 mol) was added in small portions.  The precipitate slowly dissolved after the final 

addition of the hydride and the reaction mixture was stirred for 24 h at room temperature.  

The solution was acidified with concentrated HCl until the pH was ~ 1 whereupon a white 

precipitate formed that was filtered off.  The residue was washed with MeOH / HCl and dried 

under suction, then dissolved in a minimal volume of water (~75 ml).  Solid NaOH was added 

to the solution until the pH reached 14.  The product was extracted into CH2Cl2 (3 × 75 ml) 

and the combined organic extracts were washed with saturated aqueous NaHCO3 solution (2 

× 50 ml) and brine (1 × 50 ml).  The CH2Cl2 extracts were dried over anhydrous NaSO4, 

filtered and the solvent removed under reduced pressure affording a white precipitate of 

2,5,8,17,20,23-hexaaza[9.9]paracyclophane (4.51g, 60%) that was used without further 

purification.  
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The Schiff base: 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.31 (s, 4 H, C=NCH-Ar), 7.55 (s, 8 H, Ar-H), 3.81 

(t, 8 H, CH2, J = 5.2 Hz), 3.01 (t, 8 H, CH2, J = 5.2). 

 

The product: 
1H NMR (300 MHz, CDCl3): δ (ppm) = 7.27 (s, 8 H, Ar-H), 3.76 (s, 8 H, Ar-CH2-N), 2.80 – 

2.60 (m, 16 H, N-CH2-CH2-N). 

ES-MS : calculated (M +1)+1 = 411.60, found 411.  

 

2.8.12 Synthesis of the meta Macrocycle 2,5,8,17,20,23-hexaaza[9.9]paracyclophane 

 

 

 

 

 

 

 

 

 

 

 

The synthetic procedure was identical to that described in Section 2.8.11 except 

isophthalaldehyde (500 mg, 3.7 mmol) was used instead of terephthalaldehyde with 

diethylenetriamine (384 mg, 3.7 mmol).  The product, 2,5,8,17,20,23-

hexaaza[9.9]paracyclophane (117 mg, 15 %) was obtained as white solid. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 7.23 – 7.14 (m, 8 H, Ar-H), 3.76 (s, 8 H, Ar-CH2-N), 

2.70 (s, 16 H, N-CH2-CH2-N). 

 
13C NMR (75 MHz, CDCl3): δ (ppm) = 140.68, 128.41, 127.79, 127.08, 54.03, 49.22 and 

48.83. 

 

ES-MS : calculated (M +1)+1 = 411.60, found 411. 
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2.8.13 Synthesis of Methylquinolin-8-yl-amine 

 

 

 

 

 

 

Methyl iodide (1 ml, 16 mmol) was added to 8-aminoquinoline (1.44 g, 10 mmol) in CH3CN 

(30 ml) and the reaction mixture was refluxed for 24 h.  The solution was basified with 

saturated NaHCO3 solution, followed by extraction with CH2Cl2 (3 × 50 ml); the combined 

organic phases were washed with saturated NaHCO3 solution (50 ml) and brine (50 ml).  The 

organic layer was dried over anhydrous Na2SO4, filtered and the solvent removed under 

reduced pressure leaving methylquinolin-8-yl-amine (1.35 g, 85 %) as an off white solid  

 
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.69 (dd, 1 H, Ar-H, J = 4.2 Hz, 2.7 Hz), 8.05 (dd, 1 

H, Ar-H, J = 8.4 Hz, 1.8 Hz), 7.42 – 7.33 (m, 2 H, Ar-H), 7.04 (d, 1 H, Ar-H, J = 8.1 Hz), 

6.64 (d, 1 H, Ar-H, J = 7.5 Hz), 3.02 (s, 3 H, N-CH3). 

 
13C NMR (75 MHz, CDCl3): δ (ppm) = 146.77, 145.80, 138.21, 135.96, 128.53, 127.82, 

121.35, 113.65, 104.09 and 30.04. 

 

2.8.14 Synthesis of 5,5’-bis(8-aminomethylquinolyl)-2,2’-bipyridyl 

 

 

 

 

 

 

 

 

Methylquinolin-8-yl-amine (Section 2.8.13) (150 mg, 9.48 × 10-4 mol) and 5,5'-

bis(bromomethyl)-2,2'-bipyridine (43, Section 2.7.6) (161 mg, 4.73 × 10-4 mol) were refluxed 

in CH3CN (5 ml) for 24 h forming a white precipitate.  The reaction mixture was cooled to 

room temperature filtered and the residue washed with ether.  The residue was taken up in 

water, basified with solid NaHCO3 and partitioned with CH2Cl2 (3 × 50 ml).  The combined 

organic extracts were washed with saturated NaHCO3 solution (50 ml) and brine (50 ml).  The 
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solvent was dried over anhydrous Na2SO4, filtered and the solvent removed under reduced 

pressure affording 4,4’-bis(8-aminomethylquinolyl) 2,2’-bipyridyl as a tan solid (187 mg, 82 

%). 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.93 (dd, 2 H, Py-H, J = 4.2 Hz, 1.8 Hz), 8.52 (ds, 2 

H, Py-H, J = 1.8 Hz), 8.23 (d, 2 H, Py-H, J = 8.1 Hz), 8.15 (dd, 2 H, Py-H, J = 8.1 Hz, 1.8 

Hz), 7.72 (dd, 2 H, Py-H,  J = 8.1 Hz, 2.1 Hz), 7.44 – 7.39 (m, 6 H, Ar-H and Py-H), 6.99 (dd, 

2 H, Ar-H, J = 6.6 Hz, 1.8 Hz), 4.89 (s, 4 H, Py-CH2-N), 2.94 (s, 6 H, N-CH3). 

 

2.8.15 Synthesis of 5,5’-bis(8-aminoquinolinyl)-2,2’-bipyridyl 

 

 

 

 

 

 

 

 

The preparation is analogous to that described in Section 2.8.14 except 8-aminoquinoline 

(123 mg, 8.5 × 10-4 mol) was used instead of methylquinolin-8-yl-amine and 5,5'-

bis(bromomethyl)-2,2'-bipyridine (43, Section 2.7.6) (0.146 mg, 4.27 × 10-4 mol).  The 

reaction mixture yielded 5,5-bis(8-aminoquinolinyl)-2,2’-bipyridyl (87 mg, 44 %)as a brown 

solid. 
 

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.72 (ds, 4 H, 2 x Py-H, J = 2.4 Hz), 8.33 (d, 2 H, Py-

H, J = 8.4 Hz), 8.05 (dd, 2 H, Py-H, J = 8.4 Hz, 1.7 Hz), 7.85 (dd, 2 H, Ar-H, J = 8.4 Hz, 2.4 

Hz), 7.39 – 7.29 (m, 6 H, Ar-H), 7.07 (d, 2 H, Ar-H, J = 8.1 Hz). 6.62 (d, 2 H, Ar-H, J = 7.5 

Hz), 4.61 (s, 8 H, Py-CH2-N). 
 

13C NMR (75 MHz, CDCl3): δ (ppm) = 155.20, 148.61, 147.20, 144.18, 138.30, 136.28, 

136.21, 134.93, 128.77, 127.81, 121.67, 121.07, 114.90, 105.56 and 45.30. 
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2.8.16 Synthesis of 2,2',2''-tripyridylamine (TPA) 41 

 

 

 

 

 

 

 

 

Mesitylene (50 ml) was charged with 2-aminopyridine (941 mg, 0.01 mol), 2-bromopyridine 

(3.16 g, 0.02 mol), K2CO3 (20 g), Cu powder (0.5 g) and a trace amount of KI.  The reaction 

mixture was refluxed for 48 h followed by steam distillation to remove the mesitylene and 

unreacted starting materials.  The remaining brown residue was extracted with CHCl3 (3 × 50 

ml) and saturated NaHCO3 solution (50 ml).  The organic phase was separated, decolourised 

with charcoal, filtered and the solvent removed under reduced pressure.  The residue was 

recrystallised from water to yield 2,2',2''-Tripyridylamine (TPA) as a yellow solid (750 mg, 

30 %). 

 

Melting point 129 - 131°C.   
1H NMR (300 MHz, CDCl3): δ (ppm) = 8.39 (d, 3 H, Py-H, J = 5.1 Hz), 7.64 (t, 3 H, Py-H, J 

= 6.4 Hz), 7.09 (d, 3 H, Py-H, J = 8.1 Hz), 7.03 (t, 3 H, Py-H, J = 6.4 Hz).  

 
13C NMR (75 MHz, CDCl3): δ (ppm) = 157.37, 148.90, 137.81, 119.40 and 118.62. 

 

2.8.17 5-tert-Butylsalicylaldehyde (35) 26 

 

 

 

 

 

 

The procedure was as described in Section 2.6.1 except 4-tert-butylphenol (10.20 g, 67.9 

mmol), trifluoroacetic acid (TFA) (65 ml), hexamethylenetetramine (9.52g, 67.9 mmol) were 

used and the mixture was refluxed for 90 min.  The work up was the same as Section 2.6.1 

except the product was chromatographed using a 2 : 1 CH2Cl2 : hexane eluent.  Evaporation 

of the solvents afforded 5-tert-butylsalicylaldehyde (35) as a pale yellow oil (3.52 g, 29 %). 
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1H NMR (300 MHz): δ (ppm) = 10.87 (s, 1 H, Ar-OH), 9.89 (s, 1 H, CHO), 7.58 (dd, 1 H, 

Ar-H, J = 9 Hz and J = 3 Hz), 7.51 (d, 1 H, Ar-H, J = 3 Hz), 6.94 (d, 1 H, Ar-H, J = 9 Hz), 

1.28 (s, 9 H, C(CH3)3). 
 

13C NMR (75 MHz): δ (ppm) = 196.94, 159.55, 142.76, 134.69, 129.76, 120.21, 117.19, 

33.91 and 31.07. 

 

2.8.18 Synthesis of 5-(1,1-dimethylethyl)-2-hydroxy-3-(hydroxymethyl)-benzaldehyde 

(37) 

 

 

 

 

 

 

 

NaOH (0.25 g, 6.3 mmol) in water (10 ml) was bought to the boil followed by the addition of 

5-tert-butylsalicylaldehyde (35, Section 2.8.17) (1.0 g, 5.6 mmol).  After 20 min 

formaldehyde (40 %, 2 ml) was added and the reaction mixture was refluxed overnight before 

being acidified with HCl (1 M) and extracted with CH2Cl2 (3 × 50 ml).  The combined 

organic extracts were washed with NaHCO3 solution (50 ml) and brine (50 ml).  The CH2Cl2 

layer was dried over anhydrous Na2SO4, filtered and the solvent removed under reduced 

pressure.  The product was purified by column chromatography (silica, gradient elution 9:1 

hexane: CH2Cl2 to CH2Cl2).  On evaporation of the solvents 5-(1,1-dimethylethyl)-2-hydroxy-

3-(hydroxymethyl)-benzaldehyde (37) was obtained as a yellow solid (283 mg, 24 %, M.P. 86 

- 87° C).  

 
1H NMR (300 MHz): δ (ppm) = 11.23 (s, 1 H, Ar-OH), 9.91 (s, 1 H, CHO), 7.63 (d, 1 H, Ar-

H, J = 2.2 Hz), 7.48 (d, 1 H, Ar-H, J = 2.2 Hz), 4.76 (s, 2 H, Ar-CH2-O), 1.34 (s, 9 H, 

C(CH3)3). 
 

13C NMR (75 MHz): δ (ppm) = 196.91, 157.21, 142.66, 133.57, 128.94, 119.68, 60.68, 34.09 

and 31.16. 
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2.8.19 Synthesis of 3,3'-[1,2-ethanediylbis(nitrilomethylidyne)]bis[2-hydroxy-5-methyl- 

benzenemethanol (where R = CH3 or t-butyl) (42) 

 

 

 

 

 

 

 

 

 

Two synthetic routes were used to prepare this compound. 

 

Method A: 

Ethylenediamine (90 mg, 1.5 mmol) in MeOH (10 ml) was slowly added to a stirring solution 

of 5-(1,1-dimethylethyl)-2-hydroxy-3-(hydroxymethyl)-benzaldehyde (37, Section 2.8.18) 

(500 mg, 3.00 mmol) in MeOH (10 ml).  The reaction mixture turns yellow and was heated to 

the boil, cooled and the solvent removed under reduced pressure affording 3,3'-[1,2-

ethanediylbis(nitrilomethylidyne)]bis[2-hydroxy-5-methyl- benzenemethanol (534 mg, 100 

%) as a yellow solid that was used without further purification.  

 

Method B: 

 

NaCNBH3 (1.5 g) was added in small portions to a stirring methanol (25 ml) solution of N,N'-

bis(3-formyl-5-methylsalicylidene)ethylenediamine (34, Section 2.6.2) (500 mg).  Stirring at 

room temperature was continued for 24 h, followed by the addition of water (75 ml).  The 

reaction mixture was then extracted with CH2Cl2 (3 × 25 ml).  The combined organic extracts 

were washed with saturated NaHCO3 solution (20 ml), brine (20 ml) and dried over 

anhydrous NaSO4, filtered and the solvent removed under reduced pressure affording 3,3'-

[1,2-ethanediylbis(nitrilomethylidyne)]bis[2-hydroxy-5-methylbenzenemethanol (324 mg, 64 

%) as a yellow solid.  The compound was used without further purification.    
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2.8.20 Synthesis of (3-{[2-(3-Hydroxymethyl-5-methylaminophenol)-ethylamino]-

methyl}-5-methylphenol)-methanol (39) 

 

 

 

 

 

 

 

 

 

The product imine (42, Section 2.8.19) (324 mg, 0.9 mmol) in methanol (20 ml) was reduced 

with an excess NaBH4 (1 g, 25 mmol).  The reaction mixture was stirred overnight followed 

by the addition of water (75 ml).  The reaction mixture was then extracted with CH2Cl2 (3 × 

25 ml).  The combined organic extracts were washed with saturated NaHCO3 solution (20 

ml), brine (20 ml) and dried over anhydrous NaSO4.  The organic extracts were filtered and 

the solvent removed under reduced pressure leaving (3-{[2-(3-hydroxymethyl-5-methyl-

aminophenol)-ethylamino]-methyl}-5-methylphenol)-methanol (39) (281 mg, 86 %) which 

was used without further purification.  

 

2.8.21 Syntheses of 2-{[(2-pyridylmethyl)-amino]-methyl}-phenol and N,N-bis(2-

hydroxybenzyl)-2-aminomethylpyridine 42 

 

 

 

 

 

 

 

 

Equimolar amounts of 2-methylaminopyridine (1.08 g, 10 mmol) and salicylaldehyde (1.22 g, 

10 mmol) were stirred at room temperature in methanol (20 ml) for 2 h.  An excess of NaBH4 

was slowly added and the solution was allowed to stir for an additional hour.  The solvent was 

removed under reduced pressure and the residue was suspended in water and neutralised with 

acetic acid and extracted with CH2Cl2.  The organic phase was dried over anhydrous Na2SO4 

and evaporated to dryness.  The residue was dissolved in EtOAc and chromatographed on 
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silica with EtOAc as eluent yielding after removal of the solvent,  N,N-2-[bis(2-

hydroxybenzyl)aminomethyl]pyridine as a colourless oil (2.02 g, 94 %). 

   
1H NMR (300 MHz): δ (ppm) = 8.58 (dd, 1 H, Py-H, J = 5.7 Hz, J = 1.8 Hz), 7.66 (dt, 1 H, 

Py-H, J = 7.5 Hz, J = 1.8 Hz), 7.23 – 7.18 (m, 1 H Ar-H, 2 H, Py-H), 6.97 (d, 1 H, Ar-H, J = 

7.5 Hz), 6.86 (d, 1 H, Ar-H, J = 8.1 Hz), 6.78 (t, 1 H, Ar-H, J = 7.5 Hz), 4.00 (s, 2 H, Py-

CH2), 3.92 (s, 2 H, Ar-CH2).  

 
13C NMR (75 MHz): δ (ppm) = 158.15, 157.71, 149.38, 136.69, 128.74, 128.56, 122.69, 

122.41, 119.00, 116.34, 53.01 and 51.82. 

  

2.8.22 2-[(2-Hydroxybenzyl)(2-hydroxy-5-nitrobenzyl)aminomethyl]-pyridine 

 

The preparation was analogous to Section 2.8.21 except 2-[bis(2-hydroxybenzyl)amino 

methyl]pyridine was used instead of 2-methylamino pyridine and CH2Cl2 was used as the 

eluent in the chromatographic purification.  The product, 2-[(2-hydroxybenzyl)(2-hydroxy-5-

nitrobenzyl)aminomethyl]-pyridine, was obtained on evaporation of the solvent as a white 

powder (yield 2.01g, 63%). 

 
1H NMR (300 MHz): δ (ppm) = 10.81 (s, 2 H, OH), 8.68 – 8.66 (d, 1H, PyH  J = 4.26 Hz), 

7.75 – 7.69 (dt, 1H,  PyH, J = 1.7, 7.7 Hz), 7.31 – 7.13 (m, 4H, ArH and PyH), 7.08 – 7.05 

(dd, 2 H, ArH, J = 1.5, 7.5 Hz), 6.91 – 6.88 (dd, 2 H, ArH, J = 0.8, 8.1 Hz) 6.82 – 6.78 (dt, 2 

H, ArH, J = 1.2, 7.4 Hz), 3.91 (s, 2 H, Py-CH2) and 3.83 (s, 4 H, Ar-CH2).  

 
13C NMR (75 MHz): δ (ppm) = 199.74, 157.30, 148.14, 137.68, 130.33, 129.45, 123.50, 

122.69, 121.52, 119.14, 117.06, 56.40 and 55.66. 

 

APCI-MS: Calculated for (M + 1)+1 321.15; Found 321 (M+1, +1, 11.92% ) 109 (100%), 215 

(12.59%).  
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2.8.23 Synthesis of 2-(quinolin-8-ylaminomethyl)-phenol 

 

 

 

 

 

 

 

 

 

2-(Quinolin-8-ylaminomethyl)-phenol was synthesised in an analogous manner to that of 2-

{[(pyridine-2-ylmethyl)-amino]-methyl}-phenol (Section 2.8.21) except 8-aminoquinoline 

(1.44 g, 10 mmol) and salicylaldehyde (1.22 g, 10 mmol) were used.  The product was 

obtained as a yellow solid (776 mg, 31%). 
 

1H NMR (300 MHz): δ (ppm) = 8.76 (dd, 1 H, Py-H, J = 4.2 Hz, J = 1.5 Hz), 8.06 (dd, 1 H, 

Py-H, J = 8.1 Hz, J = 1.5 Hz), 7.38 – 7.33 (m, H, Ar-H), 7.15 (dd, 1 H, Ar-H, J = 8.1 Hz, J = 

1.2 Hz), 6.93 (dd, 1 H, Ar-H, J = 8.7 Hz, J = 1.2 Hz), 3.48 (s, 2 H Ar-CH2). 

 

 

 

 

2.8.24 Synthesis of Bis(2-pyridylmethyl)amine43  

 

 

 

 

 

2-Methylaminopyridine (4.85 ml, 47 mmol) was added to a stirred solution of 

pyridinecarboxaldehyde (4.45 ml, 47 mmol) in methanol (50 ml).  Stirring was continued for 

3 h at room temperature.  An excess of NaBH4 (3.0 g, 75 mmol) was added in small portions 

over 1 h and the reaction mixture was stirred overnight.  The solution was acidified to pH 4 

with HCl (2 M) and the solvent was removed under reduced pressure.  To the residue, water 

(50 ml) was added and the solution extracted with CH2Cl2 (2 × 50 ml).  The aqueous phase 

was then basified with solid NaHCO3 and further extracted with CH2Cl2 (3 × 50 ml).  The 

combined CH2Cl2 extracts were washed with saturated NaHCO3 solution (50 ml), brine (50 

N

HN

HO

H
N

N N
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ml), dried over anhydrous Na2SO4, filtered and the solvent removed under reduced pressure 

affording bis(2-pyridylmethyl)amine as a brown oil (7.96 g, 85%).  
 

1H NMR (300 MHz): δ (ppm) = 8.56 (d, 2 H, Py-H, J = 4.8 Hz), 7.56 (dt, 2 H, Py-H, J = 7.8 

Hz, J = 1.8 Hz), 7.37 (d, 2 H, Py-H, J = 7.8 Hz), 7.17 (dt, 2 H, Py-H, J = 7.8, J = 5.1, J = 1.2 

Hz), 4.01 (s, 2 H, Ar-CH2). 
13C NMR (75 MHz): δ (ppm) = 159.05, 149.28, 136.49, 122.31, 122.03 and 54.48. 

 

Bis(2-pyridylmethyl)amine was converted and stored as the HCl salt by dissolving the free 

base in a minimal amount of methanol followed by the addition of concentrated HCl.  A white 

precipitate forms, that is filtered off, washed with methanol and ether and dried under 

vacuum.  

 

2.8.25 Synthesis of Pyrid-2-ylmethyl-quinolin-8-yl-amine 

 

 

 

 

 

 

 

 

The preparation was analogous to that used to prepare bis(2-pyridylmethyl)amine (Section 

2.8.24) except 8-aminoquinoline (1.44 g, 10 mmol) and 2-methylaminopyridine (1.03 ml, 10 

mmol) were used.  Pyrid-2-ylmethyl-quinolin-8-yl-amine was obtained as a brown oil (842 

mg, 82 %). 
1H NMR (300 MHz): δ (ppm) = 8.75 (dd, 1H, Ar-H, J = 4.1, 1.6 Hz), 8.10 (dd, 1H, Ar-H, J = 

8.3, 1.6 Hz), 7.42 – 7.36 (m, 2H, Ar-H), 7.26 – 7.20 (m, 3H, Ar-H), 6.97 – 6.88 (m, 3H, Ar-

H), 4.60 (s, 2H, Ar-CH2). 

 

 

 

 

 

 

 

N

HN

N
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2.8.26 Synthesis of 2-(chloromethyl)benzoic acid methyl ester  

 

 

 

 

 

 

NaBH4 (3.00 g, 75 mmol) was added in small portions (~ 0.3g) to a stirred methanol solution 

(50 ml) of 2-formylbenzoic acid methyl ester (3.00 g, 18.3 mmol).  The solution was stirred 

overnight followed by the addition of water (100 ml).  The reaction mixture was extracted 

with CH2Cl2 (3 × 50 ml) and the combined organic extracts were washed with saturated 

NaHCO3 solution (50 ml) and brine (50 ml).  The organic phase was dried with anhydrous 

Na2SO4, filtered and the solvent removed under reduced pressure affording a 1.8 g of a white 

powder that was recrystallised from n-hexane.   

 
1H NMR (300 MHz): δ (ppm) = 7.94 (d, 1 H, Ar-H, J = 7.5 Hz), 7.70 (t, 1 H, Ar-H, J = 7.5 

Hz), 7.57 – 7.50 (m, 2 H, Ar-H), 5.34 (s, 2 H, Ar-CH2).  
13C NMR (75 MHz): δ (ppm) = 171.12, 146.49, 133.99, 129.02, 125.78, 125.71, 122.06 and 

69.65. 

 

SOCl2 (15 ml) was added slowly to the above product cooled to 0° C in an ice bath over a 

period of 1 h.  Following the final addition the reaction mixture was refluxed for 24 h, cooled 

to -78° C and MeOH (25 ml) was added dropwise.  The reaction mixture was allowed to 

slowly warm to room temperature followed by an overnight reflux.  The solvent was removed 

under reduced pressure and saturated NaHCO3 solution (50 ml) was added to the residue 

followed by extraction with CH2Cl2 (3 × 50 ml).  The combined organic extracts were washed 

with saturated NaHCO3 solution (2 × 50 ml) and brine (50 ml), then dried over anhydrous 

Na2SO4, filtered and the solvent removed under reduced pressure.  The crude product was 

purified by column chromatography on silica using petroleum spirit / CH2Cl2 (50:50) as the 

eluent, affording on removal of the solvent a light yellow oil; 689 mg (overall yield 20%). 

 
1H NMR (300 MHz): δ (ppm) = 7.98 (d, 1 H, Ar-H, J = 7.8 Hz), 7.55 – 7.52 (m, 2 H, Ar-H), 

7.42 – 7.37 (m, 2 H, Ar-H), 5.05 (s, 2 H, Ar-CH2-Cl), 3.94 (s, 3 H, COOMe).  

 
13C NMR (75 MHz): δ (ppm) = 167.06, 138.75, 132.52, 131.07, 130.84, 129.00, 128.37, 

52.27 and 44.42. 

O

O

Cl
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2.8.27 Synthesis of 2-[[(2-pyridylmethyl)amino]methyl]benzoic acid 44 

 

 

 

 

 

 

2-Carboxybenzaldehyde (4.00 g, 26.7 mmol) and NaOH (1.06 g, 25.9 mmol) in methanol (50 

ml) were stirred until the NaOH had dissolved (~ 10 min), followed by the addition of 2-

aminomethylpyridine (2.82 g, 26.1 mmol) and the reaction mixture refluxed for 2 h.  The 

solution was cooled in an ice bath and reduced with small portions of NaBH4 (totalling 1.20 

g, 31.8 mmol) until the yellow colour of the solution disappeared.  The colourless reaction 

mixture was carefully acidified to pH 5 with concentrated HCl, filtered and the filtrate was 

rotary evaporated to dryness.  The residue was extracted with CH2Cl2 (100 ml) and the 

organic solvent was dried with anhydrous Na2SO4, filtered and the solvent removed under 

reduced pressure to obtain 2-[[(2-pyridylmethyl)amino]methyl]benzoic acid (8.24 g, 76%) as 

a white powder that was used without further purification.  

 
1H NMR (300 MHz): δ (ppm) = 8.55 (d,1 H, Ar-H, J = 3.9 Hz), 7.86 (d, 1 H, Ar-H, J = 6.9 

Hz), 7.65 (dt, 1 H, Ar-H, J = 7.5 Hz, J = 1.5 Hz), 7.56 – 7.41 (m, 3 H, Ar-H), 7.32 (d, 1 H, Ar-

H, J = 8.1 Hz), 7.21 (d, 1 H, Ar-H, J = 4.8 Hz), 4.94 (s, 2 H, Py-CH2), 4.46 (s, 2 H, Ar-CH2). 

 

2.8.28  Synthesis of 2-{[(2-hydroxybenzyl)-pyrid-2-ylmethylamino]-methyl}benzoic acid 

(pbpa) 

 

 

 

 

 

 

 

 

2-[[(2-Pyridylmethyl)amino]methyl]benzoic acid (Section 2.8.27) (1.00 g, 4.12 mmol) and 

salicylaldehyde (504 mg, 4.12 mmol) in MeOH (20 ml) were reacted in a sealed pressurised 

vessel and reacted in a microwave oven at 150° C for 30 min.  The reaction was allowed to 

H
N

N

OHO

N

N
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OHO
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stand until the pressure in the vessel had normalised and the temperature was below 40° C (~ 

30 min).  NaBH4 (1.0 g, 25 mmol) was added in small portions to the reaction mixture which 

was then allowed to stir overnight.  The reaction mixture was diluted with water (50 ml), then 

acidified with HCl (2 M) until the pH was 2 and extracted with CH2Cl2 (2 × 50 ml).  The 

aqueous phase was then neutralised with saturated NaHCO3 solution followed by extraction 

with CH2Cl2 (3 × 50 ml).  The combined organic extracts were washed with brine (25ml), 

dried with anhydrous Na2SO4, filtered and the solvent removed under reduced pressure 

affording 2-{[(2-hydroxybenzyl)-pyrid-2-ylmethylamino]-methyl}benzoic acid (739 mg, 

51%)as a white solid.  

 
1H NMR (300 MHz): δ (ppm) = 8.67 (d, 1 H, Ar-H, J = 5.1 Hz), 8.17 (d, 1 H, Ar-H, J = 7.2 

Hz), 7.86 – 7.13 (m, 8 H, Ar-H), 7.03 (d, 1 H, Ar-H, J = 8.1 Hz), 6.81 (t, 1 H, Ar-H, J = 7.5 

Hz), 4.15 (s, 4 H, 2 × Ar-CH2), 4.00 (s, 2 H, Ar-CH2). 

 
13C NMR (75 MHz): δ (ppm) = 171.00, 157.06, 152.31, 149.69, 138.06, 136.05, 133.65, 

133.08, 132.07, 131.73, 131.15, 130.73, 129.44, 125.59, 123.88, 119.88, 118.33, 117.75, 

58.19, 53.39 and 52.33. 

 

APCI-MS: For (M + 1)+1 calculated 349.16; Found 349 (30.68%), 225 (100%), 92 (35.64%) 

MS-MS on 349 → 225 (100%). 

APCI-MS: For (M -1)-1 calculated 347.14; Found 347 (48.89%), 149 (100%). 

 

2.8.29  Synthesis of 2-[(bis-pyrid-2-ylmethylamino)methyl]-benzoic acid methyl ester 

(43) and 2-[(pyrid-2-ylmethyl)aminomethyl}-bis-benzoic acid methyl ester (44) 

 

   (43)     (44) 

N

N N

O

O N
N

O

O

O
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The two tripodal amines were synthesised by a common method differing only in the starting 

amine.  2-(Chloromethyl)benzoic acid methyl ester (Section 2.8.26) (43), (257 mg, 1.40 

mmol) (44) (514 mg, 2.78mmol).  For 2-[(bis-pyrid-2-ylmethylamino)methyl]benzoic acid 

methyl ester (43), bis(2-pyridylmethyl)amine.3HCl (Section 2.8.24) (432 mg, 1.40 mmol) 

was used and for 2-[(pyrid-2-ylmethyl)aminomethyl}-bis-benzoic acid methyl ester (44), 2-

methylaminopyridine (150 mg, 1.39 mmol) was used.  

 

To the amine in a CH3CN / H2O mixture (9:1, 10 ml) with K2CO3 (2 g) being stirred at ~ 45° 

C, 2-(chloromethyl)benzoic acid methyl ester in CH3CN (5 ml) was added over a period of 45 

min.  The reaction was stirred for 4 - 5 days at 45° C until the reaction was quenched with 

water (50 ml) and the mixture was extracted with CH2Cl2 (3 × 25 ml).  The combined organic 

extracts were dried with anhydrous Na2SO4, filtered and the solvent removed under reduced 

pressure affording the crude products as yellow oils.  The crude products were taken up in 

methanol (4 ml), to which HCl (10 M, 0.5 ml) was added and the mixtures stored overnight.  

Water (10 ml) was then added followed by extraction with CH2Cl2 (2 × 10 ml) and the 

aqueous phase basified with saturated NaHCO3 solution and extracted with CH2Cl2 (3 × 25 

ml).  The combined organic extracts were washed with saturated NaHCO3 solution (15 ml) 

and brine (15 ml), dried with anhydrous Na2SO4, filtered and the solvent removed under 

reduced pressure, affording in both cases light yellow oils.  2-[(Bis-pyrid-2-ylmethylamino)-

methyl]benzoic acid methyl ester did not require further purification while 2-[(pyrid-2-

ylmethyl)aminomethyl}-bis-benzoic acid methyl ester was chromatographed on a silica 

column using 9:1  EtOAc : petroleum spirit as eluent.   

 

2-[(Bis-pyrid-2-ylmethylamino)methyl]benzoic acid methyl ester (43) (316 mg, 65%) was 

obtained as a yellow oil. 

 
1H NMR (300 MHz): δ (ppm) = 8.51 (md, Py-H, 2 H, J = 4.8 Hz), 7.78 – 7.74 (m, 2 H, Ar-H), 

7.63 (dt, 2 H, Py-H, J = 7.5 Hz, J = 1.8 Hz), 7.50 – 7.42 (m, 4 H, Ar-H), 7.30 – 7.24 (m, Ar-

H), 7.13 (mt, 2 H, Py-H, J = 4.8 Hz, J = 1.8 Hz), 4.09 (s, 2 H, Ar-CH2), 3.86 (s, 3 H, OMe), 

3.82 (s, 4 H, 2 × Py-CH2).  

 
13C NMR (75 MHz): δ (ppm) = 168.62, 159.31, 148.94, 140.45, 136.30, 131.52, 130.91, 

130.06, 129.76, 126.72, 122.89, 121.87, 60.10, 56.63 and 51.98. 

 

HR-MS: (M + Na)+ calculated; 370.1526; Found 370.1541 (100%). 
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2-[(pyrid-2-ylmethyl)aminomethyl}-bis-benzoic acid methyl ester (44) (215mg, 38%) 

 
1H NMR (300 MHz): δ (ppm) = 8.17 (d, Py-H, J = 6 Hz), 8.00 (d, Py-H, J = 7.8 Hz), 7.45 – 

7.37 (m, Ar-H), 7.30 (t, Py-H, 7.8 Hz), 7.21 (d, Py-H, 7.8 Hz), 6.57 – 6.53 (m, Ar-H), 6.43 (d, 

Ar-H, J = 8.7 Hz)   

 
13C NMR (75 MHz): δ (ppm) = 167.89, 158.92, 148.09, 140.82, 137.48, 132.71, 131.37, 

128.90, 126.98, 126.79, 112.00, 105.91, 53.02, 52.16 and 36.79 

 

APCI-MS: For (M + 1)+1 calculated 404.17 : found 405, 119(100%), 149 (74%), 225 (20%), 

257(11%) 

 

2.8.30 Synthesis of N,N’-bis(2-hydroxybenzyl)-1,2-ethanediamine45 and  

N,N-bis(2-hydroxybenzylaminoethyl)amine46 

 

NH HN

OH HO

NH

N
H

HN

OH HO

 
 

A 2 : 1 ratio of salicylaldehyde (2.44 g, 20 mmol) and either diethylenetriamine (1.03 g, 10 

mmol) or ethylenediamine (601mg, 10 mmol) were combined in MeOH (20 ml) and bought 

to the boil.  The yellow reaction mixtures were cooled in an ice bath and an excess of NaBH4 

(4 g, 100 mmol) was added slowly and the colour dissipated.  Stirring was continued 

overnight at room temperature.  The reaction mixture was then acidified to pH 2 with HCl (4 

M) and extracted with CH2Cl2 (3 times).  The aqueous phase was then basified with solid 

NaHCO3 and extracted with CH2Cl2 (3 times).  The combined organic extracts were washed 

with saturated NaHCO3 solution and brine.  The CH2Cl2 extracts were dried over anhydrous 

Na2SO4, filtered and the solvent was removed under reduced pressure leaving the products as 

colourless oils.   
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2.8.31 Synthesis of 1,2-bis(salicylideneamino)benzene47 and  

N,N'-bis(2-hydroxybenzyl)-1,2-phenylenediamine48 

 

N N

OH HO

NH HN

OH HO

 
 

1,2-diaminobenzene (1.08 g, 10 mmol) in ethanol (25 ml) was added dropwise to a stirring 

solution of salicylaldehyde (2.44 g, 20 mmol) in ethanol (10 ml) and the mixture refluxed for 

2 h over which time a precipitate formed.  The yellow Schiff base was filtered off and washed 

with cold ethanol (3.16 g, 94 %).  It was used without further purification. 

 

The amine was made by reducing the Schiff base (1.5 g, 4.7 mmol) in EtOH (50 ml) by the 

slow addition of excess NaBH4 (1.5 g).  The reaction was stirred for 3 h, followed by the 

addition of water (150 ml), whereupon a white precipitate formed that was allowed to stand 

overnight before being filtered off, washed with water and dried under vacuum (50° C).  

 

1,2-Bis(salicylideneamino)benzene  
1H NMR (300 MHz): δ (ppm) = 13.06 (s, 2 H, Ar-OH), 8.62 (s, 2 H, Ar-CH=N), 7.40 – 7.32 

(m, Ar-H), 7.25 – 7.21 (m, Ar-H), 7.04 (d, 2 H, Ar-H, J = 7.8 Hz), 6.92 (t, 2 H, Ar-H, J = 7.5 

Hz). 
 

13C NMR (75 MHz): δ (ppm) = 163.66, 161.29, 142.51, 133.33, 132.29, 127.67, 119.67, 

119.18, 118.94, and 117.51. 

 

N,N'-Bis(2-hydroxybenzyl)-1,2-phenylenediamine  

 

APCI-MS: Calculated for (M + 1)+1; 321.15 found 321(14.80%), 215 (26.05%) and 

109(100%). 

MS-MS: 321 → 215 (62.59%) and 109(100%) 
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2.8.32 Synthesis of bis- benzoic acid-2,2'-[1,2-ethanediylbis(nitrilomethylidyne)]49, bis-

benzoic acid-bis-2,2'-[iminobis(2,1-ethanediylnitrilomethylidyne)]50 and bis- 

benzoic acid-2,2'-[1,2-phenylenebis(nitrilomethylidyne)]  

 

N N

O

OH O

HO

N N
H

O

OH

N

O

HO

NN

OH

O

O

HO

 
 

These three compounds were all synthesised via a common method.  

Ethylenediamine or diethylenetriamine (5 mmol) in 1,4-dioxane (15 ml) or 1,2-

diaminobenzene (5 mmol) in MeOH (25 ml) were added dropwise to a stirred solution 

(dioxane for alkyl-amines, MeOH for aryl-amine) of 2-formylbenzoic acid (1.5 g, 10 mmol) 

and stirred at room temperature for 5 h, whereupon the products precipitated out.  The 

products were filtered off and washed with the reaction solvent and used without further 

purification.  The product yields ranged from 70 – 85%. 

 

Bis-benzoic acid-2,2'-[1,2-ethanediylbis(nitrilomethylidyne)], off white solid 85 %. 

Bis-benzoic acid-bis-2,2'-[iminobis(2,1-ethanediylnitrilomethylidyne)], yellow solid 76 %. 

Bis-benzoic acid-2,2'-[1,2-phenylenebis(nitrilomethylidyne)], yellow solid 70 %. 

 

2.8.33 Synthesis of 4-methyl-2,6-bis-{[(pyrid-2-ylmethyl) amino]methyl}-phenol 

 

 

 

 

 

 

 

 

 

2-Methylaminopyridine (1.08 g, 10 mmol) dissolved in MeOH (25 ml) was slowly added to a 

stirred methanol solution (25 ml) of 2-6-diformyl-p-cresol (820 mg, 5 mmol).  The reaction 

mixture was stirred overnight followed by the slow addition of excess NaBH4 (2 g, 0.05mol).  

The reaction mixture was stirred overnight followed by the addition of water (100 ml) and 

neutralisation with HCl (1 M).  The reaction mixture was then extracted with CH2Cl2 (3 × 50 

NH OH HN

N N
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ml), the combined organic extracts were washed with saturated NaHCO3 solution (2 × 50ml) 

and brine (1 × 50 ml).  The CH2Cl2 extracts were dried over anhydrous Na2SO4, filtered and 

the solvent removed under reduced pressure.  The residue was dissolved in MeOH (10 ml) 

and HCl (10 M) was added followed by water (50 ml) and the mixture extracted with CH2Cl2 

(2 × 25 ml).  The aqueous phase was then basified with saturated NaHCO3 solution and 

extracted with CH2Cl2 (3 × 50 ml).  The combined organic extracts were washed with 

saturated NaHCO3 solution (2 × 50 ml) and brine (50 ml).  The CH2Cl2 extracts were dried 

over anhydrous Na2SO4, filtered and the solvent removed under reduced pressure.   

 

The product was third fraction off the column that after evaporation of the solvent was 

obtained as a yellow solid (1.42 g, 82%). 

 

2.8.34 Synthesis of 4-methyl-2,6-bis[8-aminoquinoline]phenol 

 

 

 

 

 

 

 

 

This compound was prepared as described for 4-methyl-2,6-bis[[(2-

pyridylmethyl)amino]methyl]phenol in Section 2.3.69 except 8-aminoquinoline (720 mg, 5 

mmol) and 2-6-diformyl-p-cresol (410 mg, 2.5 mmol) were used.  The crude product was 

obtained as a yellow oil that was purified by chromatography on silica using gradient elution 

CH2Cl2 to 5 % MeOH/CH2Cl2 that afforded on removal of the solvent 4-methyl-2,6-bis[8-

aminoquinoline]phenol (662 mg, 63 %).as a light yellow solid that is not stable in air.   

 

2.8.35 Synthesis of isophthalaldehyde 25 

 

 

 

 

 

 

 

NH OH HN

N N

O

O

H
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MnO2 (2.6 g, 0.3 mmol) and crushed molecular sieves (15 g) were added to a gently refluxing 

solution of (3-hydroxymethylphenyl)methanol (2.0 g, 14 mmol) in dry n-hexane.  The 

reaction was followed by T.L.C and additional MnO2 was added as required in timed intervals 

of ~ 4 h until the reaction appeared complete.  The mixture was filtered hot and the precipitate 

was washed with EtOAc.  The filtrate was rotary evaporated to dryness and the residue 

dissolved in CH2Cl2 and chromatographed on silica using CH2Cl2 as eluent.  On removal of 

the solvent isophthalaldehyde was obtained as a white solid (0.5 g, 26%). 
 

1H NMR (300 MHz): δ (ppm) = 10.13 (s, 2 H, CHO), 8.39 (s, 1 H, ArH), 8.18-8.15 (dd, 2 H, 

J= 7.7Hz, ArH), 7.77 – 7.72 (t, 1 H, Ar-H, J= 7.7Hz).  
 

13C NMR (75 MHz): δ (ppm) = 191.02, 136.99, 134.62, 131.02, 129.91.  

 

2.8.36  Synthesis of pyrid-2-ylmethyl-{3-[(pyrid-2-ylmethylimino)-

methyl]benzylideneamine and the 8-aminoquinoline derivative 

 

N N

N N

N N

N N

 
 

Both of these compounds were made in situ for the catalysis experiments (Chapter 5) and 

used without purification or characterisation.  In CH3CN (25 ml), isophthalaldehyde (134 mg, 

1.00 mmol), 2-methylaminopyridine (216 mg, 2.00 mmol) and [Fe(OTf)2(CH3CN)2] (983 mg, 

2.00 mmol) were sonicated under N2 for 45 min. 

 

2.8.37  4-Acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium perchlorate 23 

 

4-Amino-2,2,6,6-tetramethylpiperidine(22 g, 0.14 mol) was dissolved in 80 ml of dry ether 

and cooled in an ice bath, and with vigorous stirring, acetic anhydride (44 g, 0.44 mol) in 20 

ml of dry ether was added slowly over ~ 1 h.  After the anhydride addition, the slurry was 

stirred for 3 h, filtered and washed with dry ether.  The precipitate was then dissolved in 250 

ml of water and the solution was made basic with K2CO3 (31 g, 2.3 mol) added in small 
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portions.  Sodium tungstate (2.5. g, 7.5 mmol) and ethylenediaminetetraacetic acid 

tetrasodium salt (2.5 g, 6.0 mmol) were added.  To the slurry were added five successive 10 

ml portions of 30% H2O2 (about 0.44 mol) at ~ 3 h intervals.  After 3 days of stirring, the 

mixture was filtered, and the orange precipitate was washed once with ice water.  The 

washings and filtrate were concentrated under vacuum to half the initial volume, and a second 

crop of solid product, obtained on chilling, was collected by filtration.  The two solids were 

combined.  The precipitate was slurried with H2O (50 ml) and HClO4 (15.0 g of 70% v/v, 

0.12 mol) in 25 ml of H2O was added as slowly (~ 1 h).  Commercial bleach (90.8 g, 5.25% 

NaOCl, 0.0625 mol) was slowly added (~ 2 h).  The reaction mixture was cooled in ice and 

filtered, and the yellow, crystalline precipitate was washed with ice-cold 5% NaHCO3 (50 ml) 

ice water (50 ml) and CH2Cl2 (2 × 50 ml).  The solid was dried to constant weight in air to 

yield  of 4-acetylamino-2, 2, 6, 6-tetramethylpiperidine-1-oxoammonium perchlorate (30.5 g, 

83 %, mp 172-174 °C (dec.)) as a yellow solid.  

 

2.8.38  Symmetrical Phenoxy macrocycles ((2), N3O2N3 and (3), N2O2N2) 51 

 

 

 

 

 

 

 

 

 

                         (2), N3O2N3             (3), N2O2N2 

 

General Procedure. A methanol solution (30 ml) containing 4-methyl-2,6-diformylphenol (2 

mmol), NaClO4 (1 g, 8 mmol), and acetic acid (0.25 ml, 4 mmol) was heated to boiling and 

then slowly treated with a methanol solution (20 ml) of either ethylenediamine or 

diethylenetriamine (2 mmol).  The solution was removed from heat and kept at room 

temperature overnight.  The imine products separated as red or orange crystals that were 

collected by filtration and washed with ethanol and diethyl ether.  

 

The imines were slurried in methanol (30 ml) to which solid NaBH4 (0.5 g, 13 mmol) was 

added in small portions.  The solid material gradually dissolved, and ultimately an almost 

colourless solution was obtained over a period of 0.5 h.  This was filtered, and to the filtrate 

was slowly added water (30 ml) with stirring.  The resulting solution was allowed to stand 
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NH HN
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overnight, during which time the products separated out as white crystals.  The products were 

collected by filtration and recrystallised from methanol-water.  

 

2.8.39 Fe Phenoxy Macrocycle Complex 

 

FeCl2.4H2O (93 mg , 0.46 mmol) was added to M2 (Section 2.6.4) (100 mg, 0.23 mmol) in 

CH3CN (10 ml) under N2 and the reaction refluxed for 4 h over which time a precipitate 

formed.  The reaction mixture was cooled and removed from the inert atmosphere whereupon 

the precipitate redissolved.  The reaction mixture was filtered and washed with CH3CN, the 

filtrates were combined and upon slow evaporation afforded deep red crystals suitable for X-

ray diffraction.  

 

IR (cm-1) : 3351, 3138, 3085, 2883, 1644, 1463, 1437, 1219, 1165, 1064, 868, 825, 788 

rR (cm-1) : 2930, 1613, 1475, 1299, 1257, 1239, 1161, 828, 520 

 

UV-Vis (CH3CN) : λmax = 507nm , ε = 5256 Lmol-1cm-1. 

 

2.8.40 [Fe2(2-{[(2-hydroxybenzyl)-pyrid-2-ylmethylamino]-methyl}benzoate)2(Cl)2], 

[{FeCl(pbpa)}2]  

 

FeCl2.4H2O (57 mg, 0.287 mmol) was added to a stirred solution of 2-{[(2-hydroxybenzyl)-

pyrid-2-ylmethylamino]-methyl}benzoic acid (100 mg, 0.287 mmol) dissolved in MeOH (15 

ml).  The solution turned purple and a precipitate formed almost immediately.  The reaction 

mixture was stirred for an additional 45 min then was filtered.  The purple precipitate of 

[Fe2(2-{[(2-hydroxybenzyl)-pyrid-2-ylmethylamino]-methyl}benzoate)2(Cl)2] (98 mg,78%). 

was washed with cold methanol and ether.  Crystals suitable for X-ray diffraction were grown 

by vapour diffusion of CH3CN into a DMF solution of the complex.  

 

IR (cm-1) : 3317, 3168, 2922, 1661, 1586, 1553, 1475, 1449, 1403, 1289, 1108, 757, 546, 522 

MS (ESI) : Calculated 839.1 for C42H36N4O6Fe2Cl [M – Cl]+ , Found 839 (1.90%), 840 

(0.90%), 841 (0.75%); 475 (100%) corresponds to [Fe2L(OH)] 

UV-Vis : λmax = 550nm , ε = 2572 Lmol-1cm-1 

E1/2 = -0.41 V (Ag/AgCl). 
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2.8.41  Synthesis of [{Cu(2-(quinolin-8-ylaminomethyl)-phenol)}2(μ-OAc)]ClO4 

 

[Cu(OAc)2] (84 mg, 0.423 mmol) was added to a stirred solution of 2-(quinolin-8-

ylaminomethyl)-phenol (100 mg, 0.423 mmol), followed by the addition of NaClO4 (118 mg, 

0.847 mmol).  Upon the dissolution of the perchlorate salt the reaction mixture was filtered 

and the filtrate allowed to concentrate.  Yellow / Green crystals of [{Cu(2-(quinolin-8-

ylaminomethyl)-phenol)}2(μ-OAc)]ClO4 suitable for X-ray diffraction were grown by slow 

evaporation of a CH3CN/EtOH (1:1) solution of the complex. 

 

2.9 The Catalytic Oxidation of Cyclohexene and Cyclooctene 

 

The general experiment consists of the ligand (~ 5 mg) in acetonitrile (10 ml) to which a 

stoichiometric amount of [Fe(OTf)2(CH3CN)2] (Section 2.9.1) (2 equiv. for macrocycles, 

dinucleating ligands and 1 equiv. for all other species) is added.  The alkene substrate (1 ml) 

was added in vast excess and 10 equiv. (relative to the catalyst) of hydrogen peroxide (30 %) 

in CH3CN (1 ml) was also added.  The reaction mixture was stirred at room temperature 

overnight under inert atmosphere (N2 or Ar).  All volatiles are removed under reduced 

pressure and the residue taken up in EtOAc and chromatographed down a 1 ml glass pipette 

with silica stationary phase.  Decane (1 mg) (internal standard) is added to the collected 

effluent and the mixture is gas chromatographed.  

 

2.9.1 [Fe(OTf)2(CH3CN)2] 52 

 

The synthesis of [Fe(OTf)2(CH3CN)2] is not a published procedure that was obtained from 

personal communication from Dr. Peter Rutledge (Univ. Sydney) who obtained the procedure 

from Professor Lawrence Que (Univ. Minnesota). 

 

Si(CH3)3(OTf) (25 g, 0.11 mol) was added dropwise to FeCl2 (7.1 g, 0.056 mol) dissolved in  

CH3CN (140 ml) under Ar to give a clear lime green solution which is left stirring at room 

temperature for 1 h under Ar.  The volume of the mixture was condensed until precipitation 

occurs, and the reaction vessel was placed in the freezer under Ar overnight to give pale green 

crystals.  The crystalline precipitate was filtered and washed twice with dry ether, and dried 

under vacuum whereby 2 molecules of CH3CN are lost to give [Fe(OTf)2(CH3CN)2] as a dry 

white free-flowing powder. 
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IR (cm-1) :  3518, 2949, 2318, 2290, 1656, 1248, 1296, 1188, 1161, 1037, 941, 767, 691, 

639, 560, 526. 



 143

 

References 
 

(1) SMART - Area Detector Software Package, Siemens Industrial Automation; 
Siemens: Madison, Wisconsin USA, 1993. 

(2) SADABS - Area Detector Absorption Correction, Siemens Industrial Automation  
Madison, Wisconsin USA, 1996. 

(3) SAINT - Area Detector Integration Software, Siemens Industrial Automation; 
Siemens: Madison, Wisconsin USA, 1996. 

(4) SHELX-97 - Programs for Crystal Structure Analysis (Release 97-2), Sheldrick, G. 
M.; Institute for Anorganische Chemie der Universitat Gottingen: Gottingen, 
Germany, 1997. 

(5) Farrugia, L. J. J. Appl. Cryst. 1999, 32, 837-838. 
(6) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo, C.; 

Guagliardi, A.; Moliterni, A. G. G.; Polkdori, G.; Spagna, R. J. Appl. Cryst. 1997, 32, 
115-119. 

(7) Flack, H. D. Acta Cryst. A. 1983, 39, 876-881. 
(8) (a) ORTEP-3 for Windows, Farrugia, L. J. J. Appl. Crystallogr., 1997, 30, 565; 

(b) ORTEP-III - Burnett, M. N.; Johnson, C. K.; Oak Ridge National Laboratories: 
Oak Ridge, Tennessee, USA 1996. 

(9) POVRAY for Windows (1996-2002); Cason, C. A., Froehlich, T., Kopp, N., Parker, 
R., Eds.; C/O Hallam Oaks P/L: PO Box 407, Williamstown, Vic 3016 Australia.  

(10) CrysAlis CCD (Version 1.171.32.24) .; Oxford Diffraction Ltd. 
(11) Riley, M. J.; Krausz, E. R.; Stanco, A. J.  Inorg. Biochem. 2003, 96, 217. 
(12) Hyde, K.; Kokoszka, G. F.; Gordon, G. J. Inorg. Nucl. Chem. 1969, 31, 1993-2001. 
(13) Koo, B. K. Bull. Korean Chem. Soc. 2001, 22, 113-116. 
(14) Christou, G.; Perlepes, S. P.; Libby, E.; Folting, K.; Huffman, J. C.; Webb, R. J.; 

Hendrickson, D. N. Inorg. Chem. 1990, 29, 3657-3666. 
(15) Christou, G.; Perlepes, S. P.; Folting, K.; Huffman, J. C.; Webb, R. J.; Hendrickson, 

D. N. J. Chem. Soc., Chem. Comm. 1990, 746-747. 
(16) Klingele, J.; Boas, J. F.; Pilbrow, J. R.; Moubaraki, B.; Murray, K. S.; Berry, K. J.; 

Hunter, K. A.; Jameson, G. B.; Boyd, P. W. D.; Brooker, S. Dalton Trans. 2007, 633-
645. 

(17) Isber, S.; Tabbal, M.; Christidis, T.; Terki, F.; Charar, S. J. Magnet. Mag. Mat. 2005, 
290-291, 985-988. 

(18) Collison, D.; Goodgame, D. M. L.; Hitchman, M. A.; Lippert, B.; Mabbs, F. E.; 
McInnes, E. J. L. Inorg. Chem. 2002, 41, 2826-2833. 

(19) Kasumov, V. T.; Koksal, F. Z. Anorg. Allg. Chem. 2001, 627, 2553-2558. 
(20) Kasumov, V. T. Spectrochim. Acta 2001, 57A, 1549-1662. 
(21) Cozar, O.; David, L.; Chis, V.; Damian, G.; Todica, M.; Agut, C. J. Mol. Struct. 

2001, 563-564, 371-375. 
(22) Kernag, C. A.; Bobbitt, J. M.; McGrath, D. V. Tetrahedron Lett. 1999, 40, 1635-

1636. 
(23) Bobbitt, J. M. J. Org. Chem. 1998, 63, 9367-9374. 
(24) Xu, L.; Setyawati, I. A.; Pierreroy, J.; Pink, M.; Young, V. G., Jr.; Patrick, B. O.; 

Rettig, S. J.; Orvig, C. Inorg. Chem. 2000, 39, 5958-5963. 
(25) Constantinides, I.; Macomber, R. S. J. Org. Chem. 1992, 57, 6063-6067. 
(26) Lindoy, L. F.; Meehan, G. V.; Svenstrup, N. Synthesis 1998, 1029-1032. 
(27) Erxleben, A.; Schumacher, D. Eur. J. Inorg. Chem. 2001, 3039-3046. 
(28) Okawa, H.; Kida, S. Bull. Chem. Soc. Japan 1972, 45, 1759-1764. 
(29) Chrystal, E. J. T.; Couper, L.; Robins, D. J. Tetrahedron 1995, 51, 10241-52. 
(30) van Staveren, D. R.; van Albada, G. A.; Gorter, S.; Haasnoot, J. G.; Reedijk, J. Inorg. 

Chim. Acta 2000, 300-302, 1104-1108. 



 144

(31) Sprakel, V. S. I.; Elemans, J. A. A. W.; Feiters, M. C.; Lucchese, B.; Karlin, K. D.; 
Nolte, R. J. M. Eur. J. Org. Chem. 2006, 2281-2295. 

(32) Zepik, H. H.; Benner, S. A. J.  Org. Chem. 1999, 64, 8080-8083. 
(33) Letinois-Halbes, U.; Hanss, D.; Beierle, J. M.; Collin, J.-P.; Sauvage, J.-P. Org. Lett. 

2005, 7, 5753-5756. 
(34) Perkins, D. F.; Lindoy, L. F.; McAuley, A.; Meehan, G. V.; Turner, P. Proc. Nat. 

Acad. Sci. USA 2006, 103, 532-537. 
(35) Khartulyari, A. S.; Kapur, M.; Maier, M. E. Org. Lett. 2006, 8, 5833-5836. 
(36) Ye, B.-H.; Naruta, Y. Tetrahedron 2003, 59, 3593-3601. 
(37) Morgan, D. O.; Ollis, D. W.; Stanforth, S. P. Tetrahedron 2000, 56, 5523-5534. 
(38) Loim, N. M.; Kelbyscheva, E. S. Russ. Chem. Bull. Int. Edn. 2004, 53, 2080-2085. 
(39) Chen, D.; Martell, A. E. Tetrahedron 1991, 47, 6895-6902. 
(40) Clifford, T.; Danby, A. M.; Lightfoot, P.; Richens, D. T.; Hay, R. W. J. Chem. Soc., 

Dalton Trans. 2001, 240-246. 
(41) Wibaut, J. P.; La Bastide, G. L. C. Recueil des Travaux Chimiques des Pays-Bas et de 

la Belgique 1933, 52, 493-8. 
(42) Wong, Y.-L.; Yan, Y.; Chan, E. S. H.; Yang, Q.; Mak, T. C. W.; Ng, D. K. P. J. 

Chem. Soc., Dalton Trans. 1998, 3057-3064. 
(43) Carvalho, N. M. F.; Horn, A.; Bortoluzzi, A. J.; Drago, V.; Antunes, O. A. C. Inorg. 

Chim. Acta 2006, 359, 90-98. 
(44) Li, X.; Musie, G. T.; Powell, D. R. Inorg. Chim. Acta 2003, 355, 328-334. 
(45) Taylor, M. K.; Reglinski, J.; Berlouis, L. E. A.; Kennedy, A. R. Inorg. Chim. Acta 

2006, 359, 2455-2464. 
(46) Ma, R.; Murase, I.; Martell, A. E. Inorg. Chim. Acta 1994, 223, 109-119. 
(47) Khandar, A. A.; Shaabani, B.; Belaj, F.; Bakhtiari, A. Inorg. Chim. Acta 2007, 360, 

3255-3264. 
(48) Groysman, S.; Sergeeva, E.; Goldberg, I.; Kol, M. Eur. J. Inorg. Chem. 2005, 2480-

2485. 
(49) Song, C.-h. Jilin Huagong Xueyuan Xuebao 2001, 18, 14-16. 
(50) Kubozono, T.; Naito, T.; Mizushima, N.;Patent 2004-247463, 2006-061832, Bleach 

activating catalyst, and bleach composite for laundering (Lion Corp., Japan). Japan, 
2006, p 12.  

(51) Dutta, B.; Bag, P.; Adhikary, B.; Floerke, U.; Nag, K. J.  Org. Chem. 2004, 69, 5419-
5427. 

(52) Hagen, K. S. Ind. Eng. Chem. Res. 2000, 39, 5867-5869. 
 
 



 145

CHAPTER 3 Preparation and Characterisation of Dinuclear Model 

Complexes of Haemocyanin, Haemerythrin and 

Related Oxidase Enzymes 
 

A great many metalloproteins and enzymes have inspired synthetic model complex studies.  This 

is motivated by a desire to appreciate the structure of the coordination environment adopted by the 

metal(s) and to discover the relationship (if any) that this bears towards the function of the protein 

or enzyme.  An extension of these studies involves examination of the potential of model 

complexes to carry out a similar catalytic function to the native enzyme.  A third, more 

fundamental aspect, reflects the aesthetic pleasure of the synthetic challenge to approximate the 

active site of a metalloprotein or enzyme using relatively simple ligation about the metals.  

 

A failing of model complex studies to date is that the heterogeneity of the active sites of 

multinuclear metalloproteins such as haemerythrin has been undervalued as a consideration in the 

design of model complexes.  The current work has attempted to address this oversight in a number 

of different ways.  The original strategy involved the combination of two mononuclear species in 

the presence of a suitable bridging ligand to form a heteroleptic dimeric species.  A typical 

example of this rationale is shown in Figure 3.1. 

 

 

 

 

 

 

 

Figure 3.1: Proposed reaction scheme for the preparation of heteroleptic dinuclear 

species via incorporation of a bridging ligand into one of the monomeric 

starting materials. 

 

The term “heteroleptic dimer” in this context describes a dinuclear metal complex in which each 

metal has a different coordination environment.  This can reflect a difference in the coordination 

number of each metal, or when the number of each donor type is the same, the nature of the 

terminal ligands themselves.  In Figure 3.1 the two terminal ligands are 2,2’-bipyridyl and  

1,10-phenanthroline. 
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The focus in this chapter of the current study is on copper complexes, due to the ready availability 

of suitable mononuclear copper precursor species.  The rationale behind the present approach is 

that one of the two monomeric starting materials has the bridging species already incorporated as 

a terminal ligand whilst the second mononuclear complex has ligands that can be readily removed 

by precipitation of AgCl on addition of Ag+.  The example in Figure 3.1 has two bidentate N- 

donors; but two tridentate N- donor ligands could be used, or a combination of bidentate and 

tridentate ligands to give a dimer with diaza and triaza coordination pockets akin to the bis- and 

tris(histidyl) coordination seen in haemerythrin.  The substituted bipy and phen ligands (Figure 

3.2) were employed because the syntheses of their dichloro [CuCl2L] complexes are well 

established and the products are isolable in high yields.1  

 

The mononuclear species [Cu(OAc)2(bipy)] was commonly used in the current approach due to its 

ease of preparation, and the presence of potentially bridging acetato ligands.  This species was 

complemented by numerous mononuclear [CuCl2(L)] complexes where L indicates a terminal bi- 

or tridentate ligand.  Examples of such ligands are depicted in Figures 3.2 and 3.3, respectively. 

 

N N

R R

N N
R

N N
R R N N

RR

R

4,4'-R2-2,2'-bipy 5,5'-R2-2,2'-bipy

3,8'-R2-1,10-phen 2,9-R2-1,10-phen  
 

 (R = H, Me, Ph or tBu) 

 

Figure 3.2: Bidentate terminal N- donor ligands used in the attempted syntheses of 

heteroleptic Cu dimers.   
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Figure 3.3:  Tri- and tetradentate terminal N- donor ligands used in the attempted 

syntheses of heteroleptic Cu dimers.   

 

Despite literature reports of heteroleptic oxalato bridged dinuclear Cu complexes 2-4 no 

heteroleptic dinuclear Cu complexes have been isolated in the current study.  However, a diverse 

variety of mono- and di-nuclear complexes have been isolated and crystallised from these 

reactions.  The preparation and characterisation of a number of these species are described in this 

Chapter.   
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3.1 2,2’-bipyridyl Cu complexes 

 

The initial focus centred on the preparation of complexes in which the {Cu(bipy)} moiety served 

as one terminus of the dinuclear complex.  The complexes [Cu(OAc)2(bipy)] and [CuCl2(bipy)] 

were used as starting materials for these experiments.  Some of the products that crystallised from 

reaction mixtures are described below.  Many of these species have been previously reported and 

will therefore not be discussed in detail. 

 

3.1.1 [{Cu(bipy)}2(μ-OH)2(μ-ClO4)2]  

 

[{Cu(bipy)}2(μ-OH)2(μ-ClO4)2] was isolated as deep blue prisms from standing of a reaction 

mixture of [Cu(OAc)2], bipy, NaOH and NaClO4.  The complex was first reported by McWhinnie5 

and it has previously been reported as a by-product in the preparation of  

[{Cu(bipy)}2(μ-OAc)3]ClO4 where it is the preferred product in the presence of 1 equivalent of 

NaOH.6  The complex crystallises in the centrosymmetric monoclinic space group C2/m with the 

inversion centre located mid-way between the two Cu atoms.  The Cu2+ ions have a Jahn-Teller 

tetragonally distorted octahedral coordination geometry, with the equatorial plane derived from 

the bipy and hydroxo ligands (the Cu-N (1.99 Å) and Cu-O(OH) (1.91 Å) bond distances are in 

the usual range) and O donors of ordered bridging ClO4 ligands binding to each Cu2+ ion in the 

axial positions.  These Cu-O(ClO4) bonds are unusually long at 2.8 Å.  An ORTEP plot of the 

complex is shown as Figure 3.4.  All atoms of the bipyridyl and hydroxo ligands other than the 

hydroxo hydrogen atoms are coplanar and this results in an offset π- stacking arrangement 

(distance between consecutive rings ~4.7 Å) of adjacent molecules in the crystal lattice.  The Cu-

O(OH)-Cu bond angle was found in the present study to be 97.0º though it has been previously 

reported as 96.6º.7  Magnetic superexchange between the unpaired electrons of the two Cu2+ ions 

is mediated via the bridging hydroxo ligands, giving the dimer an S = 1 ground state with a 

ferromagnetic superexchange coupling of +93 cm-1.8,9  Details of the X-ray crystal structure are in 

the file CJE1.cif (Appendix 1.1). 
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Figure 3.4: ORTEP plot (50% thermal ellipsoids) of [{Cu(bipy)}2(μ-OH)2(μ-ClO4)2]. 

 

 

3.1.2  [Cu4Cl2bipy4(μ2-OH)2(μ3-OH)2]Cl2:  A Cu4(OH)4 step ladder  

 

[Cu4Cl2bipy4(μ2-OH)2(μ3-OH)2]Cl2 was obtained on prolonged standing of an aqueous solution 

containing [CuCl2(bipy)], pivalic acid and NaOH as blue crystals.  The structure of this complex 

was first reported by Zheng and Lin10 and shortly thereafter by Carballo et al.11 and Sain and 

coworkers.12  The unit cell parameters obtained in the current study are indistinguishable from 

those previously reported.  The complex cation exists as a dimer of dimers in which the dimers are 

linked by long Cu-OH bonds forming a zigzag of three fused Cu2(OH)2 groups.  The two 

independent Cu2+ ions in each “dimer” are both Jahn-Teller distorted square pyramids; each Cu is 

bound to one 2,2’-bipyridyl ligand and two bridging hydroxo ligands, one Cu2+ ion has an apical 

chloro ligand, while the axial position of the other Cu2+ ion is occupied by one of the hydroxo 

ligands of the other dimeric unit. 

 

There is little variation in Cu – N (bipy) bond lengths (1.98 – 2.02 Å ) and the Cu – O bond 

lengths within each “dimer” are considerably shorter (1.93 – 1.97 Å) than the apical Cu1 – O1’ 

bond distance of 2.33 Å, such a Jahn-Teller elongation is paralleled by the long Cu – Cl bond 



 150

length of 2.56 Å.  The bipyridyl groups are essentially planar and adopt both intra- and 

intermolecular π- stacking arrangements (interarene distance of 3.6 - 3.7 Å).  There is also 

significant hydrogen bonding between the hydroxo and chloro ligands and solvent (water) as well 

as to bipyridyl hydrogens.  

 

An ORTEP plot with atomic numbering of the complex cation [Cu4Cl2bipy4(μ2-OH)2(μ3-OH)2]2+ 

is shown in Figure 3.5.  Details of the X-ray crystal structure are in the file CJE2.cif (Appendix 

1.2). 

 
Figure 3.5: ORTEP plot (50% thermal ellipsoids) of the cationic step ladder complex ion 

[Cu4Cl2bipy4(μ2-OH)2(μ3-OH)2]2+.  The asymmetric unit is labelled along with 

generated Cu2+ ions and hydroxo and chloro ligands.10,11 

 

Zheng and Lin10 reported the magnetic susceptibility of [Cu4Cl2bipy4(μ2-OH)2(μ3-OH)2]Cl2 and 

found that the Cu4 unit has an S = 1 ground state.  In that study the magnetic susceptibility data 

were not fit with a model incorporating superexchange pathways between the Cu2+ ions but Sain 

et al.12 addressed this deficiency using a 3J model as shown in Figure 3.6.  In this figure the 

orange lines represent the different superexchange pathways between the Cu2+ ions in the Cu4 

unit.  



 151

 
Figure 3.6: Core of [Cu4Cl2bipy4(μ2-OH)2(μ3-OH)2]2+ showing superexchange coupling 

pathways (J1, J2 and J3). 

 

The dominant superexchange interaction (J1 = +22.7 cm-1) is ferromagnetic, the other two 

exchange interactions were assumed to be equal (J2= J3 = +0.34 cm-1).12  This second interaction is 

so weak that the overall susceptibility resembles that of an isolated ferromagnetically aligned 

Cu2(μ-OH)2 grouping, consistent with the observed overall S = 1 ground state.  

 

3.1.3 [{Cu(bipy)}2(μ-OAc)3](ClO4)  

 

This triply acetato bridged Cu dimer was first reported by Perlepes, Christou and coworkers.13,14  

One of the bridging acetato ligands adopts a μ2-O-COCH3 bridging motif whilst the other two 

acetato ligands adopt the more traditional syn,syn-η1;η1;μ2- bridging mode where one O donor is 

bound to each Cu2+ ion.  An ORTEP plot of the complex cation from the present study is shown in 

Figure 3.7.  Details of the X-ray crystal structure are in the file CJE3.cif (Appendix 1.3). 

 

Each of the Cu2+ ions is nominally five coordinate.  The Cu-O distances to the syn,syn-η1;η1;μ2- 

bridging acetato ligands are asymmetric, with Cu1 – O2 some 0.3 Å longer than the remaining Cu 

– O (OAc) distances.  The unique bridging acetato ligand also links the two metals in an 

asymmetric manner; with Cu1 – O1 some 0.2 Å shorter than Cu2 - O1.  The asymmetry in the μ2- 

binding of the third acetato ligand is a result of an interaction between the second O atom (O6) of 

the acetato ligand and Cu2 which has a distance of 2.71 Å.     

 

The coordination geometries of the two Cu ions are different.  If the Cu1 – O6 “bond” is 

discounted then Cu1 is a distorted square pyramid and Cu2 is a distorted trigonal bipyramid.  A 

method of describing five coordinate geometries intermediate between square pyramidal and 
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trigonal bipyramidal was proposed by Addison et al.15  In this model a parameter τ was defined as 

the difference between the largest (β) and smallest angles (α) subtended by ligand donors about 

the metal ion in the “basal plane” divided by 60 degrees as shown in Equation 3.1 

 

60
αβτ −

=        (3.1) 

 

For a perfect square pyramid τ = 0 and for a perfect trigonal bipyramid τ = 1.  Values between 

these extremes give a semi-quantitative guide to the extent of distortion about Cu.  The τ values 

for the Cu2+ ions in [{Cu(bipy)}2(μ-OAc)3](ClO4) are τ = 0.15 for Cu1 and τ = 0.77 for Cu2 

respectively indicating Cu1 is close to a square pyramid while Cu2 is more like a trigonal 

bipyramid. 

 

 
Figure 3.7: ORTEP plot (50% thermal ellipsoids) of the complex cation  

[{Cu(bipy)}2(μ-OAc)3]+ showing atomic numbering. 

 

Magnetic studies performed on this complex by Christou and Perlepes13 show that the unpaired 

electrons on each Cu are weakly ferromagnetically aligned (J = +3.6 cm-1) affording an S = 1 

ground state.  The structural basis of the observed magnetic properties of [{Cu(bipy)}2(μ-OAc)3]+ 

and other complexes within the [{Cu(N-N)}2(μ-BL)3]2+/+ family is discussed in Section 3.3.   
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3.1.4 [Cu(OAc)(bipy)2]ClO4.H2O 

  

One of the more commonly isolated complexes from attempted heteroleptic dimer syntheses was 

the monomeric six-coordinate [Cu(OAc)(bipy)2]+ cation.  The perchlorate salt of this complex 

crystallises as large deep blue prismatic crystals.  The complex crystallises in the triclinic space 

group 
−

1P  with Two complexes in the unit cell.  Details of the X-ray crystal structure are in the 

file CJE4.cif (Appendix 1.4).  Figure 3.8 shows the ORTEP plot of one complex with atomic 

labelling.  The Cu2+ ion has a significantly distorted octahedral environment, with a bidentate 

acetato ligand in addition to the two bidentate bipy ligands. The bidentate binding of the acetato 

ligand is highly asymmetric with one Cu-O bond length some 0.6 Ǻ longer than the other.  The 

complex is similar to [Cu(OAc)(phen)2]+ which has been described by Hathaway and Billing16 and 

to one-half of a succinato bridged complex [{Cu(phen)2}2(μ-O2CC2H4CO2)]2+ complex reported 

by Li and coworkers.17 

 

 
 

Figure 3.8: ORTEP plot (50% thermal ellipsoids) of an individual complex cation 

[Cu(OAc)(bipy)2]+ showing atomic numbering.  Counter ions are excluded.  
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3.1.5 [{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]ClO4  

 

The complex cation [{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+ has been previously reported by 

Perlepes et al.18,19  The complex crystallises in the monoclinic space group P21/m with one-half of 

the complex in the asymmetric unit.  Both Cu2+ ions are distorted square pyramids (τ = 0.40) with 

the basal plane made up of the 2 N- donors of the bipyridyl ligands and the O- donors of the 

acetato and hydroxo ligands.  The bridging chloro ligand occupies the apical position some 2.56 Å 

distant from each Cu2+ ion giving a Cu – Cl – Cu bond angle of 70.4º.  The ORTEP plot of the 

complex cation is shown in Figure 3.9 and details of the X-ray crystal structure are in the file 

CJE5.cif (Appendix 1.5). 

 

 
Figure 3.9:  ORTEP plot (50% thermal ellipsoids) of the complex cation  

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+ showing atomic numbering.  

 

Room temperature magnetic susceptibility measurements on  

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]ClO4 suggested weak superexchange coupling between the 

Cu2+ ions, but whether that coupling was ferro- or antiferromagnetic remained ambiguous.18   
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3.1.6  [Cu(OClO3)(bipy)(OH2)(Pz)2]ClO4.H2O 

 

Reactions were also carried out in which pyrazole was substituted for acetate anions in the hope of 

forming a pyrazolyl bridged dimeric Cu complex.  In this context, the trinuclear complexes 

[Cu3(μ3-Cl)2(μ-Pz)3Cl2]2- and [Cu3(μ-O)(μ-Pz)3Cl3]2- have recently been reported by Raptis and 

coworkers.20-26  In the present study, [Cu(ClO4)(bipy)(OH2)(Pz)2](ClO4). H2O was obtained as 

large deep blue crystals.  The ORTEP plot of the complex cation is shown as Figure 3.10.  The 

Cu2+ ion has a distorted octahedral coordination geometry.  The equatorial plane comprises the N 

– donors from the bipy and pyrazole ligands, with aqua and perchlorato ligands occupying axial 

sites.  The Cu-O bond distances are long 2.33 Å (Cu-OH2) and 2.56 Å (Cu-OClO3) as is expected 

from a Jahn-Teller tetragonally distorted Cu2+ ion.  The planes of the pyrazole rings are 76.6 and 

79.9º relative to the plane of the bipyridyl ligand and the N5 donor atom of one pyrazole ligand 

resides ~10º out of the plane of the other three N-donors and the Cu atom towards the perchlorato 

ligand..  Details of the X-ray crystal structure are in the file CJE6.cif (Appendix 1.6). 

 

 
 

Figure 3.10: ORTEP plot (50% thermal ellipsoids) of the complex cation 

[Cu(OClO3)(bipy)(Pz)2(OH2)]+ showing 50% thermal ellipsoids with atomic 

numbering. The perchlorate counter ion is not shown. 

 

The room temperature X-band powder EPR spectrum of [Cu(OClO3)(bipy)(Pz)2(OH2)]ClO4 is 

slightly asymmetric indicating that gx ≠ gy ≠gz with gav = 2.04.   
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3.1.7 [CuCl(bipy)(2,9-Me2phen)]ClO4: A Mononuclear Cu Complex with Two Different 

Bidentate Ligands 

 

One complex that was crystallised from attempts at preparing heteroleptic dinuclear Cu complexes 

was a mononuclear Cu complex in which two different bidentate ligands (bipy and neocuproine) 

were bound.  The complex cation consists of a five coordinate Cu(II) ion in a square pyramidal 

geometry (τ = 0.13).  An ORTEP plot of the complex with labelling is shown as Figure 3.11.  The 

pyramid base corners consist of the two bipyridyl N donors, a chloro ligand and one N donor from 

the neocuproine (2,9-Me2phen) ligand; the axial position is occupied by the second N donor of the 

neocuproine ligand.  The Cu1-N1(neo) bond length of 2.27 Å is considerably longer than Cu1-

N2(neo) at 2.02 Å, consistent with an axial Jahn - Teller tetragonal elongation.  Curiously, the 

Cu1-N1 bond distance is the same as the Cu1 – Cl1 bond distance.  Details of the X-ray crystal 

structure are in the file CJE7.cif (Appendix 1.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: ORTEP plot (50% thermal ellipsoids of the complex cation  

[CuCl(bipy)(2,9-Me2phen)]+ with atomic numbering. 

 

The similar complex [CuCl(bipy)2]Cl exists with a highly distorted 5 coordinate geometry (τ ~ 

0.5) in which the chloro ligand occupies an axial position.27  The difference in the ligand 

arrangements must be a result of steric clashes between the methyl groups of neocuproine and the 

bipy ligands.  
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3.1.8 [{Cu(phen)}2(μ-OAc)(μ-OH)(μ-OH2)](ClO4)2  

 

Dinuclear Cu complexes in which 1,10-phenanthroline rather than 2,2’-bipyridyl acts as a 

bidentate terminal ligand were crystallised from attempted heteroleptic dimer syntheses and 

rationale syntheses.   

 

[{Cu(phen)}2(μ-OAc)(μ-OH)(μ-OH2)]2+  is a dinuclear copper complex in which the two Cu2+ 

ions are bridged by one acetato, one aqua and one hydroxo ligand and 1,10-phenanthroline is the 

bidentate terminal ligand.  The overall structure is analogous to that observed with 2,2’-bipyridyl, 

but surprisingly its X-ray structure has only recently been reported.28  An ORTEP plot of the 

complex cation is shown as Figure 3.12 and details of the X-ray crystal structure are in the file 

CJE8.cif (Appendix 1.8).  The copper ions are both five coordinate in a distorted square pyramidal 

arrangement (τ = 0.3).  Both of the phen N donors lie in the equatorial plane along with O donors 

of the hydroxo and acetato ligands.  The aqua ligands take the axial position on both Cu(II) ions.  

The quality of the X-ray data in the current work are relatively poor (R = 0.088 and wR2 = 0.27) 

and some atoms have large thermal ellipsoids, but atom connectivity has been clearly established.  

 
Figure 3.12:  ORTEP plot (50 % thermal ellipsoids) of the complex cation 

[{Cu(phen)}2(μ-OAc)(μ-OH)(μ-OH2)]2+ showing atomic numbering. 
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The Cu-O(OH)-Cu bond angle is 101.3º and the Cu-O(OH2)-Cu bond angle is 77.6º (possibly low 

due to the long Cu-O bonds of 2.36 and 2.41 Å).  Rather than being planar, the complex is 

compressed such that the two basal CuN2O2 planes are disposed at an angle of 63.0º to each other 

and this is within 1º of that found in the analogous bipy complex.6  Both ClO4 counter ions are 

situated within the pocket between the two phenanthroline groups. 

 

3.1.9 [{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]ClO4  

 

Following on Perlepes’ synthetic strategy,13,14,18,19,29-31 the acetato, hydroxo, aqua bridged Cu 

dimer with 5,5’-dimethyl-2,2’-bipyridyl was crystallised. A stick diagram of one of the complex 

cations is shown as Figure 3.13.  Details of the X-ray crystal structure are in the file CJE9.cif 

(Appendix 1.9).  The X-ray data were poor, nevertheless atomic connectivity was readily 

established.  Two different cationic complexes make up the unit cell.  The two complexes differ in 

the coordination geometries about the Cu2+ ions; for one complex, both Cu ions are distorted 

square pyramids (τ ~ 0.27), whilst for the second complex cation the geometries more closely 

resemble trigonal bipyramids (τ ~ 0). 

 
Figure 3.13: Stick diagram showing the complex cation of  

[{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]+ (Key: C = grey, N = light blue, O = 

red, H = white, Cu = orange). 
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The bridging OH ligand binds in an asymmetric manner, with the Cu-O bond lengths in both 

complex cations typified with one Cu-O 0.07 Å shorter than observed in the other.  This is 

reflected by a difference of 7º in the Cu - O - Cu bond angles (117 and 109.5º respectively).  In 

both complexes the bridging OH group assumes a position in the basal plane of the Cu 

coordination sphere.  There is an offset π- stacking arrangement between the two complex cations, 

which is shown in addition to the difference in coordination geometry of the complex cations in 

Figure 3.14.   

 
Figure 3.14: Stick diagram of the two different  

[{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]+ cations in the asymmetric unit 

showing π-stacking between bipy ligands of consecutive complexes. 

 

The magnetic susceptibility of [{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]ClO4 was determined using  

a SQUID magnetometer.  Figures 3.15 and 3.16 show the temperature dependence of χMT and χM 

of [{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]ClO4
 between 4 and 300 K.  
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Figure 3.15:  Plot of χMT (per Cu) vs. temperature for  

[{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)](ClO4).  The solid line is the best-fit 

calculated plot using the parameters given in the text. 
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Figure 3.16:   Plot of χM (per Cu) vs. temperature for  

[{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)](ClO4), (□). The solid line is the best-fit 

calculated plot using the parameters given in the text. 

 

The plot of χMT vs. temperature for the triply-bridged di-μ-acetato/mono- μ-hydroxo complex 

[{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)](ClO4) (Figure 3.15) shows a gradual increase in χMT 

between 300 and ~15 K in line with ferromagnetic coupling between the Cu(II) centres.  The 

corresponding χM values, shown in Figure 3.16,  obey Curie-Weiss behaviour with a rapid increase 

at low temperatures indicative of a positive J.  The χMT value at 300 K of 0.32 cm3 mol-1 K (1.60 
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μB, per Cu(II)) is lower than expected and is partly responsible for the low g value obtained when 

fitting the data (see below).  The χMT (max) value at ~10 K of 0.37 cm3 mol-1 K (1.72 μB per 

Cu(II); 2.43 μB per dimer), is also lower than the S = 1 value of 2.83 μB (g = 2.0) but this can be 

influenced by zero-field splitting and dimer-dimer interactions.  Indeed, the decrease noted below 

15 K is due either to dimer-dimer antiferromagnetic coupling, allowed for here by using a (T – θ) 

term in the Bleaney- Bowers equation,32 or to zero-field splitting / Zeeman mixing effects in the 

ground S = 1 state.  Since there are π-π interactions noted in the crystal packing (as shown in the 

plot of the asymmetric unit in Figure 3.14), the dimer-dimer postulation is favoured.   

 

The best fit parameters, to the Bleaney-Bowers equation,32 are g = 1.83, J = +13.9 cm-1, θ = -1.4 

K, % monomer = 0.04.  The net, positive J obtained in this case relates to the 109˚ Cu-O-Cu angle 

of the bridging OH group that is compatible with a ferromagnetic superexchange pathway that 

dominates the antiferromagnetic μ-1,2-acetate bridging pathways.33  Counter-complementarity 

effects between exchange mediated via the hydroxo and acetato ligands, disposed in equatorial 

and apical bridging positions, might also play a part in determining the net sign of coupling.34-36   

 
3.1.10 [{Cu(5,5’-Me2bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]ClO4 

 

Another product of reactions carried out with 5,5’-dimethyl-2,2’-bipyridyl was the dinuclear Cu2+ 

species bridged by one acetato, one hydroxo and a chloro ligand.  An ORTEP plot of the complex 

cation is shown as Figure 3.17.  The copper ions have 5 coordinate distorted square pyramidal 

geometry (τ = 0.23) with the bridging chloro groups occupying axial positions on each Cu.  The 

bridging Cl is asymmetrically disposed between the two Cu ions with Jahn-Teller elongated Cu-Cl 

distances of 2.57 and 2.63 Å.  The long Cu-Cl distances result in a compression of the Cu-Cl-Cu 

bond angle to 70.2 º.  The Cu – O(OH) bond distances are ~ 1.90 Å and the Cu-O(OH)-Cu bond 

angle is 103.3º.  The planes of the bipy ligands are 135º to each other and the ClO4 counter ion is 

positioned at one extremity of this wedge.  Details of the X-ray crystal structure are in the file 

CJE10.cif (Appendix 1.10). 
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Figure 3.17: ORTEP plot (50% thermal ellipsoids) of the complex cation 

[{Cu(5,5’-Me2bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+ showing atomic numbering. 

 

3.2 4,4’-tBu2bipy Complexes 

 

3.2.1 [{Cu(t-Bu2bipy)}2(μ-OAc)2(µ-DMF)](ClO4)2 

 

An attempt to overcome the lability of Cu(II) involved the reaction between [Cu(OAc)2(bipy)] and 

[CuCl2(tBu2bipy)] with AgNO3 and NaClO4 in DMF.  It was hoped that the non-protic solvent 

would prevent ligand exchange and the two fragments would merge to give the heteroleptic Cu 

dimer [{Cu(tBu2bipy)}(μ-OAc)3{Cu(bipy)}]+.  This did not occur.  Instead, on prolonged 

evaporation of the solvent, a homoleptic Cu(II) dimer was obtained with a bridging DMF ligation 

motif.  Following the isolation of this complex, a direct synthesis for its preparation was devised 

in which [CuCl2(tBu2bipy)], NaOAc and NaClO4 were combined in DMF and AgNO3 was added.  

Following filtration of the precipitated AgCl and subsequent evaporation of the DMF solvent, 

crystals were obtained and the X-ray crystal structure redetermined.  An ORTEP plot of the 
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complex cation [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ is shown in Figure 3.18.  Details of the X-

ray crystal structure are in the file CJE11.cif (Appendix 1.11). 

 

Subsequent attempts to synthesise other DMF bridged dinuclear copper(II) bipyridyl complexes 

have proven unsuccessful.  Interestingly, attempts to prepare other dinuclear Cu complexes with 
tBu2bipy such as [{Cu(tBu2bipy)}2(μ-OAc)3]+ have also failed; instead the cubane complex 

[{Cu(tBu2bipy)}4(μ-OH)4](ClO4)4 was isolated (Section 3.4).   

 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 crystallises in the chiral orthorhombic space group 

P212121 (a =15.163(3) Å, b =17.382(4) Å, c =18.865(4) Å) with 4 molecules in the unit cell.  

Refinement required the use of the TWIN parameter resulting from racemic twinning.37  

 

The Cu2 coordination sphere with relevant bond lengths and angles is shown in Figure 3.19.  It 

consists of two square pyramidal Cu2+ ions, in which the basal plane is made up of the two 
tBu2bipy N donors and two O donors from the two bridging acetato ligands and the apical position 

by the carbonyl oxygen of a N,N-dimethylformamide (DMF) ligand.  Each copper atom has four 

short equatorial bonds (< 2.0 Å) from two aromatic nitrogen donors from the 4,4’-di-tert-

butylbipy ligand and two oxygen atoms from the bridging acetato ligands and one longer bond (~ 

2.34 Å) to the DMF oxygen atom.  The copper-copper separation is ~ 3.37 Å and the bond angle 

about the DMF oxygen atom (Cu1-O5-Cu2) is 92.2°.  The angle between the planes of the 

bipyridyl ligands is remarkably low at 58º.  The dimers do not lie on a special position but there is 

an approximate two-fold axis that bisects the Cu1-O5-Cu2 angle, so each copper atom is in a 

similar, but not identical, environment.  
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Figure 3.18: Front and side on ORTEP plots (30% thermal ellipsoids) of the complex 

cation [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ showing atomic numbering. 
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The copper atoms lie slightly out of the plane formed by the equatorial ligands (0.16 and 0.18 Å).  

The axial Cu-O bond is distorted away from perpendicular to the equatorial plane, the two On-Cu-

O5 angles being ~106° and ~100° for each copper ion.  This, as well as the lengthening of the 

axial bond, lowers the Cu1-O5(DMF)-Cu2 angle to 92.2°.  The first coordination sphere of the 

dimer as a whole has approximate C2v symmetry with mirror planes approximately parallel and 

perpendicular to the Cu1-O5-Cu2 plane.  The carbonyl C-O bond distance of the bridging DMF 

ligand is 1.258 Å, marginally longer than the 1.23 Å typically found for amide carbonyl groups. 

 
 

Figure 3.19: Di-copper coordination sphere of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ with 

atomic numbering.  Only the N- donors of the tBu2bipy ligands are shown.  

 

The tBu groups in the 4,4’-di-tert-butyl-2,2’-bipyridyl ligands are para to the N donors and as 

such are not expected to exert significant steric buttressing on the rest of the molecule.  Space 

filling diagrams of the complex cation are shown in Figure 3.20.  It is apparent that the 

coordinated bridging DMF ligand fits into the narrow hydrophobic cleft created by the tert-butyl 

groups of the bipyridyl ligands and the low angle between the planes of the rings (58º), and this 

may be one reason for the relative stability of the complex.   
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Figure 3.20: Space filling model of the complex cation  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+. 

 

Relative to the bipyridyl complexes previously reported13,14,18,29-31 there is substantial compression 

of the Cu – O – Cu bond angle.  The almost perfect square pyramid geometry (τ = 0.1) about each 

Cu2+ ion contrasts the Cu2+ geometries in complexes previously reported that are intermediate 

between square pyramidal and trigonal bipyramidal. 

 

3.2.2 Magnetic Susceptibility Determination of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]ClO4 

 

A sample of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 was subjected to magnetic susceptibility 

analysis using a SQUID magnetometer.  Figures 3.21 and 3.23 show the temperature dependence 

of the molar susceptibility and effective magnetic moment of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF](ClO4)2 in the temperature range 4 – 300 K.   
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Figure 3.21: Plot of the magnetic susceptibility, χM vs. temperature, per Cu, for 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2.  The solid line is the best-fit using 

the parameters given in the text. 

 

The molar susceptibility values, per Cu, show a maximum at 70 K, typical of intradinuclear 

antiferromagnetic coupling.  The corresponding magnetic moment values decrease from 1.62 μB at 

300 K towards zero at 0 K, but plateau at ~ 0.15 μB. due to the presence of temperature 

independent paramagnetism (TIP = Nα) combined with monomeric paramagnetic impurities. 

Fitting to the Bleaney-Bowers equation (using spin Hamiltonian -2JS1.S2)32 gave an excellent fit 

with best-fit parameters of g =  2.05, J  =  -38.8 cm-1, TIP = 0.000065 cm3 mol-1 and monomeric 

impurity = 1.0 %.  Some other triply-bridged Cu dimers that have two acetate bridges show 

similar values of J.19,33  A discussion on the structures and magnetic properties of triply bridged 

copper dimers is included in Section 3.3. 

 

The magnetic susceptibility data were fit to a superexchange model for a symmetric dimer in 

which each metal has one unpaired electron (S = ½).  The decrease in χM from  

0.9 × 10-3 cm3 mol-1 at 4 K to 0.4 × 10-3 cm3 mol-1 at 20 K is the result of a 1% monomeric 

impurity.  Above 20 K the susceptibility increases to 2.9 × 10-3 cm3 mol-1 at a Neel temperature of 

~ 70 K.  Above 70 K the susceptibility decreases so that at 300 K χM is 1.4 × 10-3 cm-3 mol-1. 

 

The molar susceptibility χM can be calculated from the Bleaney-Bowers equation38 using a  

H=-2J S1.S2 spin Hamiltonian: 
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where the temperature independent paramagnetism (TIP) was determined to be 6.5 × 10-5 (cm3 

mol-1).  PAR represents a paramagnetic impurity (1% monomer, S = ½) and ρ is the mole fraction 

of this impurity.  The S = 0 ground state is separated from the higher energy S=1 state by -2J.  

This equation assumes that the zero-field splitting of the S = 1 state is negligible, or equivalently, 

that the magnetic coupling is isotropic.  A fit to the χM vs. T data to equation (1) gave  

J = -38.8 cm-1.  This value is consistent with the EPR analysis in Section 3.2.3 in that the 

anisotropy of J is very small.  The energy separation of states is shown schematically in Figure 

3.22.   

 

-2J

0

1

0

ST E(S )T

E 77.6 cm-1

 
 

 
Figure 3.22: Energy separation between singlet (ground) and triplet (excited) energy 

states for [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 (ST = spin state, E(ST) = 

energy of spin state). 
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Figure 3.23: Plot of magnetic moment, μeff (per Cu) vs. temperature for 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2.  The solid line is the best-fit using 

the parameters given in the text. 

 

3.2.3  EPR spectroscopic Studies of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 

 

The room temperature X-band EPR powder spectrum of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 is shown as Figure 3.24.  Several features are 

observed in the spectrum including a half field “forbidden” ΔMs = ± 2 transition located at 150 

mT (g = 4.5).39  The dominant feature in the spectrum contains three lines in the 250 – 400 mT 

region.  Since the X- band EPR microwave quantum of 0.3 cm-1 is dwarfed by the energy 

separation between the S = 0 and S = 1 states of ~ 77.6 cm-1 (-2J) all observed transitions occur 

within the S = 1 manifold.  The origin of the three line powder pattern can be seen from the image 

plot of the single crystal rotations shown in Figure 3.25.  Integration over all angles gives the 

powder spectrum, consequently the three lines coincide with the two turning points at the H||(101) 

orientation and the crossing points. 
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Figure 3.24: X-band (9.43014 GHz) powder EPR spectrum of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 at 298 K. 

 

The room temperature single crystal EPR spectra shown in Figure 3.25 are typical of an S=1 

triplet state of a coupled copper(II) system.  In Figure 3.25(a) the crystal is rotated about the (101) 

axis, so that the magnetic field varies from parallel (θ = 0°) to perpendicular (θ = 90°) to the b 

axis.  In Figure 3.25(b) the crystal is rotated about the b axis so that the magnetic field is always 

perpendicular to the b axis, from H || a (θ = 0°) to H || c (θ = 90°).  Two strongly allowed 

transitions are observed in Figure 3.25(a) that correspond to Ms = 0 ↔ ±1 transitions at θ = 0° and 

90°, while the weak Ms = - 1 ↔ +1 transition at ~1500 G is forbidden at these orientations.  No Cu 

hyperfine structure was observed although a splitting of the peaks at ~2400 G is seen close to the 

θ = 90° orientations in Figure 3.25(a) and θ = 45°, 135° orientations in Figure 3.25(b) due to two 

magnetically inequivalent dimers in the unit cell as discussed below.  Figure 3.26 shows the one 

dimensional experimental and calculated spectra at three orientations.  The Ms = - 1 ↔ +1 half 

field transition is most intense at θ = 45°. 
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Figure 3.25: The X-band single crystal EPR spectrum of  

  [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 measured at room temperature,  

  v = 9.3379 GHz: (a) rotation about the (101) axis and  

  (b) rotation about the b axis. 

 

a) b) 

H || b 

H ⊥ b 

H || a 

H || c 

H || a H || b 
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Figure 3.26: The X-band EPR spectra of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2  

measured at room temperature, v = 9.3379 GHz: for the magnetic field 

making the angle θ to the (010) axis towards the (101) direction.  The 

simulated spectra using equation 3.3 and the parameters in Table 3.1 are 

shown above each experimental spectrum. 

 

Low temperature EPR spectra were also collected, but only marginal sharpening of the spectral 

lines was observed.  A gradual loss of intensity of the spectra was observed as the temperature 

was lowered from 50 K to 1.8 K confirming the antiferromagnetic nature of the exchange 

coupling.  The EPR spectra of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 in both 

methanol:ethanol and acetonitrile frozen solutions showed an appreciable amount of monomeric 

copper(II) together with a more highly resolved dimer spectrum.  This indicates that  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 does not remain completely intact in solution, 

although in neither case did the monomer spectrum completely replace the dimer spectrum.  The 

global fit of the single crystal rotation allows a relatively complete analysis of the coupling in the 

dimer, and since the crystal structure is known it permits determination of the relative 

contributions of the dipole-dipole coupling to the anisotropic part of the exchange coupling.  For 

θ=45° 

θ=90° 

θ=0° 
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these reasons the EPR spectra of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 in solution were not 

pursued further. 
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Figure 3.27: The resonant field positions of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 at 

X-band (v = 9.3379 GHz) calculated using the parameters in Table 3.1.  The 

red and blue spectra are different dimer centres related by a two-fold screw 

axis parallel to (010), the point size is proportional to the intensity of the 

particular transition. 

 

Computer simulation of the experimental spectra (Figures 3.26, 3.27) were made with the 

following spin Hamiltonian (Eq. 3.3)5,40 and the spin Hamiltonian parameters listed in Table 3.1.  

 H = ∑
=

2

1i
β gi B.Si  - 2J S1.S2 + S1.Ja.S2     (3.3) 

Here gi are the axially symmetric g-values with respect to the local xi, yi ,zi coordinate systems 

based on each Cui centre; J is the isotropic exchange coupling constant; and Ja contains the 

anisotropic spin coupling terms, the latter defined with respect to the global X, Y, Z dimer 

coordinate system.   
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Table 3.1:  Parameters from fitting the magnetic susceptibility and electron 

paramagnetic resonance (EPR) spectra of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 to Eq. 3.3. 

 

Parameter value 

J (cm-1) -38.8 

D (cm-1) -0.1043 

E (cm-1) +0.0027 

g|| 2.311 

g⊥ 2.066 

Wx, Wy, Wz (G) 450, 290, 490 

 

Taking the first coordination sphere, the dimer as a whole has approximate C2v symmetry with 

approximate mirror planes parallel and perpendicular to the Cu1-O5-Cu2 plane.  A right hand 

coordinate system is defined in Figure 3.28 for the dimer with the Z axis given by the Cu1-Cu2 

direction and the X-axis bisecting the Cu1-O5-Cu2 angle.  The DMF molecule is oriented 

perpendicular to the Cu-Cu direction in the XY plane, constrained by the bulky 4,4’-di-tert-

butylbipy ligands.  The Cu-Cu direction (Z axis, Figure 3.29) is within 1.4° of being parallel to the 

crystallographic b axis, while the X axis makes the angles of 46.0°, 89.3° and 44.0° to the 

crystallographic axes.  The three two-fold screw axes of the orthorhombic space group results in 

all dimers in the unit cell having Z || b and X,Y at 45° to the a, c axes to within 1.5°. 

 
 

Figure 3.28:   The relation between the local xi, yi, zi and global X, Y, Z coordinate systems. 

 

The calculation can proceed in either the coupled or uncoupled basis, and the interaction matrices 

for both cases are given in Appendix 2. 1.  In either case for a particular orientation of the 

magnetic field, the spectra must be simulated with the inclusion of the equivalent dimers in the 

unit cell by applying the crystallographic symmetry operations.  The (S = 0) singlet and (S = 1) 
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triplet states are coupled by terms of the order βH(g|| - g⊥), which are small with respect to J in the 

present case, giving the analytic expressions for the three resonant field positions for H || Z: 

 

 Hres = (ω ± ½ (J||-J⊥)) / β(g||s2 + g⊥c2),  ω / 2 β(g||s2 + g⊥c2)  (3.4) 

 

where ω is the wavenumber of the microwave radiation, s=sin(θb/2), c=cos(θb/2) and θb is the Cu-

O-Cu bond angle.  One can immediately see that ½ (J|| - J⊥) must be < ω (0.33 cm-1 for X-band) 

for the three observed transitions to exist.  

 
Figure 3.29: Unit cell packing stick diagram of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2.  Perchlorate anions have been 

removed for clarity. The Cu-Cu bond is seen to be approximately parallel to 

the crystallographic z axis (shown as the horizontal axis above).  The copper 

atoms are coloured orange. 

 

Table 3.2 gives the appropriate S = 1 interaction matrix, where the triplet g-values gx
T, gy

T, gz
T are 

expressed in terms of the local g-values and the Cu-O-Cu bond angle θb in Figure 3.28.  The D 

and E zero-field splitting parameters have contributions from the magnetic dipole-dipole 

interactions and from the anisotropic exchange coupling. 5,40   
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The g-values (g⏐⏐ = 2.311 > g⊥ = 2.066 ) for each Cu(II) centre are consistent with a Jahn-Teller 

tetragonally elongated square-pyramidal geometry around the copper ions.  The last term in Eq. 

3.3 describes the anisotropic exchange or dipole-dipole interaction and can be related to the 

internuclear Cu···Cu distance and the relative orientation of their principal g-values.7   

 

Table 3.2: The spin Hamiltonian evaluated in the S=1 triplet state, and the  

relation to the single ion g-values and anisotropic parameters. 

 | 1,+1 > | 1, 0 > | 1,-1 > 

< 1,+1 | + β gz
T Hz + D/3 

2
β [ gx

T Hx – i gy
T Hy ] 

E 

< 1, 0 | 
2

β [ gx
T Hx + i gy

T Hy ] 
-2 D/3 

2
β [ gx

T Hx – i gy
T Hy ]

< 1,-1 | E 
2

β [ gx
T Hx + i gy

T Hy ] - β gz
T Hz + D/3 

 

where 

gx
T = g|| c2 + g⊥ s2 gy

T = g⊥ gz
T = g|| s2 + g⊥ c2  C = 20

4
β

π
μ

 = 0.43307 cm-1  

D = Dd-d + Dex  E = Ed-d + Eex  

Dd-d = ¼ [ (c2 g|| + s2 g⊥)2 + 4 (s2 g|| + c2 g⊥) + (g||-g⊥)2sin2θb + g⊥)2 ] 3R
C

 

Ed-d = 1/8 (g||-g⊥)2 c2 [(g||-g⊥)cosθb - 3 g|| - g⊥)] 3R
C

 

Dex = ¼ (2Jzz – Jxx – Jyy ) 

Eex = ¼ (Jxx – Jyy ) 

 

Using the crystallographic values of θb = 92.5° and the Cu···Cu distance R = 3.368 Å, the 

calculated zero-field splitting parameters Ddd = -0.0803 cm-1 and Edd = 0.0015 cm-1 are smaller 

than the values found from fitting experiment (Table 3.1).   

 

In weakly coupled copper(II) dimer systems the calculated zero field splitting (ZFS) due to the 

dipole-dipole interaction is often larger than the experimentally observed.41,42 This is a 

consequence of the unpaired electron spin being delocalised over the dx2-y2 orbital rather than at a 

point position so that <1/R3> is less than that given by the distance between atomic positions.41  In 

the present case if delocalization were taken into account, the discrepancy between the calculated 
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and observed ZFS parameters would be even larger.  This implies that contributions to the ZFS 

from the anisotropic part of the exchange coupling beyond dipole-dipole interactions  are required. 

 

The small splitting of the ~230 mT peak in the EPR spectrum for the field oriented  parallel to 

(101) (θ = 90° in Figure 3.26) is due to two magnetically inequivalent species of copper dimers 

that are related by a two-fold screw axis along b.  The simulation of these two species is shown as 

the red and blue points in Figure 3.27, where the point size is proportional to the transition 

intensity.  At θ = 90°, the splitting at the resonant field of ~250 mT is calculated in agreement 

with experiment and can be rationalized in terms of field direction being along the X and Y dimer 

axes for the two species in this orientation.  The dimer g-values are related to those of the 

individual copper(II) ions by gy
T =  g⊥ and gx

T ~ ½(g|| + g⊥), resulting in the gx
T > gy

T and the 

resulting splitting shown in Figure 3.27.  
 

The magnetic susceptibility derived value of the coupling constant J = -38.8 cm-1 was different to 

that obtained from EPR measurements (-5 to -10 cm-1) but the magnetic susceptibility value is 

likely to be more reliable as the J value from the temperature dependence of the EPR spectrum 

which is derived from the S = 1 state data where relaxation effects can also change the 

temperature dependence.  The single crystal EPR spectrum has allowed the zero-field splitting 

parameters and the single ion g-values to be accurately determined.  These in turn can be related 

to the anisotropy of the antiferromagnetic coupling. 

 

While the isotropic part of the exchange coupling J is determined by the weak bonding interaction 

between the two Cu centres, the small anisotropic exchange coupling terms are due to the mixture 

of excited states into the ground state by spin-orbit coupling.5,40 

 

In fitting the spectra it was found that a line-width parameter is larger for the (global) X and Z 

directions.  This is likely due to the underlying unresolved hyperfine structure.  For a tetragonal 

Cu(II) ion the local hyperfine values are Azz > Axx, Ayy, and from Figure 3.28 the X and Z 

directions are those directions which contain the z component of the local zi axes.  The line-width 

in the Y direction is smaller as the resonant field positions will only be broadened by Ayy.  
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3.2.4 Magnetic Circular Dichroism Study of  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 

 

The low temperature absorption and MCD spectra of [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 

(50 K, 7 Telsa) are shown in Figure 3.30.  The absorption maximum at  

λmax  = 610 nm (ε = 140 M-1cm-1) is slightly blue shifted and reduced in intensity to that of the 

room temperature spectrum (λmax=629 nm, ε=155 M-1cm-1), typical of d-d transitions, with a 

shoulder resolved at ~670 nm.  The MCD spectrum affords more detail and a simultaneous fit of 

both absorption and MCD is possible using four Gaussians with their peak positions constrained 

to be the same between absorption and MCD and the fitted Gaussian bands with their peak 

positions are given in Table 3.3.  Care must be taken when interpreting the Magnetic Circular 

Dichroism (MCD) spectra of antiferromagnetically coupled Cu2+ dimers as the C-terms of small 

amounts of monomeric (S= ½) impurities can dominate at low temperature.  For this reason the 50 

K data where the population of the triplet state is enhanced are presented. 

 

The MCD spectrum in Figure 3.30 closely resembles that of an isolated tetragonally elongated 

copper(II) centre; the exchange coupling is too weak to exhibit any spectral features due to 

compound being a dimer.  The dominant MCD of the two higher energy peaks are typical of a 

tetragonally elongated copper(II) ion, there is a derivative shaped pseudo A-term due to the 

transition to the spin-orbit split E state in the approximate C4v symmetry.42  The lower energy 

positive and higher energy negative MCD signal of the spin-orbit split E state is a consequence of 

the C4v selection rules.42 The positive sign to lower energy on the other hand is a feature of a 

geometry slightly distorted from an ideal square pyramid.43  
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Figure 3.30: The absorption (left scale) and MCD (ΔA, right scale) spectra of 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2  in an ethanol/methanol (50:50) 

glass measured at 50 K and 7 Tesla. 

 

Table 3.3:  The Gaussian resolution and assignment of the ligand field transitions of 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 in terms of the approximate single 

ion C4v symmetry.  

 

 

 

 

 

 

 

  Absorption MCD 
 E (cm-1) A Δ (cm-1) ΔA Δ (cm-1) 
Γ7(B1)  

Γ6(A1) 11980 3 1360 1.2 1700 
Γ7(B2) 13780 44 1800 0.15 1930 
Γ7(E) 15515 59 2200 4.0 1690 
Γ6(E) 16715 197 2800 -9.7 2420 
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3.2.5 Magneto-Structural Correlations 

 

There are numerous magnetostructural studies on copper(II) dimers with the Cu2O2 motif30,44-49 

where a linear correlation has been established between the experimentally determined exchange 

coupling constant and the Cu-O-Cu bond angle.7,13,39,49,50  An antiferromagnetic interaction is 

found for θ larger than 98° while ferromagnetic character appears for smaller values of θ.  

However, in these cases the tetragonal axes of the copper(II) centres are perpendicular to the 

Cu2O2 plane and the dx2-y2 magnetic orbitals which contain the unpaired electron spin, are directed 

towards the bridging O atoms.  The O orbitals provide an efficient pathway for super-exchange 

between the copper(II) ions.  In the present case, however, the tetragonal axes of each copper(II) 

centre is directed towards the Cu-O direction of the bridging O.  The dx2-y2 magnetic orbitals are 

now orthogonal to the bridging Cu-O directions and this bridging O is expected to be a poor 

superexchange pathway.  In a copper(II) dimer that has similar square pyramidal geometry with a 

bridging O (phenoxy) at the axial position, and with no other bridging ligands, the 

antiferromagnetic coupling is very small |J| < 1 cm-1. 42  With the much larger antiferromagnetic 

exchange coupling observed in the present complex, it is concluded that the main exchange 

pathway is via the bridging acetato ligands, not the O of the DMF bridging ligand; and that there 

is no magneto-structural significance in the small Cu-O-Cu bridging angle.  Dinuclear Cu 

complexes in which the two Cu2+ ions are bridged exclusively by two syn, syn acetato ligands also 

give rise to small antiferromagnetic superexchange constants.14,19,40 

 

This conclusion is similar to that found for an aqua bridged Schiff-based Cu(II) dimer, where the 

antiferromagnetic exchange pathway (J = -6.6 cm-1) was found not to be through the sole bridging 

aqua ligand.51  Here the axial positions of the square pyramidal geometry pointed towards the 

bridging O, as in the present case, and no direct overlap of the dx2-y
2 magnetic orbitals can occur.  

The calculated spin density was found on the axial ligands, not the bridging O, implying that the 

exchange proceeds through an hydrogen-bonding network.51  

 

Since the observed J values are composed of ferromagnetic and anti-ferromagnetic contributions, 

which are in turn influenced by a variety of structural and electronic factors, the antiferromagnetic 

contribution is often rationalized in these types of dinuclear systems as proportional to the energy 

separation between the symmetric (φs) and antisymmetric (φa) combinations of the magnetic 

orbitals (shown in Figure 3.31).52  The dx2-y2 magnetic orbitals are antibonding with respect to the 

filled bridging acetate orbitals and the energy separation between the φs / φa combinations depends 

on the overlap between these orbitals and those of the bridging ligands.  In the φa combination (in 

terms of the C2 element) both ligands are antibonding with respect to both dx2-y2 orbitals.  For the 
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φs combination, each ligand is antibonding with respect to only one of the dx2-y2 orbitals.  This 

leads to a large energy different between φs / φa combinations of magnetic orbitals and an expected 

antiferromagnetic exchange coupling. 

 

Φ Φs a

acetato

Cu
dx2-y2

acetato

 
 

Figure 3.31: Orbital overlap between bridging acetato ligands and Cu2+ dx2-y2 orbitals. 

 

3.3  Comparison of the Structures and Magnetic Properties of Complexes  

[{Cu (N-N)}2(μ-OAc)2(μ-X)]2+/+ and [{Cu(N-N)}2(μ-OAc)(μ-OH)(μ-X)]2+/+   

(N—N = bidentate N- donor ligand, X = OH2, Cl-, OH-, OAc- etc.). 

 

As previously mentioned, an understanding of the structural dependence on the magnetic 

properties of dinuclear Cu2+ complexes bridged by two hydroxo ligands has been achieved.  In the 

current work, the dinuclear Cu complexes investigated have the general form  

[{Cu(N-N)}2(μ-BL)3]2+/+ (where N-N is a bidentate N- donor ligand such as 2,2’-bipyridyl and BL 

is a bridging ligand; carboxylato, hydroxo, halo or DMF etc.).  Youngme and coworkers28,53-56,57 

have summarised the structural and magnetic properties of complexes of this form.  

 

The sign and magnitude of the magnetic exchange parameter J in dinuclear Cu systems has been 

determined to result from a combination of a number of parameters.  These include the 

internuclear Cu···Cu distance (which would effect direct exchange), the Cu-BL-Cu bond angle 

(BL = bridging ligand), the dihedral angle generated between the two basal planes of the 5- 

coordinate Cu2+ coordination spheres, the deviation from absolute square pyramidal and trigonal 
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bipyramidal geometries and the position of the donor atom of the unique bridging ligand in 

context of the basal plane of the Cu2+ coordination spheres.  

 

Youngme and coworkers28,53-56,57 classified complexes according to whether the coordination 

geometry of the two Cu ions in [Cu2(L)2(μ-X)(μ-Y)(μ-Z)]n+ more closely approximates square 

planar or trigonal bipyramidal geometry and whether the complex has either a (μ-acetato)2(μ-X) 

or (μ-acetato)(μ-OH)(μ-X) bridging motif.  The disposition of the bridging carboxylato ligands 

about the metal ions was also investigated in terms of syn-syn, syn-anti or anti-anti topologies 

(Figure 3.32) resulting in complexes in which different magnetic orbitals are involved in the 

superexchange process. 
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Figure 3.32: Syn-syn, syn-anti and anti-anti arrangements of bridging bidentate 

carboxylate ligands (top) and Cu2 arrangement classes with bridging ligands 

(bottom).28,53-57   

 

Table 3.4 shows the Cu···Cu distance, Cu –BL-Cu bond angle, τ parameter and the observed 

superexchange coupling constants for a variety of [Cu2(L)2(μ-X)(μ-Y)(μ-Z)]n+ complexes.  Data 

in the table are separated into those complexes in which there are two syn-syn -η1;η1;μ2-O2CR 

groups with a further bridging ligand (e.g. a μ2-OH) and complexes bearing one syn-syn-η1;η1-μ2-

O2CR group and two additional bridging ligands.   
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Table 3.4: Structural and magnetic data of [Cu2(N-N)2(μ-OAc)(μ-Y)(μ-Z)]n+ complexes (Y = OAc-, OH-; Z = OAc-, OH-, Cl-,OMe-, OEt-, OH2, DMF). 

 

Complex Cu···Cu (Å) Cu-Z-Cu (º) τ Dihedral Angle (º)a J (cm-1) Ref 

[{Cu(bipy)}2(μ-OAc)3]ClO4 3.40 108.9 0.15, 0.47 23.9 +3.6 13, present 

[{Cu(bipy)}2(μ-OAc)2(μ-OMe)](PF6) 3.09 106.8 0.66, 0.59 107.5  31 

[{Cu(bipy)}2(μ-OAc)2(μ-OEt)](PF6) 3.23 112.1 0.10, 0.23 34.5  31 

[{Cu(5,5’-Me2bipy)}2(μ-OAc)2(μ-OH)]ClO4 b 3.19,  

3.24 

117.0,  

109.4 

0.28, 0.26 

0.51, 0.78 

22.1,  

3.25 

+13.9 present 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 3.37 92.2 0.12 68.4 -38.8 present 

[{Cu(dpa)}2(μ-OAc)3]BF4  c,d 3.40 105.0 0.07 59.9 -27.9 28,56 

       

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-OH2)](ClO4)2 3.05 78.7 0.21, 0.19 59.8 +19.3 13,56 

[{Cu(phen)}2(μ-OAc)(μ-OH)(μ-OH2)](ClO4)2  
d 3.00 78.1 0.21, 0.16 63.0 +60 28,56, present 

[{Cu(dpa)}2(μ-OAc)(μ-OH)(μ-OH2)](ClO4)2  
d 3.12 80.7 0.43   56 

[{Cu(bipy)}2(μ-O2CEt) (μ-OH)(μ-OH2)](ClO4)2
 d 3.04 104.5 0.20, 0.16 59.9 +74.9 28 

[{Cu(dpa)}2(μ-OAc)2(μ-OH)]PF6 
e 2.99 102.7 0.21, 0.19 - +10.1 58 

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]ClO4  
d 3.05 70.4 0.21,0.19 60.6 +72 Present, 18,56 

[{Cu(5,5’-Me2bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]ClO4 2.99 70.1 0.23 53.6 - present 

 
a  This refers to the angle between the basal planes of Cu2+ ions.  b  There are two distinct complex cations in the asymmetric unit. c  dpa = di-2-pyridylamine  
d  The J values have been previously reported as equal to the singlet – triplet energy gap.53-57  e One of the bridging OAc ligands is bound via a monoatomic O donor.  



 185

The observed antiferromagnetic coupling between electron spins in  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 contrasts the general observation that  

[{Cu(N-N)}2(μ-OAc)2(μ-X)] complexes exhibit overall ferromagnetic superexchange constants.57  

As previously explained this is a consequence of the magnetic orbitals of the Cu2+ ions in 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ lying orthogonal to the Cu – O (DMF) bond and as a result 

the dominant superexchange pathway is via the syn-syn acetato ligands.  To further show the 

difference between [{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ and other  

[{Cu(N-N)}2(μ-OAc)2(μ-X)] complexes a comparison is made of the Cu2 coordination 

environment in [{Cu(bipy)}2(µ-OAc)3]+, [{Cu(Me2bipy)}2(μ-OAc)2(μ-OH)]+ and 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+, shown in Figure 3.33. 

 

 
 

Figure 3.33: The Cu2 coordination spheres of [{Cu(bipy)}2(µ-OAc)3]+ (left),  

[{Cu(Me2bipy)}2(μ-OAc)2(μ-OH)]+ (middle) and  

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ (right). Only the N- donors of the bipy 

ligands are shown  

 

In [{Cu(bipy)}2(µ-OAc)3]+ the two Cu2+ ions possess different coordination environments (See 

Section 3.1.3), with one syn-syn -η1;η1;μ2-OAc, one syn-anti--η1;η1;μ2-OAc and the third bridging 

acetato ligand in an asymmetric μ2-motif.  The Cu-O(μ2-OAc) bond is in the z- axis of the square 

pyramidal Cu but is in the xy plane of the more distorted five coordinate Cu2+ ion best conforming 

to Class D (see Figure 3.32).   

 

For [{Cu(Me2bipy)}2(μ-OAc)2(μ-OH)]+ the Cu-O (μ-OH) bond lies in the xy plane of both square 

pyramidal Cu2+ ions (best described as Class B) meaning that relatively efficient overlap of 

magnetic orbitals can occur and superexchange can be mediated by the bridging μ2-OH group and 

the equatorially bound acetato groups.  Countercomplementary effects occur between these two 

exchange pathways, the hydroxo group affording a ferromagnetic interaction due to orbital 
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orthogonality while the acetato groups give rise to a weak antiferromagnetic interaction.14  Costa 

et al.57 found a linear relation between the Cu-O(OH)-Cu bond angle and the coupling constant J 

for four Class B complexes, with larger angles generating greater ferromagnetic exchange 

couplings.   

 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ falls into Class C where the magnetic coupling is mediated 

by the two equatorially displaced carboxylato groups resulting in weak antiferromagnetic 

coupling.  Thus, the difference in sign of superexchange between these two complexes and 

[{Cu(tBu2bipy)}2(μ-OAc)2(μ-DMF)]2+ is first and foremost the result of the orientation of the 

magnetic orbital with respect to the unique bridging ligand.  

 

In complexes of the form [Cu2(L)2(μ-OAc)(μ-OH)(μ-OH2)]n+ the situation is more complex; the 

bridging OH group lies in the xy plane while the bridging aqua ligand is in the z- axis of both Cu 

coordination environments (falling within Class B).  This can be seen in Figure 3.34 where the 

Cu2 coordination environments are shown for  

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-OH2)]2+ and [{Cu(phen)}2(μ-OAc)(μ-OH)(μ-OH2)]2+  (top) 

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+ and [{Cu(5,5-Me2bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+ (bottom). 

 

In all cases magnetic exchange is mediated by the donor ligands in the basal plane of the Cu 

coordination spheres, i.e. the syn-syn acetato and hydroxo ligands.  There is little difference in the 

magnitude of the exchange coupling constant if the aqua ligand is replaced by chloro despite 

changes to the Cu-BL bond length and Cu-BL-Cu bond angles.  
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Figure 3.34: ORTEP plots of the Cu2 coordination spheres of (top) 

[{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-OH2)]2+ (left) and  

[{Cu(phen)}2(μ-OAc)(μ-OH)(μ-OH2)]2+ (right) and bottom 

 [{Cu(bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+ (left) and  

[{Cu(5,5-Me2bipy)}2(μ-OAc)(μ-OH)(μ-Cl)]+(right). 
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3.4 [{Cu(tBu2bipy)4(μ3-OH)4](ClO4)4 

 

Attempts to prepare other dinuclear Cu complexes with tBu2bipy as a terminal ligand have proved 
unsuccessful.  Following the methodology used by Christou and Perlepes13,14 to prepare 
[{Cu(bipy)}2(μ-OAc)3]ClO4 we obtained not the analogous tBu2bipy complex, but rather 
formation of [{Cu(tBu2bipy)4(μ3-OH)4](ClO4)4, a structurally distorted Cu4O4 cubane.  The 
compound crystallised from acetone as an acetone solvate in the tetragonal space group I

_
4 2m.  

An ORTEP plot of the complex cation is shown in Figure 3.35 and the asymmetric unit with 
atomic numbering in Figure 3.36.  The Cu ions have 5 coordinate square pyramid coordination 
geometry (τ = 0.003), where the square is made up of the bipyridyl N donors and two bridging OH 
groups.  The axial position is occupied by a third OH ligand.  The OH ligands are triply bridging 
three Cu2+ ions.  Each Cu2+ ion in the cubane is equivalent.  Details of the X-ray crystal structure 
are in the file CJE12.cif (Appendix 1.12). 
 

The central {Cu4(OH)4} unit forms a cubane motif with the four Cu atoms occupying the corners 

of a tetrahedron.  The bridging group is hydroxo rather than oxo on the basis of the charge of the 

complex crystallising as its perchlorate salt.  The H atoms were not located on the electron density 

difference map.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.35: ORTEP plot (50% thermal ellipsoids) of the [Cu4(OH)4(tBu2bipy)4]4+ complex 

cation. 
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Figure 3.36: ORTEP plot (50% thermal ellipsoids) of the asymmetric unit of 

[Cu4(OH)4(tBu2bipy)4]4+ complex cation with atomic numbering.  C9 is the 

bridgehead C of the tBu2bipy ligand. 

 

Viewed down the c axis it can be seen Cu4O4 groups occupy the corners the square with the 

cubane centred at (a, 0, 0.5c) or (0, b, 0.5c).  The remaining cubane is centred at (0.5a, 0.5b, c). 

(Figure 3.37).  The perchlorate anions occupy positions in a direct line between the centroids of 

adjacent Cu4(OH)4 cubanes.  Four acetone solvates per Cu4 are also present in the crystal lattice.  

The {Cu4(OH)4} distorted cubane and the magnetic superexchange pathways are shown in Figure 

3.38.  There are two Cu – OH distances in the cubane, 1.96 and 2.46 Å that result from Jahn-

Teller elongation of the axial Cu – O bond length relative to that of the basal Cu – O bonds 

affording an overall stretched cubane aggregate.  
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Figure 3.37: Stick diagram of the unit cell of [Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 looking 

down the c axis.  Acetone solvate molecules have been removed for clarity. 

 Key: Cu = orange, O = red, N = blue, C = gray, H = white, Cl = green. 
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Figure 3.38: Cu4(OH)4 core and superexchange paths of [Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4. 

  Key: Cu = orange, O = red.  

 

Magnetic susceptibility measurements of [Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 were carried out in the 

temperature range 4 – 300 K.  The temperature dependence of the molar susceptibility and 

effective magnetic moments are shown in Figures 3.39 and 3.40, respectively.  
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Figure 3.39:  Plot of χMT (per Cu(II)) vs. temperature for  

[Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 (O).  The solid line is the best-fit calculated 

plot, for a S = 1/2 tetramer model, using the parameters given in the text.  

(% Monomer impurity was not included). 
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Figure 3.40:   Plot of χM (per Cu(II)) vs. temperature for  

[Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 (□). The solid line is the best-fit calculated 

plot, for a S = 1/2 tetramer model, using the parameters given in the text. (% 

Monomer impurity was not included in the χM  equation). 

 

The 300 K χMT value of 0.35 cm3 mol-1 K (μeff  = 1.67 μB), per Cu(II), is less than the spin-only 

value and is indicative of weak antiferromagnetic coupling occurring between the Cu centres.  The 

χMT values decrease slowly with decreasing temperature down to ~50 K, then more rapidly to 

reach 0.9 cm3 mol-1 K (0.85 μB) at ~10 K (Figure 3.39).  Below 10 K the values remain relatively 

constant due to the presence of monomer impurity, further proof of the latter being seen in the 

rapidly increasing χM data below 10 K (Figure 3.40).  Fitting to a three J distorted tetrahedral 

(rhomboidal-like) model59,60 gave a good fit for the parameter set g = 1.92, J1 = -11.2 cm-1,  

J2 = -8.1 cm-1, J3 = +0.6 cm-1, TIP = 0.000065 cm3 mol-1, where J1 is the short edge Cu···Cu, J2 is 

the long edge Cu···Cu, J3 is the short diagonal Cu···Cu (Figure 3.38).  The latter is close to zero 

and the two former J values are nearly equal.  Nevertheless, the fit suggests that the cubane is 

distorted, similar to the analogous bipy CuII
4(OH)4 cubane, reported by Sletten,61 which showed 

ferromagnetic superexchange J values (J = + 12 cm-1) between the Cu2+ ions giving an S = 2 

ground state.   

 

Magnetisation studies on the analogous Cu bipy cubane61 indicate that there are two low lying 

triplet states 24 cm-1 (2J) higher in energy and a singlet state 3J higher in energy (36 cm-1).  A 

similar Cu4(OH)4 “dimer of dimers” that cocrystallised with [Re4(μ3-Te)(CN)12]4- was reported by 

Fedorov and coworkers62 which has two Cu···Cu distances of 2.99 and 3.18 Å.  

[Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 has 2 Cu···Cu distances of 2.92 and 3.34 Å. 
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The X- band single crystal EPR spectra of [Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 were collected at 35 

K.  Figure 3.41 shows the EPR spectra in which the crystal was rotated about an axis 

perpendicular to the c axis. 

 

 
Figure 3.41: Single crystal X-band EPR spectra of [{Cu(tBu2bipy)}4 (μ-OH)4](ClO4)4 at 35 

K.  

 

The EPR spectra of [Cu4(μ3-OH)4(tBu2bipy)4](ClO4)4 can be interpreted as resulting from an S=2 

system, and since they were recorded at low temperature (T = 35 K); this would imply a 

ferromagnetic ground state.  However, the negligible size of the superexchange coupling constants 

obtained from magnetic susceptibility measurements allows for thermal population of the S = 2 

state at 35 K.  Unfortunately the EPR spectrum can provide no information on the magnitude of J 

to compare with that determined from the magnetic susceptibility as all transitions are with the S = 

2 manifold.  The main pair of lines 1500 - 4000 G are the Ms = +1 ↔ -1 transitions, high field 

lines at perp. c ~5000 - 5500 G are the Ms = +2 ↔ -2 transitions and very weak high field lines (~ 

5500 G) at ||c are the Ms=+1<->-2 and -2<->+1 transitions.  Simulation of the spectra gives g|| = 

2.12, g⊥ = 2.02, |D| = 0.8 cm-1 and E/D = 0.02. 

 

3.5 Copper Complexes Isolated with Tridentate N Donor Ligands 

 

As our objective was to synthesise heteroleptic dinuclear complexes, a number of tridentate amine 

ligands were also included in the generalised reaction methodology.  Inevitably these resulted in 

formation of the monomeric bis(tridentate)Cu(II) complex.  An example of these complexes is 

included in Section 3.5.1.  
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3.5.1 [Cu(Py3COH)2]Cl2  

 

The Cu2+ ion in [Cu(Py3COH)2]2+ is octahedral bound to six pyridyl donors of the two tridentate 

tri(2-pyridyl)methanol ligands.  A significant Jahn-Teller elongation is observed along the N(2)-

Cu-N(2) axis with the Cu-N(2) bond some 0.23 Å longer than the Cu-N(1) and Cu-N(3) bonds.  

An ORTEP plot of the complex cation is shown as Figure 3.42 and details of the X-ray crystal 

structure are in the file CJE13.cif (Appendix 1.13). 

 

The X-ray crystal structures of metal complexes [M(py3COH)2]2+ have been previously 

reported,63,64 but the structure of the Cu2+ complex was not included in those papers.  Jonas and 

Stack and coworkers65 have reported the structures of Cu complexes of the related Py3COMe 

ligand and found a more pronounced tetragonal elongation of the Cu – N bond lengths of ~ 0.36 

Å.  

 
 

Figure 3.42: ORTEP plot (50% thermal ellipsoids) of the complex cation of 

[Cu(Py3COH)2]Cl2.4H2O.  The Cu atom sits on an inversion centre, and only 

the atoms in the asymmetric unit are labelled.  The generated N atoms are 

labelled with an asterisk.   
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3.5.2 [{Cu(dien)}2(μ-Cl)2](ClO4)2 

 

Two compounds were obtained from reactions where diethylenetriamine was used as a terminal 

ligand; the first of these was [{Cu(dien)}2(μ-Cl)2](ClO4)2.  The ORTEP plot of the complex cation 

is shown as Figure 3.43.  Details of the X-ray crystal structure are in the file CJE14.cif (Appendix 

1.14).  The X-ray structure of the complex has been previously reported by Hatfield, Wieghardt 

and coworkers and will not be discussed in depth here.66  The two Cu2+ ions are distorted square 

pyramidal (τ = 0.32) with the basal plane comprising the 3 N- donors of the dien ligand and one 

chloro ligand (that bridged to the other Cu) and a second bridging chloro ligand in the apical 

position.  There is some asymmetry about the Cu2(μ-Cl)2 moiety with basal Cl-Cu distances of 

2.27 - 2.30 Å and apical Cl-Cu distances is 2.74 - 2.77 Å. 

 
 
Figure 3.43: ORTEP plot (50% thermal ellipsoids) of the complex cation  

[{Cu(dien)}2(μ-Cl)2](ClO4)2. 
 
3.5.3 [Cu(OAc)(dien)]n (ClO4)n : A linear polymer of alternating diethylenetriamine and 

acetato ligands 

 

The reaction product between diethylenetriamine, copper acetate and sodium perchlorate 

crystallises as large deep blue prisms.  The complex exists as an infinite chain one-dimensional 

zigzag polymer.  This polymer has been previously reported. 67,68 

  

The Cu2+ ion adopts a distorted octahedral geometry with the three dien N donors in a meridional 

arrangement, a bidentate acetato ligand and an additional O donor from a bridging acetato ligand 

to the next copper ion in the chain.  The bidentate acetato ligand is asymmetric with Cu – O bond 
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distances of 1.95 Å and 2.64 Å and the O at the longer of these distances bridging to the next Cu2+ 

ion at a distance of 2.39 Å.  These 2 O atoms (labelled O2 and O4 in Figure 3.44) are trans to one 

another with the O2 – Cu2 – O4 bond angle at 149.9º.  An ORTEP plot of the complex cationic 

chain is shown in Figure 3.44 and details of the X-ray crystal structure are in the file CJE15.cif 

(Appendix 1.15). 

 
Figure 3.44: ORTEP plot (50% thermal ellipsoids) of the complex cation 

[Cu(OAc)(dien)]n n+. 

 

3.5.4 [{Cu(NPy3)}2(μ-Cl)2] 

 

Tris(2-pyridylmethyl)amine, or tripicolylamine (TMPA) has been a mainstay of the synthetic 

model chemistry of haemocyanin.69-72  Due to a misunderstanding on the commonly used acronym 

TPA to represent this ligand, tris-(2-pyridyl)amine was inadvertently prepared.  The acronym TPA 

in this thesis refers exclusively to tris-(2-pyridyl)amine.  TPA is significantly less flexible than 

TMPA.  

 

The reaction between TPA and CuCl2 in MeOH affords a bright green residue.  The Cu2+ complex 

with two TPA ligands has been reported73 but this is the first report of a Cu dimer in which TPA 

acts as a bidentate terminal ligand.  The complex crystallises in the orthorhombic space group 

Pccn with one half of the dimer making up the asymmetric unit.  An ORTEP plot of 
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[{Cu(NPy3)}2(μ-Cl)2] is shown as Figure 3.45 and details of the X-ray crystal structure are in the 

file CJE16.cif (Appendix 1.16). 

Figure 3.45: ORTEP plot (50% thermal ellipsoids) of [{Cu(NPy3)}2(μ-Cl)2].  The molecule 

is centrosymmetric, only the atoms in the asymmetric unit and the generated 

Cu2+ ion and chloro ligands are labelled.  

 

The complex dimer consists of two tetragonally distorted trigonal bipyramidal Cu2+ ions ( τ = 

0.81).  The two Cu2+ ions are bridged by two chloro ligands and each is bound to one apical 

terminal chloro ligand as well as two of the three pyridyl N donors of the tripyridylamine ligand.  

The chloro bridge is asymmetric with one long Cu-Cl bond (2.65 Å) and one shorter Cu-Cl bond 

(2.30 Å) but this is marginally longer than the terminal apical Cu-Cl bond distance of 2.26 Å.  The 

angle created by the bridging chloro group between the two Cu2+ ions (Cu-Cl-Cu bond angle) is 

93.5º.  The two Cu2+ ions are separated by 3.62 Å.  

 

The room temperature powder X-band EPR spectrum of [{Cu(NPy3)}2(μ-Cl)2] is shown as Figure 

3.46.  The spectrum is more typical of an isolated square pyramidal Cu2+ ion than one in a trigonal 

bipyramidal environment with signals attributable to both g|| (2.13) and g⊥ (2.06) observed.16  No 

ΔMs = ± 2 half-field transition was observed in the spectrum indicating that the spins of the two 

Cu2+ ions are not superexchanged, and the system does not behave as a singlet-triplet dimer.  This 

may be a result of the long bridging Cu-Cl bond.  
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Figure 3.46: X-band (9.42868 GHz) Powder EPR spectrum of [{CuCl(NPy3)}2(μ-Cl)2]. 

 

Of relevance here is the work of Marsh et al.74 in which a comparison is made of a series of Cu 

dimers with bridging chloro groups.  The focus of that study was a dinuclear complex in which 

each Cu2+ ion was bound to two 2-picoline ligands and two chloro ligands, and that one of these 

chloro ligands acted as the apical ligand to the second Cu ion.  The Cu – Cl(apical) bond length 

was significantly longer at 3.36 Å than the longer of the two Cu-Cl(bridging) distance in 

[{Cu(NPy3)}2(μ-Cl)2] and the Cu···Cu internuclear distance was 4.40 Å and the Cu-Cl-Cu bond 

angle was 100.6º but a weak antiferromagnetic interaction (J = -7.6 cm-1) was found between the 

electron spins of the two Cu2+ ions.  The lowered bond angle in [{Cu(NPy3)}2(μ-Cl)2] should 

result in a less negative or even a positive (ferromagnetic) J value.  A caveat to this discussion is 

that bridging ligands in [{Cu(NPy3)}2(μ-Cl)2] are both part of the basal plane of each Cu 

coordination sphere while in [{Cu(2-pic)}2(μ-Cl)2] the bridging Cl group is in the basal plane of 

one Cu but is the apical ligand of the second. 

 

3.6 Summary 

 

The approaches described above have proven unsuccessful in obtaining heteroleptic dinuclear 

copper species; the lability of copper(II) allowing for the crystallisation of the least soluble species 

present in solution.  A number of mono-, di- and tetra-nuclear complexes or Cu polymers were 

crystallised and examined by X-ray crystallography.  While many of these complexes described 

above have been reported or are closely related to complexes previously reported a number of new 

unique species have been isolated and characterised.   

g|| g⊥ 
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CHAPTER 4 Preparation and Characterisation of Dinuclear Model 

Complexes using Macrocyclic Ligands as Templates 
 

4.1 Synthetic Strategies for Synthesis of Binucleating Macrocycles  

 

The inability to synthesise heteroleptic dinuclear complexes directly, necessitated the 

development of alternate strategies to enforce dinucleation with the desired {N2-N3} coordination 

pockets akin to those found in haemerythrin.  It was envisaged that the two pockets could be 

incorporated into a macrocyclic ligand, that would ensure (with appropriate spacer groups) 

formation of a dinuclear metal complex.  Macrocyclic ligands were selected over non-cyclised 

ligands that provide two metal binding sites with a bridging group because they have fewer 

degrees of freedom and this lowers the possibility of forming polymeric metal complexes.  The 

preparation of macrocyclic ligands containing two coordination pockets has recently been 

extensively reviewed1-6 and the reader is directed to those papers for a more comprehensive 

account. 

 

4.1.1 Symmetrical Aza Crown Macrocycles 

 

The preparation of symmetrical aza macrocycles may be achieved via a 2 + 2 condensation 

reaction (or higher integers for larger macrocycles) between a dialdehyde and a di-primary amine 

giving rise to a Schiff base product.  The Schiff base (an imine) is then reduced to the amine with 

a source of hydride; NaBH4 being the most commonly used reagent.   

 

A requirement for the preparation of a macrocycle that binds two metal ions is that it must 

incorporate a spacer that is sufficiently rigid to prevent the macrocycle folding back on itself 

binding exclusively to one metal, but also must be short enough to allow bridging of the two metal 

ions by exogenous ligands such as carboxylates or hydroxo/oxo groups.  Spacers that satisfy these 

requirements include meta or para phenylene groups, alkenes and alkynes. 

 

The archetypal symmetrical macrocycle class of interest in the current work utilises two tri-aza 

coordination pockets linked by para phenylene spacers.  The general synthesis for the dinucleating 

hexaaza macrocycle 2,5,8,17,20,23-hexaaza[9.9]paracyclophane (1) (Figure 4.1)7-17 is outlined in 

Figure 4.2.  All reported synthetic procedures for this species follow a similar route with minor 

variations in solvent and purification methods.7-10 
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       (1) 

Figure 4.1: 2,5,8,17,20,23-hexaaza[9.9]paracyclophane (1). 

 

When parabisbenzaldehyde is slowly added to diethylenetriamine in medium to high dilution in 

either methanol or acetonitrile the Schiff base (imine) precipitates out of solution.  The Schiff base 

is filtered off, suspended in methanol and reduced to the amine by a source of hydride (typically 

NaBH4) followed by extraction into CH2Cl2.  The free base amine is purified by converting it to 

either the HCl or HBr salt followed by recrystallisation from ethanol, or by then converting the 

acid salt back to the free base by the addition of NaOH and extraction into CH2Cl2.  This synthesis 

typically generates yields of (1) in excess of 60%. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

        (1) 

Figure 4.2:  The synthesis of 2,5,8,17,20,23-hexaaza[9.9]paracyclophane (1). 
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The topology of the aza crown coordination pockets and the macrocyclic spacer groups can be 

systematically tailored by selection of the dialdehyde and the diamine used in the condensation 

reaction (Figure 4.3).  This process can give rise not only to macrocycles but also to cryptanes.8,18 

 

 

 



 205

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spacer group precursors      Spacer and bridging donor ligand precursors   Terminal ligand precursors 

 

Figure 4.3:  Structures of spacer, spacer donor and terminal ligand precursors used in the synthesis of dinucleating macrocycles.8,18 
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Using these compartments a number of dinucleating macrocycles have been synthesised.  The 

structures of some of these species are shown in Figures 4.3, 4.4, 4.5 and 4.6.  

 

NH N
H

HN

NH
H
N HN

NH

N
H

HN

HN
H
N

NH

N

NH HN

NH HN

NH HN

N

NH HN

NH HN

NH HN

R

R

SYM(P) SYM(M)

SYM3 SYM4  
 

Figure 4.4: Dinucleating macrocycles with single aromatic spacers between 

diethylenetriamine groups.7-11,13,14,16,17,19-28,29  
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Figure 4.5: Dinucleating macrocycles with two aromatic spacer groups separating 

diethylenetriamine groups. 30-32 

 

N

N

N

N

N

N

N NN

N NN

N

N

SYM7 SYM8  
 

Figure 4.6:  Symmetrical Dinucleating Macrocycles.5,33,34 

 

When the two compartments are combined either the Schiff base (imine) or following reduction, 

amine, forms can be exploited for metal complexation.  The use of metal complexes of these 

ligands as models for the active site of dinuclear metalloproteins is briefly described in Section 

1.12.  
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4.1.2 Dinucleating Macrocycles with Single Aromatic Spacers and Diethylenetriamine 

Donor Groups 

 

A variety of homo-dinuclear metal complexes have been synthesised using bis(dien) macrocycles 

in which the coordination sites are separated by aromatic spacers with Cu, Ni, Co, Zn and Pd.15,22  

It has been proposed that for SYM(M) and SYM(P)8 that the two metals can be spanned by a 

series of small bridging species such as O2, OH- and OAc-.  Numerous groups have synthesised 

and crystallised dinuclear SYM(M) species in which the metals are also bridged by exogenous 

small molecules,8 but to date the only reported crystal structure of a [M2SYM(P)] complex where 

the two metals are bridged by an additional ligand is with imidazole.13  Other reported structures 

include dimer of dimers, oligomers and monomeric [M2(X)2{SYM(P)}] complexes (M = metal, X 

= terminal ligand) of the following nature (Figure 4.7 and Table 4.1). 

 

 

 

 

 

 

 

 

 

 

Figure 4.7:  Generic dinuclear metal complexes formed with SYM(P). 
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Table 4.1:  Dinuclear metal complexes with SYM(P). 

 

Metal ion Other ligands Reference/s 

Cu2+ Cl- 10,23and present work 

Cu2+ PhCOO- 9 

Ni2+ OAc- 19 

Ni2+ DMF 19 

Cu2+ Br-, OAc- 19 

Cu2+ Cl-, OAc- 19  

Cu2+ OH-/H2O, OAc- present work 

Cu2+ MeCN 7 

Cu2+ H2O 11 

Cu2+ imidazole 13 

Cu2+ N3
- 12 

Ni2+ OAc- 11 

Pd2+ I- 22 

Zn2+ NO3
- 15 

Zn2+ Cl- 15 

 

 

Other bridged species [M2(μ-X)SYM(P)] have been proposed from UV/Vis and infrared spectral 

data, potentiometric titrations and elemental analyses of the complexes.15  DFT studies25 predict 

the possibility of forming a trans-μ-1,2-peroxo bridge with Cu···Cu distances of ~ 4.7 Å but those 

models omitted the methylene groups between the dien and p-phenylene moieties.  

Crystallographic data show the Cu···Cu distance to be 6.72 Å for the carbonate bridged dimer of 

dimers (Figure 4.8).∗15  Moreover, dinuclear Cu25 and Zn21 complexes with M-M distances of ~ 

6.71 Å have also been reported.   

 

The wealth of crystallographic data suggest that SYM(P) complexes generally adopt the form 

[{M2(SYM(P))}2(μ-X)]n+ rather than [M2(μ-X){SYM(P)}]n+.  The dimer of dimers and [M2(μ-

X)SYM(P)] dimer forms can not be distinguished on the basis of their UV/Vis and infrared 

spectra, nor by potentiometric titration or elemental analyses.  

 

 

                                                 
∗  Structures of models reported in that paper omit the benzylic CH2 groups between the linker and the   
   dien moiety. 
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Figure 4.8:  Structures of [{Cu2(SYM(P)}2(μ-CO3)2]4+ and [{Cu(OH2)}2SYM(P)]n+ .  15,25  

 

To further emphasize the difficulty in forming dinuclear metal SYM(P) complex with exogenous 

bridging, attempts were made in the current study to prepare dinuclear Cu complexes 

incorporating acetate, benzoate, phenolate or pyrazole as a bridging ligand.  No complex in which 

the added ligand was found to bridge the two metals was obtained.  Two species, however, have 

been crystallised; where acetate was used, the Cu2(SYM(P)) complex isolated was not bridged but 

rather had terminal acetato ligation as well as an axial aqua/hydroxo ligand as shown in Figure 

4.9.  In the second structure only chloro ligation was seen in addition to the SYM(P) ligand.   

 
 

Figure 4.9:  Stick diagram of the complex cation [Cu2(OAc)2(OH/H2O)2{SYM(P)}]+. 
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The X-ray data collected for [Cu2(OAc)2(OH/H2O)2(SYM(P))](ClO4) were poor, as the crystals 

lose solvent (EtOH) readily and do not diffract strongly.  Further, the crystal system appeared to 

be monoclinic but examination of systematic absences could not confirm a space group.  The 

structure was solved in the triclinic space group P
−

1.  A satisfactory R value was not achieved 

(and for this reason the ORTEP plot is not shown), but atom connectivity was established.  A 

stick diagram showing the complex cation is shown as Figure 4.9.  Details of the X-ray crystal 

structure are in the file CJE17.cif (Appendix 1.17). 

 

Each Cu2+ ion has a square pyramidal 5-coordinate geometry.  The three aza donors of the dien 

moiety of SYM(P) occupy three of the four sites of the basal plane, the fourth site in the plane is 

occupied by the acetato ligand, and the axial position is a aqua/hydroxo ligand.  The charge 

balance suggests that one of these groups is aqua and the other is hydroxo.  The molecules form 

two parallel chains brought about by hydrogen bonding between the acetato ligand of one dimer 

and the aqua/hydroxo group of the next (O···O separation of ~ 2.77 Ǻ).  The Cu···Cu separation 

within one dimer is ~ 6.92 Å.  The SYM(P) ligand adopts a U (boat) conformation as depicted in 

Figure 4.10.  Only the macrocyclic ligand is displayed for clarity.   

 

 

 

 

 

 

 

Figure 4.10:  U (boat) conformation adopted by the SYM(P) ligand when coordinated to 

two Cu2+ ions. All other atoms other than those in SYM(P) have been 

removed for clarity. 

 

The room temperature X-band EPR powder spectrum of [Cu2(OAc)2(OH/H2O)2(SYM(P))](ClO4) 

is shown as Figure 4.11.  A sharp symmetric EPR signal is seen at g = 2.07, consistent with that 

expected for an isolated symmetric square pyramidal Cu(II) environment with misaligned 

tetragonal axes.35  No ΔMs ± 2 half field transition was observed, indicating that there is 

negligible superexchange between the electron spins on the two Cu2+ centres, in accord with 

magnetic susceptibility studies on related complexes that show little change in magnetic moment 

over a broad temperature range. 17 
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Figure 4.11: X-band (9.43016 GHz) powder EPR spectrum of 

[Cu2(OAc)2(OH/H2O)2(SYM(P))](ClO4) at 298 K. 

 

The second X-ray structure of a Cu2SYM(P) complex obtained in the current work was of the 

complex [{Cu2Cl2(SYM(P)}2(μ-Cl)](ClO4).  An ORTEP plot of one Cu2(SYM(P)) unit with 

atomic numbering is shown as Figure 4.12, a stick diagram showing the asymmetric unit is shown 

as Figure 4.13 and a stick diagram showing chains of the complex is shown as Figure 4.14.  

Details of the X-ray crystal structure are in the file CJE18.cif (Appendix 1.18). 
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Figure 4.12:  ORTEP representation (50% thermal ellipsoids) of the complex cation of 

[{Cu2Cl2 (SYM(P)}2(μ-Cl)]n(ClO4)n. 

 

Chloro ligands bridge consecutive {Cu2(SYM(P))} units (Figure 4.13) forming parallel one 

dimensional chains that exhibit a wave like morphology (Figure 4.14).  The chains do not wind 

around one another, so a helix is not formed.  

 
Figure 4.13:  Stick representation of the asymmetric unit of  

[{Cu2Cl2(SYM(P)}2(μ-Cl)]n(ClO4)n. 
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Figure 4.14:  Stick representation showing single parallel chains of the complex cation of 

[{Cu2Cl2(SYM(P)}2(μ-Cl)]n(ClO4)n. 

 

The X-ray data of [{Cu2Cl2(SYM(P)}2(μ-Cl)]n(ClO4)n were collected at QUT by Dr John 

McMurtrie.  Crystal data and collection parameters as well as the CIF file are in Appendix 1.21 

(CJE21).  The crystals rapidly lose the ethanol solvates that cocrystallise with the complex.  

Crystals from reactions involving phenol, pyrazole and benzoate all gave the same unit cell, and 

on refinement it became apparent that none of these ligands were incorporated in the structure.  

The structure of the chloride salt of the same complex was reported by Clifford et al.10 with 

different unit cell dimensions.  The crystal in the current study was monoclinic P21/c whilst 

Clifford reported orthorhombic Ibca crystal symmetry.  The β angle in the current study is 94º; 

significantly different to the 90º angle expected for orthorhombic symmetry.  

 

Numerous conformations of the SYM(M) macrocycle have been observed in the crystal structures 

of [M2(X)2SYM(M)] and [M2(μ-X)2SYM(M)] complexes.  Long Cu···Cu distances (~ 6.8 Å, 

Figure 4.15) are seen in [M2(X)2SYM(M)] but because of shortening of the intermetal distance 

brought about by the meta phenylene spacer of the macrocycle a number of endogenous bridging 

ligands have been incorporated into the system including imidazole,13,19 carbonato,15 hydroxo25, 

oxydiacetato27 and dioxygen.29,36   
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  (a)    (b)        (c) 

 

Figure 4.15: Examples of the conformation shift exhibited by the SYM(M) ligands with 

(a) no endogenous bridging ligands (b) two hydroxo25 bridging ligands, and 

(c) a carbonato 15 bridging ligand.  

 

Reactions of N-methylated Cu2SYM(M) and phthalic acid afforded molecular squares24,37 and 

Costas et al. 25 reported that the bridging m-xylyl group of Cu2SYM(M) on reaction with O2 was 

oxidised to phenoxide.36,38  Other groups have reported breakdown of the macrocycle under 

similar conditions to give deep blue [{Cu(dien)}2(μ-Cl)2]2+. 38  In the current study, only blue 

solids have been obtained, indicating that in our hands conversion to the phenoxy bridged Cu2 

complex did not occur as it is deep olive green in colour.39  Crystals suitable for X-ray 

crystallographic analysis have not been obtained.  

 

4.1.3 Dinucleating Macrocyclic Ligands with Two Aromatic Spacers  

 

Symmetrical aza macrocycles with biphenyl spacers do not have the potential to incorporate 

bridging between the metals by small ligands such acetato, hydroxo or O2.30-32  Nevertheless, Sun 

and coworkers30 reported the X-ray crystal structure of a dinuclear copper complex with the 

macrocyclic ligand (SYM5) in which 4,4’-bipyridyl was used to bridge the two Cu2+ ions (Figure 

4.16).  
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Figure 4.16:  Structure of the complex cation [Cu2(OH)2(μ - 4,4’-bipy)(SYM5)]2+ . 30 

 

The cavity in SYM7 is too small to permit inclusion of multiple bridging groups between the two 

metals.  There is, however, sufficient space for one small bridging species (e.g. NCS-, N3
- or OH-).  

Dinuclear complexes of Mn, Fe, Co, Ni, Cu, Zn were reported by Harding et al. 33 including the 

X-ray crystal structures of [Ba(SYM7)] and [Ba(SYM7)2].  SYM8 has a pyridazine moiety 

incorporated into the macrocycle as both donor and spacer.  This arrangement affords two aza 

coordination pockets with four N donors with the pyridazine spacer acting as a bridging species.  

Brooker and coworkers5,34,40-45 synthesised and crystallised a large number of metal complexes 

using this symmetrical macrocycle with nuclearities between 2 and 4 incorporating Fe, Zn, Pb, Ni, 

Co, Cu and Mn as metal ions.  Brooker has reported dinuclear species bridged by external species 

with Co-Co (μ-NCO)42 and Mn-Mn (μ-NCS),40 whilst a number of potential bridging groups have 

bound as axial terminal ligands (e.g. Cl-, H2O and OH-).  

 

SYM8 coordinates in a square planar trans topology leaving the axial positions of the metal free 

for further coordination (Figure 4.17a).  The Co dimer bridged by NCO (Figure 4.17b) folds the 

macrocycle into a non-planar conformation and the Co3+ ions are placed into a distorted 

octahedral coordination mode in which the metal centres reside out of the plane of the nitrogen 

donors.  This suggests that for SYM8 only a one atom external bridge should be possible.  The 

example shown in Figure 4.17b is [Co2(H2O)4(SYM8)] where the axial positions are occupied by 

aqua ligands.  In this structure the Co3+ ions have a more regular octahedral coordination 

geometry.  The O···O distance between the coordinated aqua ligands is 3.591 Å (vs. 3.769 Å for 

the Co-Co distances).  



 217

 

 
 

Figure 4.17:  SYM8 dimers (a) dinuclear Co complex bridged by NCO, [Co2(µ-

NCO)(SYM8)] 42 and (b) dinuclear Co complex [Co2(H2O)4(SYM8)] with no 

bridging ligands.  

 

The rigidity of the pyridazine spacer ligand restricts the M···M distances to around 3.6 – 3.8 Å.45,46  

This distance is not excessively long for the possibility of acetate bridging, but because the only 

vacant coordination sites enforced on the metal ion by the SYM8 macrocycle are the axial 

positions, the COO group cannot span the required distance.  The SYM8 ligand facilitates strong 

antiferromagnetically coupling between the electron spins on the Cu2+ ions. 46,47  

 

4.1.4  Bis Aza Crown Macrocycles with Phenolic Bridging Potential 

 

When macrocycles incorporating functional groups capable of acting as bridging ligands (e.g. 

phenols) are used the condensation reaction can be metal templated.  An example is the synthesis 

of 3,6,9,17,20,23-hexaaza-29,30-dihydroxy-13,27-dimethyltricyclo[23,3,1,111,15]triaconta-

1(28),11,13,15(30),25,26-hexaene39,48-55(2) (Figure 4.18).  This macrocyclic ligand class was first 

reported by Pilkington and Robson56 in 1970 in which macrocycle formation was metal 

templated.  The synthetic route is similar to that described above for 2,5,8,17,20,23-

hexaaza[9.9]paracyclophane; the reaction of a dialdehyde with a diprimary amine in medium to 

high dilution giving rise to a 2 + 2 condensation reaction affording an imine that can be reduced 

by a source of hydride.   
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Figure 4.18:  The structures of (a) 3,6,9,17,20,23-hexaaza-29,30-dihydroxy-13,27-

dimethyltricyclo[23,3,1,111,15]triaconta-1(28),11,13,15(30),25,26-hexaene (2) 
39,49,56 and (b) 10,21-dimethyl-3.6.14.17-tetraaza-

tricyclo[17.3.1.18,12]tetracosa-1(22),8,10,12(24),19(23),20-hexaene-23,24-diol 

(3). 28,57 

 

Metal ion templation facilitates macrocyclic ring formation because it guides the reactive 

functional groups into the correct orientation to cyclise (Figure 4.19), often increasing the overall 

yield and decreasing the formation of by-products such as larger macrocycles or polymeric 

species. A secondary benefit of templation is the products tend to be crystalline and hence are 

easily isolated whilst the free macrocycles tend to be oils. 56  It should be noted that metal 

templation is not always necessary and does not always increase the yield of the product 

macrocycle.  It was found that in the preparation of 10,21-dimethyl-3.6.14.17-tetraaza-

tricyclo[17.3.1.18,12]tetracosa-1(22),8,10,12(24),19(23),20-hexaene-23,24-diol (3) (Figure 4.18) 

that higher yields of the macrocycle (3) were obtained without metal templation.48,58-60  
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Figure 4.19:  Metal templation for the preparation of 3,6,9,17,20,23-hexaaza-29,30-

dihydroxy-13,27-dimethyltricyclo[23,3,1,111,15]triaconta-

1(28),11,13,15(30),25,26-hexaene (2). 

 

Metal templation also has its disadvantages; because a coordinated metal ion has been introduced 

to the system, if the free base macrocycle is to be obtained, that metal ion must be first removed.  

In the above example, 3,6,9,17,20,23-hexaaza-29,30-dihydroxy-13,27-

dimethyltricyclo[23,3,1,111,15]triaconta-1(28),11,13,15(30),25,26-hexaene (2), a strong 

coordinating ligand such as EDTA must be used to even remove Mg2+. 

 

In the early 1970’s Okawa et al.61,62 reported the metal templation reaction for a series of imine 

phenoxy bridged compartmental macrocycles, where each terminus of the macrocycle contained 

either identical 2N pockets (i.e. ethylenediamine) or differing 2N pockets (e.g. ethylenediamine 

and propylenediamine) (24MX) as shown in Figure 4.20.  There have been numerous subsequent 

reports of a variety of phenoxy bridged dinucleating macrocycles.3,4,63-65  Most of the 

“unsymmetrical” macrocycles have been synthesised in accord with the method of Okawa et al.,63 

where the macrocycle contains the same number of nitrogen donors in both coordination pockets.  

The vast majority of these complexes contain a N2O2N2 or N2S2N2 unsymmetrical moiety3,4,6,63 as 
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depicted in Figure 4.20 (24MX) , where M2+ is Cu2+ and E can be any transition metal or 

lanthaniod ion. 

O

N N

O

N N

M2+

E

(CH2)n  
 

Figure 4.20:  Okawa’s macrocyclic compartmental ligand (24MX) where M2+ = Cu or Ni, 

E = vacant, Cu2+ or Ni2+, n = 2 or 3.61,62 

 

Research in this field lay dormant until the mid 1990’s when Okawa vigorously published a series 

of papers that included a number of metal complexes containing a macrocycle (25MX) (Figure 

4.21)2,60,63,66-73 that is structurally similar to that of our target heterodentate phenoxy macrocycle.  

Complexes of these forms have been extensively reviewed by Vigato et al.4,6 
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Figure 4.21:  Okawa’s compartmental heterodentate macrocycle (25MX). 60,63,66-72 

 

The preparation of 25MX is always metal templated via the  

N,N'-bis-(3-formyl-5-methylsalicylidene)ethylenediamine metal complex (M2+ = Cu, Fe, Co, Pb 

and Ni), predominantly driven by Cu and Ni.  The final products were obtained via metal 

templating giving rise to primarily heterodimetallic species.  Figure 4.22 summarises Okawa’s 

reactions.62   
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Figure 4.22:  Summary of Okawa and Kida’s62 procedure in forming the 

compartmental heterodentate macrocycle 25MX, where M2+ and E = 

divalent metal ions.  

 

Okawa has reported complexes of the following forms (M2+ – X) where M = Cu, X = Pb, Mn, Fe, 

Co, Ni, Cu, Zn (all 2+); M = Ni, X = Pb, Mn, Fe, Co, Ni, Cu, Zn; M = Co, X = Mn, Fe, Co (all 

2+); M = Co, X = Mn, Fe, Co (all 2+); M = Fe, X = Pb2+ ; reporting X-ray crystal structures of the 

Cu-Pb, Cu-Mn, Co-Mn, Co-Co, Zn-Pb, Fe-Pb species.  The structure of the Zn/Pb complex is 

shown as Figure 4.23.  It was observed that some complexes are susceptible to metal ion 

migration.60,63,66-72 

 

 

 

 

 

 

 

 

 

 

Figure 4.23:  Structure of Zn / Pb complexes with 25MX 74 (Zn = green and Pb = purple). 
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Few reports exist in which a metal was removed from 25MX except when Pb was used.68  The Pb 

can be removed by precipitating PbSO4 on the addition of SO4
2- anions.  This metal sequestration 

appears to only work for the Pb site and no exchange is observed in the alternative metal ion site.  

Okawa attempted the synthesis of the mixed (Co-Fe) complex but noted contamination of the 

intended complex by the Co-Co complex.66,71  Okawa has also suggested that the Fe(II) 

complexes are air sensitive forming a Fe(III)-O-Fe(III) species that exhibits a characteristic δ(Fe-

O-Fe) infrared absorbance at 845 cm-1. 72 

 

Okawa’s62 synthetic route is limited to the use of divalent metal ions in the first step of the 

reaction.  In an attempt to synthesise Fe(III)/Fe(III) and Fe(III)/Pb(II) complexes Okawa noted a 

rearrangement of the macrocycle as shown in Figure 4.24.72   

 

 

 

 

 

 

 

 

 

Figure 4.24: Okawa and coworkers 72 attempt at preparing a heterodentate macrocyclic 

FeIII
2 complex that rearranged to give a mononucleating macrocyclic ligand 

complex (Mn+ = Fe3+ or Pb2+) and the X-ray structure of that complex.  

 

An extension to this work that warrants discussion is a macrocycle prepared by Bosnich and 

coworkers75,76 that is depicted in Figure 4.25. 

 

 

 

 

 

 

 

 

 

Figure 4.25:  Heterodentate phenoxy bridged macrocycle of Bosnich and coworkers.75,76  
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This compartmental macrocycle consists of two coordination pockets (N4O2 and N2O2) where the 

N4O2 coordination pocket (closed site link) binds the metal ion in an hexadentate manner where 

the pyridyl N-donors coordinate in axial positions trans to each other whilst the N2O2 donor set of 

the other pocket occupies four equatorial binding positions.  This ligand however does not permit 

incorporation of any additional bridging ligands as the N4O2 donor set coordinatively saturates 

one metal. 

 

4.1.5 “Unsymmetrical” Macrocycles  

 

There are several reports of ‘unsymmetrical’ macrocycles; these can be elegant and elaborate 

macrocycles with their asymmetry arising from subtle differences in the environment of the donor 

atoms.77  In the example in Figure 4.26 the donors are the same in each N2O2 coordination pocket 

but what makes this unsymmetrical is the difference in the imine carbon atoms (which are 

highlighted with arrows).  Some of these carbons have aryl functionalisation whilst the remainder 

are C-H bonds. 
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Figure 4.26:  An example of an unsymmetrical macrocycle77 with the arrows 

showing inequivalent imine C environments. 

 

Other examples of unsymmetrical macrocycles include molecules that have different nitrogen 

donor environments (sp2 and sp3) 78 or amide and amine,79 as shown in Figure 4.27.   
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Figure 4.27:  Generic macrocycle showing different N-donor environments in 

unsymmetrical macrocycles. 

 

The vast majority of unsymmetrical macrocycles are those with mixed N, O and / or S donor sets 

(Figure 4.28) that can complex between 1 and 5 metal ions and even encompass organometallic 

compounds.  Such macrocyclic ligands have been comprehensively reviewed.80 
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Figure 4.28: Heterodentate binucleating macrocycle on the basis of donor atoms. 

 

The aim of the present work was to synthesise a number of ‘heterodentate’ dinucleating 

macrocycles that have two different aza crown pockets, consisting of a pocket with two nitrogen 

donors and the other with three nitrogen donors (Figure 4.29).  In this thesis the term 

‘heterodentate’ refers to a macrocyclic ligand that binds two metals and those metals coordinate to 

a different number of aza donor atoms provided by the macrocycle. 
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(M1)              (M2) 

    (a)                (b) 

 

Figure 4.29:  The target heterodentate dinucleating macrocycles (a) 3,6,13,16,19-pentaaza-

tricyclo[19.2.2.28,11]heptacosa-1(24),8(27),9,11(26),21(25),22-hexaene (M1) 

and (b) 10,24-dimethyl-3,6,14,17,20-pentaaza-tricyclo[20.3.1.18,12]heptacosa-

1(26),8(27),9,11,22,24-hexaene-26,27-diol (M2). 

 

4.2  Synthetic Strategies for the Preparation of Heterodentate Dinucleating Macrocycles 

 

The synthetic strategy for the preparation of heterodentate aza macrocycles is far more complex 

than for the symmetrical macrocycles already described because no longer can a one-pot synthesis 

be used to form the macrocyclic Schiff base (Figure 4.30).  Instead, a stepwise approach needed to 

be developed.  Even when equimolar quantities of two different amines were reacted with a 

dialdehyde the products that formed were symmetrical; the smaller (N2N2) symmetrical species 

being favourable.  Mass spectral evidence showed the formation of the N2N2 and N3N3 species 

with no formation of the N2N3 heterodentate macrocycle.  Further, the yield of the reaction is 

extremely poor.  The reactions were not pursued further. 

 

 

 

 

 

 

 

Figure 4.30:  Proposed one-pot synthesis of a heterodentate macrocycle. 
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In the initial stages of the project N,N'-1,2-ethanediylbis[2-(2-formylphenoxy)]-acetamide (Figure 

4.31) was gifted by Professor Leonard Lindoy (Univ. Sydney).  The material provided a useful 

test to validate the final step of the syntheses of the heterodentate macrocycle.  The addition of 

diethylenetriamine to a solution of the dialdehyde in high dilution affords a heterodentate 

macrocycle in high (~90 %) yields (Figure 4.31).  Although this macrocycle is unsatisfactory in 

the present study for two reasons; it is an amide and a much weaker donor, and the ortho 

phenylene spacer allows the macrocycle to bind only one metal ion rather than two, the procedure 

demonstrated that reductive amination is the best method for carrying out the final macrocyclic 

ring closure. 
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Figure 4.31 :  Synthetic test for the preparation of a heterodentate macrocycle from  

N,N'-1,2-ethanediylbis[2-(2-formylphenoxy)-acetamide. 

 

A number of routes were developed to prepare 3,6,13,16,19-Pentaaza-

tricyclo[19.2.2.28,11]heptacosa-1(24),8(27),9,11(26),21(25),22-hexaene (M1).  The simplest 

strategy involves reaction of two equivalents of parabisbenzaldehyde with 1 equivalent of either 

ethylenediamine or diethylenetriamine giving rise to a di-imine aldehyde as outlined in Figure 

4.32.  The di-imine aldehyde is then reacted with a stoichiometric amount of the appropriate 

diamine, followed by hydride reduction. 
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Figure 4.32:  The synthetic strategy applied for the synthesis of M1; in red is the predicted 

pathway and blue is the pathway the reaction actually followed.  

 

This synthetic route was unsuccessful at the first step.  When parabisbenzaldehyde is reacted in 

the appropriate stoichiometry with either of the two diamines the reaction products are p-

bisbenzaldehyde and symmetrical Schiff base macrocycles.  Attempts to “metal template” the 

reaction with a variety of metal salts, and variation of solvent gave rise to the same products.  

 

The next approach adopted was reacting 2-formylbenzoic acid and diethylenetriamine to form a 

Schiff base.  Again, the positioning of the functional groups about the arene are not ideal for the 

coordination of two metal ions.  Nevertheless, this allowed examination of reactive discrimination 

between the aldehyde and ester groups.  The strategy employed is shown below in Figure 4.33. 
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Figure 4.33:  Test to investigate the potential synthesis of heterodentate macrocycles. 

 

The starting carboxylic acid (6) was esterified via the Fischer esterification method refluxing in 

methanol with a catalytic amount of H2SO4, then basified with saturated sodium bicarbonate and 

extracted with CH2Cl2 (Note: the ethyl ester can also be used).  The ester (7) has been reported 

previously81,82 and is known to exist in an equilibrium between the mono and bi-cyclic system.  

The equilibrium can be shifted to favour the non-bicyclic ester by reacting 2-formylbenzoic acid 

with methyl iodide, but as the yield for the subsequent reaction step is not compromised when the 

equilibrium system is used, the Fischer technique was utilised for its ease and speed.  

 

The esterification was performed for two main reasons: 1) to decrease the reactivity of the 

carboxylic acid and hence optimise the imine formation without the production of any amide and, 

2) most benzylic esters can be reduced to an alcohol with sodium borohydride (NaBH4).  

 

The imine (8) was synthesised by refluxing a methanol solution of (7) and upon cooling the 

product was precipitated out by addition of concentrated H2SO4.  The sulfuric acid salt was then 
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basified and extracted into CH2Cl2 giving rise to the free base (8) (Figure 4.33).  Isolation of the 

imine (8) is unnecessary to obtain the amine alcohol (9), instead NaBH4 is added at the stage of 

H2SO4 precipitation.  When a large excess (~ 20 fold) of NaBH4 is used not only is the imine 

reduced to an amine but the ester is also reduced to afford the alcohol.  The alcohol (9) is then 

selectively oxidised to the aldehyde (10).  The oxidising reagent chosen for this purpose was the 

oxoammonium perchlorate salt 4-acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium 

perchlorate.83,84   

 

Since the strategy above was successful this route was selected for the synthesis of the 

heterodentate macrocycles of the following nature (Figure 4.34).  

 

 

 

 

 

 

 

 

   (M1) 

Figure 4.34:  The general structure of the target heterodentate macrocycles (M1). 

 

Figure 4.35 shows the synthetic strategy employed for the synthesis of the heterodentate 

macrocycles based on the reaction methodology shown in Figure 4.33. 
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Figure 4.35:  The synthetic strategy for the preparation of heterodentate macrocycles 

based on the 2-formylbenzoic acid model.  (Blue colouration indicates the 

reactions that worked and red colouration those that did not work or were 

not attempted). 
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This strategy utilises para-bisbenzaldehyde, which can be reduced to 4-

hydroxymethylbenzaldehyde (11) using NaBH4 in EtOH or, if both aldehydes are reduced, the 

diol can be selectively oxidised to 4-hydroxymethylbenzaldehyde (11) using 4-acetylamino-

2,2,6,6-tetramethylpiperidine-1-oxoammonium perchlorate in EtOAc.  From this product the 

Schiff base (12) is made using standard imine formation which in turn can be reduced in situ with 

NaBH4 to give (4-{[2-(4-hydroxymethyl-benzylamino)-ethylamino]-methyl}-phenyl)-methanol 

(Figure 4.26 (13)).  In the present study, this strategy failed in the final oxidation step as the 

oxidant (4-acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium perchlorate) promotes 

cleavage of the molecule giving rise to ethylenediamine and para-bisbenzaldehyde (i.e. the 

original starting materials).  Numerous other oxidants were trialled without success; generally 

affording insoluble products that could not be characterised on the basis of their NMR or mass 

spectra.  

 

The next strategy engaged was to selectively protect one of the aldehydes followed by reductive 

amination, deprotection and ring closing reductive amination as outlined in Figure 4.36.  
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Figure 4.36:  Use of a mono protected aldehyde for the synthesis of the heterodentate 

macrocycle.  Blue colouring represents successful reactions and green those 

in which the product was obtained in very low yield.  Owing to the low yield 

of (17) the conversion to M1 (shown in red) was not attempted.  
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The mono protection of para-bisbenzaldehyde (15) can be performed in refluxing benzene (or 

toluene) using a Dean-Stark trap with a series of glycols (ethylene glycol was used) and 

paratoluenesulfonic acid as catalyst.  The reaction is non discriminative which results in low 

yields and requires tedious chromatography as all three products (di-aldehyde, mono-protected 

aldehyde (15) and di-protected aldehyde) have similar retention factors.  4-[1,3]dioxolan-2-yl-

benzaldehyde (Figure 4.36 (15)) then can be reacted with ethylenediamine using standard Schiff 

base chemistry and reduced in situ with NaBH4.  The work up of N,N’-bis-(4-[1,3]dioxolan-2-yl-

benzyl)-ethane-1,2-diamine (16) resulted in some deprotection as acidic conditions were used to 

remove any remaining 4-[1,3]dioxolan-2-yl-benzaldehyde (15).  Full deprotection (17) was 

attempted under a number of conditions including varying the acid strength (p-TsOH, HCl and 

H2SO4) and the solvent (MeOH, MeOH/H2O and benzene).  However, under the conditions used 

full deprotection was not achieved (maximum was 60% deprotected with total yield of 25 % 

comprising bis-, mono- and deprotected species).  With each attempt insoluble products formed 

and the more stringent the reaction conditions the lower the yield of isolable products.  It is 

possible that the insoluble products are quaternary (iniminium) polymeric amines.  This synthetic 

strategy was abandoned due to the inability to fully deprotect without any means of purification. 

 

The next approach adopted was the N-alkylation of bromomethyl-p-benzaldehyde as shown in 

Figure 4.37. 

 

 

 

 

 

 

 

 

 

 



 233

Br

O H

O

NH HN

O

H2N NH2

NH2

N
H

NH2

1.

2. 4H-

HH

NH HN

NH HN
H
N

(18)

(M1)

(19)

 
 

Figure 4.37: N-alkylation strategy for the synthesis of the heterodentate macrocycle, 

where red colouring equates to unsuccessful reactions and ‘black’ indicates 

that the reaction was not attempted. 

 

By halogenating 4-hydroxymethylbenzaldehyde (18) with either HBr or SOCl2 a starting material 

with two different functional groups and reactivities can be used.  Initially the halogenation was 

done with SOCl2 but was surprisingly difficult and low yielding due to the formation of a trimeric 

acetal species.  4-Bromomethylbenzaldehyde (18) (Figure 4.37) can also be synthesised by 

heating 4-hydroxymethylbenzaldehyde in 48 % HBr at 65° C (sublimation occurs at higher 

temperatures).  When the N-alkylation was carried out with primary amines the reaction gave rise 

to an insoluble precipitate that couldn’t be characterised on the basis of its NMR or mass 

spectrum.  Again it is proposed that it is a polymeric quaternary amine.  The complication with 

this approach resides in the rates of the competing reactions; N-alkylations are generally slower 

than imine formation (primary amines), so when primary amines are used, the generated imine is 

susceptible to the N-alkylation reaction.   
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To prevent the formation of polymeric material, secondary amines were employed instead of 

primary amines.  The reactions under the conditions used were low yielding but effective for the 

formation of the macrocycles.  The diamines used are illustrated in Figure 4.38.  

 

 

 

 

  (a), (20)    (b), (21) 

 

 

      

 

      

       (c), (22) 

 

Figure 4.38:  The secondary diamines employed for the synthesis of the heterodentate 

macrocycles (a) N,N’-dibenzylethylenediamine (20),  

(b) N,N’-di(methylpyridyl)ethylenediamine (21), and  

(c) N,N’-bis(t-butoxycarbonyl)ethylenediamine (22). 

 

The bisbenzyldiamine (20) was chosen for its ready availability, but (21) and (22) were selected 

for specific reasons.  The methylpyridyl substituted diamine (21) was utilised because it can 

potentially act as tetradentate N4 donor coordination pocket giving rise to a final macrocycle with 

N3 and N4 coordination pockets.  The amide (22) incorporates the common protecting group BOC 

(tert-butoxycarbonyl); cleavage of the protecting group would afford the target macrocycle (M1).  

The protection of ethylenediamine was carried out with a slight excess of BOC (2.1 eq.) in a 

biphasic mixture of CH2Cl2 and aqueous NaOH in almost quantitative yields.  The N-alkylation 

steps of these reactions with 4-bromomethylbenzaldehyde were very poor yielding under the 

conditions attempted.  This maybe due to the fact that the electron withdrawing group of the 

aldehyde disfavours an SN1 process.  A variety of solvents (DMF, CH3CN, THF, bi-phasic 

CH2Cl2/H2O) and bases (K2CO3, triethylamine or NaOH) were tested with the greatest yield 

obtained with the aryl substituted diamine (30%, CH3CN and K2CO3).   

 

The inherent low yields from these reactions arise because it is difficult to control the N-

alkylation as often the quaternary amine is formed, and this is exacerbated when using the pyridyl 

substituted diamine.  A second consideration with the N-alkylation reactions is that HBr is a by-
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product and this can facilitate deprotection of BOC opening up avenues to further N-alkylation 

reactions forming tertiary amines (Figure 4.39).  

 

Using the procedure with N,N’-dibenzylethylenediamine as an example; a 2:1 ratio of 4-

bromomethylbenzaldehyde (18) and the diamine (20) were stirred in warm CH3CN with an excess 

of K2CO3 and triethylamine for a week affording the bis aldehyde (23) (Figure 4.2.11) in ~30 % 

yield.  When triethylamine was used as the base in aprotic solvents (THF, DMF or CH3CN) the 

yields drop to below 15 %, since the NEt3 is a competitor in the N-alkylation process and thus 

decreases the availability of the 4-bromomethylbenzaldehyde (18).   

 

The 1H NMR spectrum of N,N’-dibenzylethylenediamine-N,N’- dialdehyde intermediate (23) is 

shown as Figure 4.40.  The successful addition of methylene-p-benzaldehyde moiety to both 

amine N- atoms is evident from the retention of the aldehyde peak (~ 10 ppm) and the 

disappearance of the signal from the -CH2Br  grouping (~ 4.5 ppm) of 4-bromomethyl-

benzaldehyde (18).  Moreover, the mass spectrum of the product gave a m/z ratio of 477 (20%) 

corresponding to the (M +1)+1 species (calculated for (M +1)+1 is 477). 
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Figure 4.39:  The in situ deprotection of BOC when the N-alkylation reaction is used.  
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Figure 4.40:  The structure of the N,N’-dibenzylethylenediamine-N,N’- dialdehyde 

intermediate (23) and its 1H NMR spectrum. 

 

The dialdehyde (23) was reacted with diethylenetriamine in high dilution in CH3CN and the 

product subsequently reduced with NaBH4 affording the macrocycle (M1-p-Aryl).  The 1H NMR 

spectrum (Figure 4.41) is characterised by the absence of an aldehyde peak and the appearance of 

the dien ethylene protons around 2.75 ppm.  Further evidence for the formation of the 

heterodentate macrocycle comes from the mass spectrum (Figure 4.42) where a peak with the m/z 

ratio of 548 (72 %) corresponds to the (M +1)+1 (calculated for (M +1)+1 is 548). 
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Figure 4.41:  The structure and the 1H NMR spectrum of N,N’-dibenzylparaphenylene-

[2.3]-heterodentate macrocycle (M1-p-Aryl). 
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Figure 4.42:  The mass spectrum of the dibenzyl substituted [2:3] heterodentate 

macrocycle. 

 

The initial work up of the macrocycle (M1-p-Aryl) saw its isolation as either a mono- or diborane 

adduct.  This is evident in the mass spectrum (Figure 4.43) where the 100 % ion peak 

corresponded to M+1 +14, whilst the peak for the free base macrocycle was 53.5 %.  The mass 

spectrum also showed other significant peaks; 558 (40.0 %, M +11), 572 (28.9 %, M + 25) and 

576 (22.7 % M + 29).  A MS-MS experiment was conducted on the m/z = 562 ion and (M +1)+1 

(548) was found as the 100 % daughter ion.  The presence of the borane adducts resulted in 

broadening of the peaks in the 1H NMR spectrum of the macrocycle.  The borane adducts were 

removed using HBr in methanol. 
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Figure 4.43:  The mass spectrum of the initial work up of the aryl-substituted 

heterodentate macrocycle (M1-p-Aryl), suggesting BH3 adducts. 

 

The analogous reaction with meta-substituted methylbromobenzaldehyde was faster (1-2 days) 

and cleaner generating yields ~ 90 %.  This may be explained by the positioning of the functional 

group of the aldehyde being in the meta position, the electron withdrawing nature of which does 

not disfavour a SN2 reaction mechanism (c.f. the para substituted aldehyde that does disfavour a 

SN2 reaction). 
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The 1H NMR spectra of the macrocycles with methylpyridyl substituents lacked resolution 

especially around the peaks attributable to the methylene and ethylene protons.  The peaks are 

broad and some of the peaks had shoulders; likely to be the result of limited conformational 

flexibility of the macrocycle.  There is sufficient flexibility for restricted motion, but the cyclic 

nature of the macrocycle prevents free rotation about sp3 bonds.  In contrast, the dialdehyde 

precursors exhibited sharp 1H NMR spectra because of the lack of similar restraint and the ability 

to freely rotate about those sp3 bonds.  Reports on other free base macrocycles with a similar 

potential for conformational flexibility tend to omit the 1H NMR spectral details and the 

macrocycles tend to be characterised by IR and elemental analyses.7-10 

 

Another potential factor affecting the sharpness of the 1H NMR spectra is the formation BH3 

adducts resulting from the breakdown of borohydride present in small quantities (c.f. 2.5 % for the 

p-aryl substituted macrocycle against the (M+1)+1 ion, while for the others they can be present in 

quantities of up to 15 %).  There may be exchange between the BH3 adduct and the free base 

macrocycle on the NMR timescale.  It is noteworthy that samples whose mass spectrum had high 

M + 14 and / or M + 27 peaks also exhibited broader 1H NMR spectra.  This suggests that the 

meta-substituted macrocycles and the para-pyridyl macrocycles may have stronger Lewis acid / 

Lewis base association with BH3 than the M1-p-Aryl macrocycle.  Similar complex 1H NMR 

spectra have been previously reported for related systems.26,38 

 

Although the peaks in the 1H NMR spectra of these macrocycles are broad those in the 13CNMR 

spectra are remarkably sharp.  High resolution mass spectrometry gave better insight into the 

potential structures of these adducts (Figure 4.44).  
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Figure 4.44:  High resolution mass spectrum of an adduct peak from M1-m-aryl. 

 

An advantage of HR-MS is the ability to determine charge from the spectrum.  In Figure 4.44 it is 

seen that the isotopic distribution of the peaks are approximately 1 mass unit apart indicating a +1 

species.  The M + 14 and M + 27 adducts are (BH3)H+ and (B2H6)H+ adducts as the distribution is 

indicative of B isotopic distribution.  The above adduct corresponds to [M + 29.03]+1 which fits 

the [B2H6]H+ adduct within 6 ppm, except the distribution is inconsistent with two boron atoms.  

Such an adduct would have an isotopic distribution of 576.44 (100 %), 575.44 (52 %) and 577.44 

(45 %).  This adduct better fits with respect to distribution an adduct of [BHOH]+ (575.39 (24 %), 

576.38 (100 %), 577.39 (40 %) and 578.39 (7 %)).  [Note: the 575.39 peak is present (~ 10 %) but 

is not shown in the Figure.  The peak fits within 3 ppm of the calculated mass of that adduct.  
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4.2.2 Successful Synthesis of the Heterodentate Macrocycles (M1) 

 

Using the synthetic strategies discussed above four heterodentate macrocycles of the M1 type 

were synthesised.  The structures of these molecules are shown in Figure 4.45.  The preparative 

routes for the para- and meta- substituted macrocycles are summarised in Figures 4.46 and 4.47, 

where R = 2-methylpyridyl, 2-benzyl or BOC.  Only the methylpyridyl and benzyl substituted 

macrocycles were successfully prepared.  The syntheses of the unsubstituted macrocycles of form 

M1 were successful in obtaining the dialdehydes (25 and 32) but the ring closure and deprotection 

proved futile.   No definitive evidence for the unfunctionalised macrocycles was obtained.  
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Figure 4.45:  The four M1 heterodentate macrocycles synthesised.  
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Figure 4.46:  The successful synthetic strategy applied for the syntheses of M1-p-pyr and 

M1-p-aryl. 
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Figure 4.47:  The successful synthetic strategy applied for the syntheses of M1-m-pyr and 

M1-m-aryl. 
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4.2.3 The Phenoxy Macrocycle M2 

 

The second class of heterodentate macrocycle of interest in the current study involves inclusion of 

a bis(phenoxy) bridging motif between the two aza coordination pockets, based on the prototype 

symmetrical species of Robson and coworkers.56,85  The particular macrocycle of interest in the 

present study differs to those in that the two coordination pockets have different numbers of N- 

donors.   

 

An important difference between Okawa’s macrocycle62,86 and those presented here is that in the 

current study the Schiff base has been reduced and the macrocycle can be isolated in the free base 

form.  To date there have been no reports of the free base macrocycle or of a Fe2 species of this 

type.  

 

The first synthetic strategy trialled was to utilise a series of methylhydroxylation and formylation 

reactions on either the starting 5-R-salicylaldehyde or the N,N'-bis(2-hydroxy-5-methylbenzyl)-

1,2-diaminoethane as outlined in Figures 4.48 and 4.49.  
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Figure 4.48:  Synthetic scheme for the preparation of M2 via electrophilic aromatic 

substitution reactions using an alcohol intermediate.  
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Figure 4.49:  Synthetic scheme for the preparation of M2 via electrophilic aromatic 

substitution reactions using an aldehyde intermediate.  

 

As shown in Figure 4.48, 5-R-salicylaldehyde can be hydroxymethylated using NaOH and 

formaldehyde (40%) in water in low yields (~ 25%).  The reactions appear to quench after ~ 25 

min and all subsequent attempts to push the reaction had no effect.  Increasing reaction times, the 

amount of NaOH and/or formaldehyde (or p-formaldehyde), or microwave irradiating the mixture 

failed to increase the yield of the alcohol without the formation of detectable by-products.  

 

The reductive amination reaction between ethylenediamine and the 2-hydroxy-3-hydroxymethyl-

5-(R)-benzaldehyde to yield the diaminedimethylhydroxide works well under standard conditions, 

but this strategy falls down as attempts to oxidise the methylhydroxide into the aldehyde proved 

unsuccessful (see later). 

 

Only the use of 5-(1,1-dimethylethyl)-2-hydroxy-3-(hydroxymethyl)-benzaldehyde showed 

potential for macrocycle formation.  All attempts to functionalise the 6 and 6’ positions of N,N'-

bis(2-hydroxy-5-methylbenzyl)-1,2-diaminoethane were unsuccessful in obtaining the desired 

products in reasonable yields or purity.   

 

The next approach adopted was based on that used by Okawa and Kida62 to form the 

diiminedialdehyde.  When a 2:1 ratio of 2,6-diformyl-p-cresol and ethylenediamine were reacted 
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in either EtOH or CH2Cl2, N,N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine forms in 

almost quantitative yields with no detectable macrocycle or polymer formation.  In EtOH the 

product precipitates out of solution, whilst in CH2Cl2 the product (Figure 4.50) can be obtained on 

removal of the solvent.  

 

 

 

 

 

 

 

 

Figure 4.50:  Structure of N,N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine.  

 

A number of approaches were attempted to convert N,N'-bis(3-formyl-5-

methylsalicylidene)ethylenediamine into the [2.3] heterodentate phenoxy bridged macrocycle 

(M2).  The first series of these involved selective reduction of the imine to form an amine without 

concurrently reducing the aldehyde.  Both NaCNBH3 and sodium triacetoxyborohydride were 

employed for this purpose.  In both cases, despite literature reports that both NaCNBH3 and 

sodium triacetoxyborohydride are sources of hydride that are selective towards imines and do not 

reduce aldehydes,87 in the present work it was found that the aldehyde was reduced while the 

imine was not (Figure 4.51). 

 

Figure 4.51:  The selective reduction of the imine based on literature methods87 

(top), and actual product (bottom).  
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This may have been due to the acidity of the phenolic proton, as hydride reacts with protons to 

form hydrogen.  The negative charge induced activates the aldehyde making it susceptible to 

reduction and probably deactivates the imine making less susceptible to reduction.  To then reduce 

the imine NaBH4 was required, but of course this also reduces the aldehyde to the alcohol.  

 

Numerous attempts using a variety of oxidants were trialled to oxidise the diamine dialcohol to 

the dialdehyde proved unsuccessful as illustrated in Figure 4.52 and Table 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.52:  Unsuccessful attempts at oxidation of the salen dialcohol intermediate to give 

the dialdehyde showing products formed.  

 

Table 4.2:  The attempted oxidation of salen dialcohol intermediate and the products 

formed. 

Oxidant Product/s 

4-acetylamino-2,2,6,6-tetramethylpiperidine-

1-oxoammonium perchlorate 

2,6-diformyl-p-cresol and ethylenediamine 

Pyridinium chlorochromate No reaction 

MnO2 No reaction 

DMSO and Acetic anhydride No reaction 

Jones Reagent (CrO3/H2SO4/acetone) carboxylic acid 

 

The second approach utilising N,N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine was to 

form the Schiff base macrocycle directly.  The first approach was trialled without the use of a 
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metal template, by reacting N,N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine in refluxing 

methanol with slow addition of diethylenetriamine, followed reduction of the imine to the amine 

with NaBH4.  The 1H and 13C NMR spectra of the product suggested this approach was successful; 

the correct number of peaks were observed and they appeared at expected chemical shifts; 

furthermore, the peak integrals are also consistent with the desired compound.  However, 

investigation by mass spectrometry showed that the reaction was unsuccessful.  The three 

predominant peaks in the mass spectrum were 385 (~50%), 428 (~ 100%) and 471 (~50%), where 

385 corresponds to the symmetrical N2N2 macrocycle (M +1)+1 ion; 428 corresponds to the 

heterodentate N2N3 macrocycle (M+1)+1 ion; and 471 corresponds to the symmetrical N3N3, 

macrocycle (M+1)+1 ion.  MS-MS experiments on the 471 and 428 peaks clearly showed that the 

three dominate peaks in the spectrum were not related (daughter ions).   

 

The mass spectral results suggest that the imine exists in an equilibrium with the amine and the 

aldehyde (as it is susceptible to hydrolysis).  To overcome this problem NaClO4 was introduced to 

the reaction in an analogous manner to that reported by Dutta et al.58 except that the reaction was 

carried out in a step-wise fashion.  Diethylenetriamine was slowly added in high dilution to a 

refluxing solution of N,N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine, NaClO4 and acetic 

acid.  Investigation the isolable products, again by mass spectrometry, showed that the reaction 

had failed to give rise to a clean product, affording a similar mass spectrum to that of the non-

metal templated reaction.  

 

Taking this methodology one step further, Erxleben and Schumacher reported88 a Mg2+ complex 

of N,N'-bis(3-formyl-5-methylsalicylidene)ethylenediamine.  When this complex is employed as 

the starting material for the ring closure with a mixture of diethylenetriamine and MgCl2.6H2O, 

M2 is afforded in high yield (90 %) as shown in Figure 4.49.  The purity of the product of this 

reaction was investigated using mass spectrometry and no evidence was found for the symmetrical 

N2N2 or N3N3 macrocycles.  

 

Another class of heterodentate macrocycles were synthesised with mixed results, were based on 

the molecule shown in Figure 4.31 that was gifted by Professor Lindoy.  Reaction between the 

ortho, meta or para salicylaldehyde derivatives and 5,5'-bis(bromomethyl)-2,2'-bipyridine resulted 

in O-alkylation for all three species giving rise to a bipyridyl coordination pocket with linked 

benzaldehyde grouping that potentially could be exploited to form heterodentate macrocycles 

(Figure 4.53).  
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Figure 4.53: Preparation of bipyridyl linked aldehyde species.  

 

This methodology would have been a useful way to synthesise a large number of heterodentate 

macrocycles because the functionalisation on the 2,2’-bipy grouping could be varied between the 

5,5’ and 6,6’ positions and the pathway extended to include two functionalised 1,10-

phenanthrolines (3,8 and 2,9).  Unfortunately, in our hands macrocycles were formed only when 

the aldehydes were located in the ortho position.  When the meta- and para- substituted aldehydes 

were used the only isolable products obtained were alcohols formed by the reduction of the 

aldehyde (Figure 4.54).  This suggests that when the aldehydes are located in the para and meta 

positions the distance is too great for the amines tested to ring close forming the macrocycle.   
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Figure 4.54:  Formation of macrocycles incorporating 2,2-bipyridyl using O-alkylations 

(a) diethylenetriamine, (b) 2,6-dimethylaminopyridine and (c) the only 

isolable products when the meta and para substituted salicylaldehydes were 

used. 

 

Although two macrocycles of this type were synthesised (Figure 4.54) no metal complexes were 

successfully crystallised.  When Fe salts are used there are always at least two products formed 

(on the basis of TLC) and all attempts to separate the complexes by chromatography led to 

demetallation.  Attempted crystallisation of the products resulted in formation of oils.  The Fe 

complex with (a) is deep red, consistent with binding of bipy to Fe.  Given that the macrocycles 

contain an ortho phenylene connector group it is likely that the Fe complex is mononuclear as the 

ligand possesses sufficient flexibility to become pentadentate to one metal.  

 

4.3 Heterodentate Macrocyclic Complexes 

 

4.3.1 Heterodentate Macrocyclic Complexes of M1 

 

Attempts made were to synthesise dinuclear metal complexes with the macrocycle M1 with 

additional acetato bridging ligation.  Various FeII salts, and copper acetate were used.  The Fe 

complexes give rise to orange/yellow solutions, but to date the solutions have not afforded single 

crystals suitable for structural determination.  
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4.3.2 Heterodentate Macrocyclic Complexes of M1-p-X (X = benzyl, 2-

methylpyridyl) 

 

The macrocycles M1-p-X were treated with FeCl2.4H2O, [Fe(OTf)2(MeCN)2] or [Cu2(OAc)4] to 

give for the Fe species a fine orange precipitate and with Cu a fine blue precipitate.  Isolation of 

these complexes has proven difficult because of the fineness of the solids obtained.  No further 

analysis of these macrocyclic complexes has been carried out because of the insolubility of the 

products.   

 

4.3.3 Heterodentate macrocyclic complexes of M1-m-X 

 

The macrocycles M1-m-X were treated with the same Fe and Cu reagents as described in Section 

4.3.2 to afford orange and blue solutions respectively.  The metal macrocycle complexes are more 

soluble that their para phenylene bridged counterparts.  The molecular weights of the Fe 

complexes were examined using high-resolution mass spectrometry.  No peak indicative of the 

molecular ion was obtained.  It has been observed that for weakly coordinated complexes that it is 

not uncommon for ESI-MS to give artefactual peaks, that don’t necessarily represent the 

molecules in solution.89,90   

 

The mass spectrum of the copper M1-m-Pyr complex has only one peak that provides information 

on the molecular ion including isotope distribution.  The mass spectrum of Cu M1-m-pyr is 

shown as Figure 4.55. 
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Figure 4.55: High resolution mass spectrum of [Cu (M1-m-pyr)(OAc)](ClO4)2. 

 

The isotopic distribution of the peaks are approximately 0.5 mass units apart inferring a 2+ charge 

on the species.  A mass of 335.5920 fits [Cu(M1-m-pyr)(OAc)]2+ within 17 ppm but the isotopic 

distribution does not correlate with one Cu.  The isotopic distribution is more akin to a species 

containing two Cu ions.  Copper has an isotopic distribution of 62.9396 (100 %) and 64.9278 (45 

%).  If one copper ion was in this species the isotopic distribution (taking into account the isotopes 

of C, N and O) pattern would be 100 , 38, 45 % while for two copper ions is 100, 38, 89, 33 %.  

The observed isotope distribution pattern is 100, 40, 86, 34%; consistent with the presence of two 

copper ions, but this does not permit ready identification of the species.  If all the N-H protons are 

deducted this should leave a m/z ratio of 336.1069.  In combination, the isotopic distribution and 

the m/z ratio suggest the product is most likely a dimer and that the predominant peak in the 

spectrum is due to ligand fragmentation.  
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4.3.4 Heterodentate Macrocyclic Complexes Fe M1-m-pyr 

 

[Fe(OTf)2(CH3CN)2], M1-m-pyr and NaOAc were refluxed in CH3CN for 20 min and NBu4ClO4 

was added to give an orange solution from which an orange flocculent material formed on 

standing.  The mass spectrum of the solution is shown as Figure 4.56.  A high-resolution mass 

spectrum of the highest mass ion is shown as Figure 4.57.  

 

 
Figure 4.56:  Mass Spectrum of Fe2 M1-m-pyr.  
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Figure 4.57:  High resolution mass spectrum of Fe2 M1-m-pyr. 

 

The peak separation observed in Figure 4.57 is approximately 1 mass unit indicating that the 

species has a +1 charge.  This peak fits [Fe2(M1-m-pyr)(OAc)2(OH)3(OTf)]+ to within 5 ppm with 

a satisfactory corresponding isotopic distribution pattern and is consistent with the infrared 

spectrum of the solid in which peaks indicative of both acetate ν(C=O) and perchlorate ν(Cl-O) as 

well as a number of peaks in the ν(OH) region (~ 3500 cm-1). 

 

The nature of the coordination of the acetato and hydroxo ligation cannot be easily determined on 

the basis of the mass spectra.  If all ligands are terminal then the pyridyl and amine N-donors are 

bound to the two Fe ions ensuring that both are six-coordinate. 

 

The negative charges from the anions in this species total – 6.  Since the overall charge of the 

species is +1 this suggests that it is a mixed-valent Fe4+/Fe3+ system.  However it is not uncommon 

for metal complexes to undergo REDOX processes when exposed to the MS experimental 

conditions,89,90 so the complex is probably FeIII
2 and one Fe was oxidised in the ionisation process. 
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The 929.2628 peak also fits [Fe2(M1-m-pyr)(OAc)3(CH3CN)3(H2O)]+ to within 10 ppm.  This 

could fit a species in which the tertiary ethylenediamine N-donors of the macrocycle do not 

coordinate to the Fe ion.  

 

 

 
Figure 4.58: High resolution mass spectrum of Fe2 M1-m-pyr.  

 

The only other peak in the spectrum that gave informative isotopic distribution information was 

the peak at 829.3001 (Figure 4.58).  The mass of 829.30 fits within 6 ppm to the species formed 

upon loss of triflic acid from the proposed [Fe2(M1-m-pyr)(OAc)2(OH)3]OTf to give  

[Fe2(M1-m-pyr)(OAc)2(OH)2(O)]+.  The loss of the triflate counter ion and a proton from one of 

the hydroxo ligands will not alter the charge of the species and hence gives rise to the isotopic 

distribution pattern of approximately 1 mass unit apart.  
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4.3.5 Heterodentate Macrocyclic Complexes of M1-m-aryl 

 

Both Fe2+ and Cu2+ were reacted with M1-m-aryl to give orange and blue solutions, respectively, 

from which non-crystalline solids precipitated on standing.  MS experiments of the samples were 

carried out and the peaks were seen to cluster; no isotopic information could be deduced from the 

peaks.  Whilst the Fe complex did ionise (Figure 4.59) the observed peaks are less than the mass 

of the M1-m-aryl plus one Fe and were too clustered to determine charges.  The peak at 570.3584 

corresponds to the Na+ salt of M1-m-aryl (0.2 ppm) while the peak at 586.3905 corresponds to 

the K+ salt (10 ppm).  The copper complex failed to give peaks greater than the mass of the free 

M1-m-aryl macrocycle.   

 

 
Figure 4.59: Mass spectrum of Fe-M1-m-aryl. 

 

4.3.6 Complexes of the M2 Heterodentate Macrocycle 

 

The reaction of FeCl2.4H2O with M2 in CH3CN under N2 saw the product begin to precipitate 

after approximately 2 h.  Attempts to filter off the deep red / purple precipitate through celite 

proved futile as upon exposure to air the solid redissolved.  The celite was washed with CH3CN 
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followed by ethanol affording deep red filtrates.  When the celite was washed with water no 

product was obtained.  The mass spectra of the filtrates were collected and were found to be very 

similar; an example is shown in Figure 4.60 with a summary of important masses listed below.  

 

 
Figure 4.60:  Mass spectrum of the filtrates from the synthesis of the chloride salt of the 

M2 Fe complex. 

 

The important masses are summarised below:. 

MW  M2 =  427.2947 

MW  M2(-2H) + Fe = 481.2140 

MW  M2(-2H) + 2Fe = 537.1490 

MW  M2(-2H) + 2Fe + Cl = 572.1178 

MW  M2(-2H) + 2Fe + 2Cl = 607.0867  

MW  M2(-2H) + 2Fe + 3Cl = 642.0555 

MW  M2(-2H) + 2Fe +4Cl = 677.0244 
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It is apparent in Figure 4.60 that the 100 % peak does not correspond to any of these masses.  The 

closest two masses to the peak are the M2(-2H) + 2Fe + 2Cl and M2(-2H) + 2Fe + 3Cl.   

The M2(-2H) + 2Fe + 2Cl mass is 32 mass units smaller than the 100 % peak; it was evident from 

the experiment that the complex is air sensitive and fitting O2 to the complex in the form 

[Fe2(M2)(O2)]Cl2 accords with the mass of the 100 % peak.  It is plausible that the FeII
2 complex 

of M2 binds O2, especially given the difference in donors to each Fe.   

 

On prolonged standing of an acetonitrile solution of the above filtrates, deep purple crystals 

formed.  The deep colour contrasts that observed for the Fe complexes with M1 that afford 

orange/yellow solutions and ochre flocculent solids.  The presence of the phenoxy group in M2 

gives rise to this colour as the Fe complexes with M2 are characterised by the presence of a 

Laporte and spin allowed LMCT transition (O-phenoxy – Fe3+) at 507 nm (ε ~ 5250 M-1cm-1).  

The X-ray crystal structure was determined on these crystals.  ORTEP plots of the complex cation 

of [{Fe2(M2)}2(μ-O)2)]Cl4 and the asymmetric unit of the complex with atomic labelling are 

shown in Figures 4.61 and 4.62.  Details of the X-ray crystal structure are in the file CJE19.cif 

(Appendix 1.19). 

 
 

Figure 4.61: ORTEP plot (50% thermal ellipsoids) of the complex cation  

[{Fe2(M2)}2(μ-O)2]4+. 
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Figure 4.62: ORTEP plot (50% thermal ellipsoids) of the complex cation within the 

asymmetric unit of [{Fe2(M2)}2(μ-O)2]Cl4 with atomic labelling. 

 

The X-ray crystal structure of the species obtained from the filtrates above consists of two 

Fe2(M2) units bridged by two oxo groups, in effect a face-to-face dimer of dimers.  The molecule 

is centrosymmetric.  There are two different Fe environments, one is distorted octahedral the other 

5 coordinate.  The Fe-N and Fe-O (phenoxy) bond distances are shorter for the 5-coordinate Fe 

than the octahedral Fe.  The Fe – O (oxo) bond distances are short at 1.80 Å (6-coordinate Fe) and 

1.75 Å (5-coordinate Fe) as expected for an Fe-oxo91 and the Fe – O(oxo) – Fe bond angle is 

166.4º.  The 5 coordinate Fe sits out of the plane made up of the ethylenediamine N- and phenoxy 

O- donors.  The Fe···Fe distance within the macrocyclic unit is 3.099 Å whilst that between Fe 

atoms across the bridging oxo group is 3.528 Å.  Okawa and coworkers92 have reported the 

formation of a similar bis(μ-oxo) dimer with the symmetric bis(propylenediamine)phenoxy 

macrocyclic ligand. 

 

The Fe oxidation states, on the basis of charge balance, are both +3 indicating that exposure to 

oxygen resulted in oxidation of Fe(II) in accord with the mass spectral data of a solution of the 

Fe(II) macrocyclic complex following exposure to air (Figure 4.60) and Okawa’s observation that 

similar Fe complexes were sensitive to air.66,68,72 
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The bridging oxo groups found in the X-ray crystal structure may be the end product of reduction 

of the O2 that bound to the Fe(II) M2 intermediate.  Given the four Fe3+ ions found in the product, 

the following four electron redox reaction may have taken place. 

 

4 Fe2+ + O2 →  4 Fe3+ + 2O2- 

 

Such a reaction may be possible if the O2 initially binds to two metals as shown in Figure 4.63 to 

form a 2FeIII
2 / O2

2- species.  The Fe···Fe distance within the one macrocyclic unit is 3.10 Å, well 

within the range expected for a peroxo group to bridge the metals.  Close proximity to a second 

diferrous macrocyclic complex could see breakdown of the peroxide into two separate oxo groups 

and oxidation of the ferrous to ferric ions in the second M2 complex as shown schematically in 

Figure 4.64.  Precedent for such a reaction mechanism is provided by Cai et al.93 where an Fe(II) 

phenoxy bridged complex produced a bis(μ-oxo)Fe(III) complex upon exposure to oxygen.  While 

this rationale is possible it is much more likely that the presence of water in the solution is the 

source of the oxo bridges.  

 

 

 

 

 

 

 

Figure 4.63:  The proposed binding of O2 to the FeII
2 N2O2N3 heterodentate macrocycle 

M2. Note the ligand has not been directly shown for clarity, the oxygen 

atoms in black are the phenolic oxygen atoms from the ligand and the oxygen 

atoms in red are from O2 (or HOOH). 
 

The infrared and Raman spectra of the crystalline product lacked the peak at 845 cm-1 assigned by 

Okawa as νas(Fe-O-Fe).66,68,72  The position of this peak is also consistent with νas(Fe-O) for a 

number of related dinuclear Fe complexes as reported by Sanders-Loehr et al.94  
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Figure 4.64: Potential formation of a bis(μ-oxo) Fe2 M2 dimer by atmospheric O2 in the 

absence of water.  
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The magnetic behaviour of [{Fe2(M2)}2(μ-O)2]Cl4 was examined by determination of its magnetic 

susceptibility and by EPR spectroscopy.  The room temperature powder X-band EPR spectrum of  

[{Fe2(M2)}2(μ-O)2]Cl4 is shown as Figure 4.65.  A slightly asymmetric signal is observed at  

g = 2.09.  

 
 

Figure 4.65: X-band (9.42823 GHz) Powder EPR spectrum of  

[{Fe2(M2)}2(μ-O)2]Cl4 at 298 K.  

 

The magnetic susceptibility χM of [{Fe2(M2)}2(μ-O)2]Cl4 was determined on a SQUID 

magnetometer over the temperature range 4 – 300 K and is shown in Figure 4.66.  A plot of the 

effective magnetic moment μeff vs. temperature is shown as Figure 4.67.  At 298 K this is ~3.2 μB 

per Fe, well below the 5.9 μB for uncoupled HS Fe(III) indicating antiferromagnetic coupling 

between the Fe atoms.  The levelling off of μeff at temperatures above 175 K indicates that the 

higher energy spin levels of the S = (5/2, 5/2, 5/2, 5/2) state are not thermally populated95 and this 

is consistent with strong antiferromagnetic superexchange between the Fe(III) ions.  The gradual 

decrease between 300 and 2 K is different in slope from a related di-μ-oxo/di-μ-alkoxo- tetramer96 

possibly suggesting ferromagnetic coupling across the phenoxo bridges, but may also reflect a 

disparity in the magnitude of the two different J values for that species relative to those in 

[{Fe2(M2)}2(μ-O)2]Cl4. 
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Figure 4.66: Plot of χM (per 4Fe(III)) vs. temperature for [{Fe2(M2)}2(μ-O)2]Cl4 (ο).  The 

solid line joins the individual data points. 
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Figure 4.67: Temperature dependence of the effective magnetic moment (μeff) of  

[{Fe2(M2)}2(μ-O)2]Cl4.  
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A complete analysis of the magnetic susceptibility data requires a 2 J superexchange coupling 

model.  There are two superexchange mechanisms possible between the Fe(III) ions: that between 

the two Fe ions within the one macrocycle (i.e. bridged by the two phenoxy groups), and that 

between Fe ions in different macrocycles (i.e. bridged by the oxo groups).  This superexchange 

model is shown diagrammatically in Figure 4.68.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.68: Superexchange coupling model to explain magnetic susceptibility data for 

[{Fe2(M2)}2(μ-O)2]Cl4 (purple balls = Fe, red balls = O). 

 

In the plot of μeff (per 4 Fe(III)) vs. temperature, shown in Figure 4.67, the 300 K value of 6.34 μB, 

per 4 Fe, (χMT = 5.02 cm3 mol-1 K) corresponds to 3.17 μB, per Fe, a value indicative of significant 

antiferromagnetic coupling.  On decreasing the temperature, the moments drop, slowly at first, 

then more rapidly to reach 3.45 μB at 2 K, significantly greater than zero (expected for a S = 0 

ground state resulting from antiferromagnetic superexchange between FeIII ions).  The 

corresponding plot of χM vs. T (Figure 4.66) shows Curie-Weiss dependence, not what is 

anticipated and with no hint of a maximum as expected for antiferromagnetic coupling.  The 

structure of this complex shows that the two sets of bis-phenoxo bridges  

(J1 usually approx. -10 cm-1) and two sets of oxo-bridges (J2 approx. -100 cm-1), shown in Figure 

4.68 and similar to that found in a related complex,92 would be expected to yield an S = 0 ground 

state with μeff decreasing to ~zero at 2 K, clearly not what is observed.   
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The magnetization isotherms between 2 – 20 K, shown in Figure 4.69, likewise support a non-zero 

spin ground state.  The top line represents data collected at 2 K.  The M value at 2 K and 5 T field, 

indicative of at least a ground state S = 1, with the lack of saturation suggesting other energy 

levels lie close together and are thermally populated (there is a total of 146 spin states), but not an 

S = 0 ground state which would give linear M vs. H behaviour and very low M values.  A quick 

exploration of a S = 5/2 tetramer, two J model,97 using the J values given above, confirms that μeff  

should be zero at low temperatures, even if the smaller J is set at -10 cm-1.  It is likely that the 

sample of this tetramer, used for the magnetic study, contains a paramagnetic impurity, separate to 

the ‘monomer impurity’ and further work is required on a new sample. 

 

0 10000 20000 30000 40000 50000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 

 

M
 / 

N
β

H / Oe

 
Figure 4.69:  Magnetisation isotherms for [{Fe2(M2)}2(μ-O)2]Cl4. 

 

Several tetranuclear Fe(III) complexes, with related structures to the present compound, have been 

previously reported.  One, that has oxo, alkoxo and carbonato bridges96 showed μeff (per 4Fe(III)) 

of 4.0 μB at 300 K and this decreased, almost linearly, to reach 0.8 μB at 20 – 15 K, the latter 

plateau being assigned to a combination of monomer impurity and, surprisingly, to a large 

temperature independent paramagnetic (TIP) susceptibility, not normally invoked for high spin 

Fe(III).  The best-fit J values were -63.4 cm-1 and -11.2 cm-1.  Another,92 sharing the same kind of 
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‘face-to-face’ arrangement of phenoxo-bridged macrocyclic FeIII
2 moieties, as here, fitted well to 

the J values of -11 cm-1 (phenoxo bridge) and -101 cm-1 (oxo-bridge).  It showed a μeff (per 

4Fe(III)) of 3.6 μB at 300 K that decreased to 1.06 μB at ~50 K and remained at this value down to 

~10 K, due to monomer impurity (0.9%), the latter clearly visible in the χM plot at low 

temperatures.  Since the present plot of μeff (per 4Fe(III)) vs. temperature should behave in this 

manner, and does not, this lends further support for the presence of a second species in the present 

sample. 

 

Of relevance to the determination of the two magnetic exchange constants J1 (Fe – O(phenoxy) – 

Fe) and J2 (Fe-O(oxo)-Fe) is the work of Horn et al.98 in which a Fe dimer of dimers was prepared 

about the ligand btppnol (N,N,N’-tris(2-pyridylmethyl)-N’-(hydroxybenzyl)-1,3-diaminopropan-2-

ol) (Figure 4.70).  This ligand capable of bridging two metals via the alcohol group, is also 

inherently asymmetric.  A complex of the form [Fe4(btppnol)2(μ-OAc)2(μ-O)2]2+ was isolated in 

which two Fe dimers comprising bridging acetato and oxo ligands are linked via terminal ligation 

to the pyridyl, amine and phenoxy donors and bridged by the alkoxide.  

 

 

 

 

 

 

 

 

 

Figure 4.70: H2bttnol  (N,N,N’-tris(2-pyridylmethyl)-N’-(hydroxybenzyl)-1,3-

diaminopropan-2-ol). 

 

The Fe – O (alkoxy) – Fe bond angle was 129º separating two Fe3+ ions by 3.68 Å and the Fe – O 

(oxo) – Fe bond angle was 122º with an Fe···Fe separation of 3.15 Å.  Horn et al.98 was able to 

determine the exchange coupling constants to be J (Fe – O (oxo) – Fe) = -83 cm-1 and J (Fe – O 

(alkoxy) – Fe) = -8.7 cm-1.  Thus in this system, both exchange mechanisms are antiferromagnetic, 

and the overall susceptibility is dominated by the Fe- O (oxo) – Fe interaction.  Similarly, Balch 

and coworkers 99 found with an asymmetric alkoxo bridging ligand bearing three benzimidazolyl 

arms, a dimer of dimers formed with oxo and acetato bridges between Fe atoms as well as the 

alkoxo group bridging two of these dimers.  The exchange coupling constants in that complex 

were almost identical at -103.3 and -105.9 cm-1.   
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Mukerjee, Stack and Holm100 looked at the superexchange in [{Fe(salen)}2(μ-O)] complexes in 

which the phenoxy rings were functionalised with tert-butyl groups.  They found a correlation 

between the Fe – O(oxo) – Fe bond angle and the magnitude of the antiferromagnetic coupling 

between the two Fe centres; larger angles afforded more negative J values.  In the complex 

[{Fe(3-tBu2salen)}O] an Fe - O(oxo) – Fe bond angle of 173º afforded a J value of -200 cm-1 

while Glaser et al.101 found J to be -96 cm-1 for  

[{FeIII(N,N’-dimethyl-N,N’-di-t-butyl-2-hydroxybenzyl)-1,2-diaminoethane}2(μ-O)] which is 

characterised by a linear Fe(III) – oxo – (FeIII) grouping. 

 

McCool and coworkers102,103 stabilised the “naked” oxo bridged bispentaaquairon(III) ion 

[{Fe(OH2)5}2(μ-O)]4+ with [18]crown-6 and found the Fe-O(oxo) bond length and Fe – O(oxo) – 

Fe bond angle to be 1.78 Å and 169.8º and that this correlated with antiferromagnetic coupling 

between the electron spins of the two Fe(III) ions of -110 cm-1.   

 

Weihe and Gudel104,105 developed an angular overlap model in which the Fe – O distances and Fe - 

O - Fe bond angle were related to J.  They generated a plot of the mean Fe – O distances and Fe – 

O – Fe angles to show the expected J for any given values of these two parameters as a predictive 

tool.  Applying Weihe and Gudel’s model to [{Fe2(M2)}2(μ-O)2]Cl4 affords a predicted J2 of ~ -

100 cm-1.  The coupling across the Fe – O(phenoxy) – Fe group (J1) is likely weakly 

antiferromagnetic, given Pilkington and Robson’s56 report of weak antiferromagnetic coupling 

between Fe(II) ions in the symmetric propylenediamine phenoxy bridged macrocycle and J ~ -7.5 

cm-1 for [Fe(salen)Cl]2 106 which possesses the bis(μ-phenoxo) bridging moiety.   

 

A further prediction of the magnitudes of the two superexchange couplings in  

[{Fe2(M2)}2(μ-O)2]Cl4 can be made from the reported magnetic properties of the Fe2 acetato 

complex of the propyl derivative of the symmetric N2O2N2 imine macrocycle by Okawa and 

coworkers.92  They determined J for the dinuclear unit to be -11 cm-1 and between the dinuclear 

units to be -101 cm-1.  Given that the acetato ligand bridges two Fe3+ centres in the dinuclear unit, 

it is expected to contribute to the superexchange interaction, but the closeness of this value to that 

found for [Fe(salen)Cl]2 discounts any significant effect on the coupling.   

 

Following the unexpected magnetic susceptibility results obtained for [{Fe2(M2)}2(μ-O)2]Cl4  

the Mössbauer spectrum was collected at 78 K using the same powered sample that was used for 

magnetic measurements.  It is shown in Figure 4.71.  The lineshape fitted well to three quadrupole 

doublets with values of isomer shift, δ (mm s-1), quadrupole splitting, ΔEQ (mm s-1) and area (%) 

as shown in Table 4.3. 
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Figure 4.71: Mössbauer spectrum of [{Fe2(M2)}2(μ-O)2]Cl4  [Key:  Series 1 (♦) = residual, 

Series 2 ( ) = Observed Spectrum, Series 3 ( ) = Overall fit, Series 4 (× 

blue) = Site 1, Series 5 (∗) = Site 2, Series 6 ( ) = Site 3. 

 

Table 4.3: Mössbauer data for [{Fe2(M2)}2(μ-O)2]Cl4. 

 

Doublet   δ ΔEQ Area 

1 0.38 0.99 50.0% 

2 0.47 1.62 10.8% 

3 0.59 0.94 39.2% 

 

The crystal structure would predict that two doublets should be observed, one due to the 5-

coordinate FeIII sites and one to the 6-coordinate sites, in 50:50 area ratio, assuming that Debye 

Waller factors are equal.  The observed isomer shifts are all in typical high-spin FeIII positions, 

while two of the quadrupole splittings (for doublets 2 and 3) are similar in size and indicative of 

similar ligand field symmetry.   

 

Comparison of the parameters to those of [(Fe(salen))2O], having the same kind of 5-coordinate 

FeN2O3 sites as in the present ‘pair-of-dimer’ tetranuclear cluster, show that doublets 1 and 3 are 

indicative of the 5-coordinate FeIII geometry, while doublet 2 is due to the 6-coordinate sites, 

although the area of the latter is low.107  Comparison of isomer shifts and quadrupole splittings can 

be made with those of  
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[{FeIII(N,N’-dimethyl-N,N’-di-t-butyl-2-hydroxybenzyl)-1,2-diaminoethane}2(μ-O)] reported by 

Glaser et al.101 to be 0.448 and 1.22 mms-1 respectively.  The quadrupole splitting of that 

compound was attributed to result from strong covalent interaction between the high spin Fe(III) 

and the oxo bridging ligand.  

 

It is possible that the impurity detected in the magnetic analysis, might be a 5-coordinate chloro 

complex, of the Fe(salen)Cl type, in which the 6-coordinate ‘pocket’ of the dinucleating 

macrocycle is empty, but this certainly did not affect the occupancies of the Fe atoms in the 

crystal structure determination.  

 

M2 was also treated with Zn2+, Ni2+, Mn2+ and Cu2+ ions to give yellow, orange/red, orange and 

olive green solutions.  Crystals of the Cu species have been obtained but owing to downtime of 

the diffractometer the structure has not yet been elucidated.  In all of these cases, oxidation of the 

M2+ ion to the M3+ ion is unfavoured (Mn may be an exception), so it is very unlikely that any of 

these complexes are analogous to that obtained with Fe.  
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CHAPTER 5  Catalytic oxidation of alkenes by Fe macrocyclic 

complexes, NHIO models and [M3O(O2CR)6L3]+ 

complexes (M = Cr, Mn, Fe; R = Me, Ph; L = H2O, Py) 

 
5.1   Introduction 

 

The catalytic oxidation of alkenes to reactive species including epoxides and diols and the 

degradation of environmentally toxic pollutants (such as polyaromatic hydrocarbons1) has 

received considerable attention in recent years.2,3  This stems, in part, from the desire for 

inexpensive and environmentally benign processes to replace the traditional industrial practices 

currently employing expensive, toxic compounds like OsO4 as catalysts,4,5 or autoxidation; a 

radical process that is both non selective and proceeds with low efficiency.6,7  Such oxidative 

processes may open avenues for key transformations that are currently unavailable or sluggish 

using today’s synthetic methods.8,9  Coupled with the improved efficiency of the catalytic process 

is the potential for stereoselective and / or chemoselective oxidation of hydrocarbons.2,3,10  Such 

processes are attractive in drug development as evidenced by recent US FDA legislation that 

drugs with stereocentres must be dispensed in enantiomerically pure form.11  

 

The products obtained from the oxidation of hydrocarbons are useful not only as end points but as 

reactive intermediates in the synthesis of drugs, as well as natural9 and industrial products.12  One 

approach involves the use of metal ions as catalyst either employing hydrogen peroxide (or 

alkylated derivatives) or molecular oxygen as the oxidant.  The complexes utilised encompass a 

broad range of types including those with SALEN type ligands (Jacobsen-Katsuki catalyst),13-33 

and their heterogeneously immobilised forms,34,35 porphyrin and phthalocyanin complexes32,33,36-59, 

silica supported Ti complexes60-63 or polyoxometalates.60,64-67   

 

5.2  Reversible Oxygen Binding 

 

As already discussed, there is significant homology in the active sites of the Fe and Cu O2 carrier 

proteins haemerythrin and haemocyanin with oxidase enzymes of the same metals.  It is a 

reasonable expectation that model complexes of the proteins might exhibit similar catalytic 

behaviour. 

 

The reactions of primary appeal in the current study are the epoxidation (formation of an epoxide) 

and the dihydroxylation (formation of a 1,2-diol) of an alkene. 
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5.3  Epoxidation 

 

Epoxides can be synthesised in numerous ways from a variety of functional groups that include 

1,2-diols, 2,3-epoxy alcohols (via a rearrangement), α-halo esters, aldehydes, alkenes, amides, 

diazoalkanes, dihalides, halohydrins, ketones, secododeahedrane and sulfur ylids.68  This 

discussion will concentrate on the synthesis of epoxides from alkenes.  

 

There are a number of reactions where epoxidation is achieved from alkenes.  The Prilezhaev 

reaction uses a peroxyacid to oxidise the alkene; but is not stereoselective.68  This approach 

suffers because of the inherent instability of the peroxyacids, and has proven difficult to carry out 

on a large scale.8,9  Other epoxidation methods are described below. 

 

5.3.1  Sharpless Epoxidation 

 

The Sharpless epoxidation69 has been arguably the most widely applied technique for the 

epoxidation of allylic alcohols (Figure 5.1) since its development in the early 1980’s.  This 

reaction is stereoselective, enabling the syntheses of desired stereocentres in high enantiomeric 

excess (ee).  The reaction is catalysed by titanium tetraisopropoxide, diethyl tartrate (DET) (chiral 

auxiliary catalyst) and molecular sieves and the alkene is generally oxidised with tert-

butylhydroperoxide. The reaction is limited to allylic alcohols and the catalyst itself is sensitive to 

water. 

 

 

R1 R2

R3

OH

5-10 mol% Ti(OiPr)4
6-10 mol% (+) or (-) DET

1.5 eq tBuOOH

R1 R2

R3

OH
O

 
 

Figure 5.1:  The oxidation of allylic alcohols to epoxides using Sharpless epoxidation. 69 

 

The Sharpless epoxidation is believed to proceed via a TiIV dimer containing two dialkyl tartrate, 

the allylic alcohol and tBuOOH as ligands.70  The requirement of the allylic alcohol to coordinate 

to the catalyst restricts this epoxidation catalyst to use with only one class of alkenes.  

 

Ti based catalysts bearing salen type ligands have been employed by Katsuki71-74 (Figure 5.2).  

These are extensions of the Jacobsen-Katsuki epoxidation catalysts (Section 5.3.2) and are stable 
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to water and, unlike the Sharpless epoxidation catalysts, their catalytic behaviour is not limited to 

the oxidation of allylic alcohols.  

 

 

 

 

 

 

 

 

 

Figure 5.2:  An example of Katsuki Ti based epoxidation catalyst.71-74 (* indicates chiral C 

atom) 

 

5.3.2  Jacobsen-Katsuki Epoxidation 

 

The Jacobsen - Katsuki epoxidation utilises chiral Mn complexes bearing similar ligands to 

SALEN (Figure 5.310,31) to catalyse the formation of epoxides from alkenes with high 

enantiomeric excess, (ee).31,75  The oxidants used in this reaction include peroxyacids, 

iodosobenzene and sodium hypochlorite.  The reaction has greater efficiency with cis-alkenes than 

trans-alkenes, likely to be the result of reduced steric bulk around the double bond affording less 

restricted access to the Mn(V)=O oxidant.76  There are three proposed mechanisms for this reaction: 

a concerted pathway that proceeds via a Mn(V)=O species giving the cis-epoxide from the cis-

alkene:  a radical process that eventuates in the trans-epoxide from the cis-alkene76; and a process 

that operates through a manganoxetane intermediate producing the cis-epoxide from the cis-

alkene.76  The lowered ee values from 100 % arise from a lack of control on the formation of 

radicals and degradation of the SALEN type ligand.  The catalysts developed by Jacobsen 

typically generate maximum TONs of 40 - 200 while those of Katsuki have achieved a maximum 

TON of 9200. 77  
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Figure 5.3:  Jacobsen’s catalyst31 where * represent the chiral carbon atoms in the 

structure. 

 

Stack and coworkers78,79 studied the epoxidation activity of Mn(II) complexes of a range of salen 

type ligands on 1-octene and found up to 98% conversion to epoxide after 5 minutes using 

peracetic acid.  Gupta et al.10 have recently reviewed the field of Mn salen catalysis.  

 

5.4 Dihydroxylation of Alkenes 

 

The oxidation of alkenes to 1,2-diols can be achieved in two ways, either by the direct oxidation 

of the alkene to generate the diol, or by formation and subsequent hydrolysis of the epoxide.68  

The epoxide is hydrolysed by backside attack and affords the opposite stereochemistry of the diol 

to that of the epoxide. i.e. the cis-epoxides → trans-diol and the trans-epoxide → cis-diol (Figures 

5.4 and 5.5).68  The hydrolysis of epoxides can be carried out in either acidic or basic conditions 

but most often it is performed under acidic conditions with water acting as the nucleophile. 
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Figure 5.4:  Acid catalysed hydrolysis of cyclooctene oxide starting with the cis-epoxide 

forming the trans-diol.  The red and blue highlighting represents attack at 

the different carbon centres. 
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Figure 5.5:  Acid catalysed hydrolysis of cyclooctene oxide starting with the trans-epoxide 

forming the cis-diol.  The red and blue highlighting represents attack at the 

different carbon centres. 
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5.4.1  OsO4 Catalysed Dihydroxylation 

 

The first reported conversion of alkenes to 1,2-diols using a catalyst was the Milas 

hydroxylation.80  This reaction uses OsO4 as the catalyst and H2O2 as the oxidant most commonly 

in tBuOH to form cis-diols.  Initial studies used OsO4 in a 1:1 stoichiometric ratio with the 

alkene.80  This type of dihydroxylation was further developed in the late 1970’s where N-

methylmorpholine-N-oxide was employed as a stoichiometric oxidant with a catalytic amount of 

OsO4, becoming known as the Upjohn dihydroxylation.81  This oxidation method affords the cis-

diol but is slow and prone to over-oxidation (formation of the diketone) and is not 

enantioselective.   

 

The Sharpless asymmetric dihydroxylation69 is essentially an extension of the Upjohn 

dihydroxylation; OsO4 is used as the catalyst but the addition of a chiral auxiliary 

(dihydroquinidine (DHQ), (DHQ)2 and (DHQD)2 ; Figure 5.6) induces reaction enantioselectivity.  

This reaction also contains a secondary oxidant that regenerates OsO4 (this is usually either 

K3[Fe(CN)6] or N-methylmorpholine-N-oxide).  By using the individual diastereomers the 

appropriate diol can be obtained with high ee.  All the ingredients can be purchased from 

commercial sources in a premixed form as “AD-mix”.  

 

 

 

 

 

 

 

Figure 5.6:  The two diastereomers used for the Sharpless dihydroxylation (a) (DHQ)2 

and (b) (DHQD)2. 

 

The Sharpless dihydroxylation is believed to involve addition of the alkene to two oxo ligands on 

the {OsO4(chiral ligand)} complex resulting in formation of a dialkoxy ligand that is converted to 

the diol on the addition of water.  On release of the diol, OsO4 is regenerated by the alternative 

oxidant.  The process is shown schematically in Figure 5.7.  
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Figure 5.7:  The proposed mechanism for the Sharpless dihydroxylation.82 

 

The Sharpless dihydroxylation is not limited to the above ligands and numerous groups have tried 

to improve the enantioselectivity using a variety of chiral ligands.  Sharpless and coworkers have 

comprehensively reviewed this field.82 

 

5.4.2 Fe Complexes as Catalysts for the Dihydroxylation of Alkenes 

 

The use of Fe compounds in the oxidation / hydroxylation of organic compounds has been 

extensively studied.  Ferrous compounds in the presence of O2 are long known to form hydroxyl 

radicals, known as the Fenton reaction, and these radicals are reactive.83-88 

 

More recently Barton and others have investigated the use of Fe(II) or Fe(III) compounds in the 

presence of a reducing agent (H2S, or either Fe or Zn metal), pyridine and acetic acid and O2 as 

oxidant of saturated hydrocarbons.  These reactions are collectively known as GIF chemistry.89-93 

The oxidation of alkanes and arenes under GIF conditions catalysed by [{FeTp}2(μ-OAc)2(μ-O)] 

or [{Fe(Tp)(hfacac)}2(μ-O)] (hfacac = hexafluoroacetylacetonato) has been studied by Kitajima et 

al.94 who found that catalytic utility increased with the more electron withdrawing hfacac ligand 

relative to acetate. 

 

As described in Sections 1.3 -1.8 Fe complexes whose structures resemble mono- or dinuclear Fe 

oxidase enzyme active sites have been prepared and the catalytic potential of many have been 

investigated.95-110   
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The leader in the development of Fe complexes for hydroxylating alkenes has undoubtedly been 

Que.95,100,102,105,107,111-114  Que’s initial push into this area utilised derivatised tris(2-

pyridylmethyl)amine (TMPA) and BPMEN ligands (Figure 5.8).97,98,115,116  The initial study was 

purely a mechanistic investigation into model complexes of the NHIO enzymes.  Through this 

investigation Que was able to generate TONs (see Section 5.5.1) of 6.2 and 1.5 for the cis-diol and 

epoxide respectively using the Fe complex of 6-Me3-TMPA99 as catalyst (Figure 5.8) from 

cyclooctene.  The work was expanded by employing chiral N,N’-bis(2-picolyl)bipyrrolidine 

(BPBP) ligands (Figure 5.8) for the syntheses of chiral diols.96  Although the complexes have 

achieved almost exclusive ee (~ 97 %) for the formation of the cis-diol, the predominant oxidation 

product, except when the catalyst incorporates the 6-Me2-BPBP ligand (Figure 5.8 and Table 5.1), 

is the epoxide.96  Que99 attributes this increase in dihydroxylation and enantiomeric selectivity to 

the more rigid bipyrrolidine backbone and the cis-α  topology of the 6-Me2-BPBP ligand (Figure 

5.9).   
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Figure 5.8: Ligands used for Fe complexes by Que for the oxidation of alkenes; where  

R = Me or H. 96 
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Figure 5.9:  cis-α, cis-β and trans topologies for an octahedral complex with tetradentate 

ligands. 117 
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Table 5.1:  TON and ee results for catalytic oxidation of alkenes by [Fe(BPBP)]2+ 

complexesa. 99 

 

Catalyst 

ligand 

Substrate Epoxide 

TON [% de] 

Diol TON 

[% de] 

cis-diol % ee Diol:Epoxide 

BPBP trans-2-

heptene 

5.1 [98] 1.4 [90] 38 1 : 4.6 

BPBP 1-octene 2.6 1.7 11 1 : 1.5 

BPBP tert-butyl 

acrylate 

3.0 0.1 (-) 1 : 30 

6-Me2-BPBP trans-2-

heptene 

0.2 [67] 5.2 [99] 97 26 : 1 

6-Me2-BPBP cis-2-heptene 0.6 [95] 3.4 [95] 11 5.7 : 1 

6-Me2-BPBP trans-4-

octene 

0.3 [80] 3.9 [93] 96 13 : 1 

6-Me2-BPBP cyclooctene 0.7 [94] 4.0 (-) 5.7 : 1 

6-Me2-BPBP 1-octene 0.1 6.4 76 64 : 1 

6-Me2-BPBP styrene <0.1 6.5 15 >65 : 1 

6-Me2-BPBP allyl chloride <0.1 4.9 70 > 49 : 1 

6-Me2-BPBP tert-butyl 

acrylate 

<0.1 4.0 68 > 40 : 1 

6-Me2-BPBP ethyl trans-

crotonate 

<0.1 7.5 [99] 78 > 75 : 1 

6-Me2-BPBP dimethyl 

fumarate 

<0.1 5.3 [99] 23 > 53 : 1 

a  [% de] represents percentage of diastereomeric excess, % ee is percentage of enantiomeric 

excess where (-) means no enantiomers are possible.  

 

The mechanism for these oxidations has been generally accepted to result from one of three 

pathways; a radical (autoxidation), water assisted, and non-water assisted pathways (Figure 5.10).  

Although the mechanism is not fully understood, Que103 and others118 have proposed radical 

intermediates in the pathway shown in Figure 5.11.   
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Figure 5.10:  Que’s proposed mechanism103 for the dihydroxylation and epoxidation of 

alkenes with molecular oxygen using an Fe(II) catalyst. 119 
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Figure 5.11:  Radical intermediates in Que’s mechanistic pathway.97  Iron mediated 

oxidation is denoted in red.  
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5.5  Identification and Quantification of the Reaction Products of the Catalytic Oxidation 

of Alkenes in the Present Study 

 

A combination of gas chromatography (GC) and gas chromatography / mass spectrometry (GC-

MS) were used to identify and quantify the products of the oxidation of alkenes.  The use of gas 

chromatography is advantageous as there is no requirement for the isolation and purification of 

products and by employing an internal standard these can be quantified.  In turn, the efficacy and 

efficiency of the model complexes as catalysts can be evaluated.   

 

In all of the experiments a ratio of 1 Fe Complex : 10 H2O2 : 1000 substrate alkene molecules (or 

1 ml of the alkene, whichever gives the lower ratio) was used.  Under the conditions employed in 

this study turn over numbers (TON) can be calculated, as the ratio of the components in the 

reaction mixture are consistent and known.  

 

5.5.1 Turn Over Number (TON) as a Measure of Catalytic Potency 

 

The number of moles of substrate that one mole of the catalyst can convert to products before 

becoming inactive is given by the turn over number (TON) of a reaction.  An ideal catalyst will 

have an infinite TON, but under the general conditions employed here the maximum possible 

TON is 10.  

 

catalyst#
product#TON

moles

moles=  

 

If a TON of greater than one is achieved the system is catalytic because the catalyst can 

regenerate.  If a TON is equal to or less than one the system is stoichiometric (if products are 

detected) or does not induce a reaction at all.  The greater the TON the better the catalyst, at least 

with respect to overall catalytic activity. 

 

5.5.2  The Alkene Substrates used in the Present Study 

 

Two substrates were used in this study; cyclohexene and cis-cyclooctene.  They were chosen for 

two prime reasons; the substrates are inexpensive and their oxidation products are well established 

and can be readily characterised by GC and GC-MS.  
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5.5.3 Cyclohexene Oxidation 

 

Cyclohexene is a reactive olefin prone to allylic auto oxidation.6,7,120-122  Often the alkene is not 

attacked but rather the oxidation occurs at the sp3 carbon centre α to the alkene (Figure 5.12).123  

Numerous groups60,61,122,123 have proposed that for cyclohexene the epoxidation occurs through the 

allylic peroxide or through “direct” epoxidation, i.e. a direct oxidation of the C = C double bond.  

Tong123 further postulated a potential three additional reaction pathways subsequent to the 

formation of the allylic peroxide (Figure 5.12) that are a consequence of autoxidation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12:  Mechanistic pathway for the autoxidation of cyclohexene catalysed by metal 

complexes.123  

 

The initiation step (Step 1) of the reaction is the formation of the allylic radical which is catalysed 

by the metal ion120 and stabilised by the C = C double bond.  The radical can then react with 

peroxide (or O2) to form the allylic peroxide.  This reactive intermediate can undergo three 

subsequent reactions (Steps 2 - 4) and the preferred route is dependent on the catalyst used.  

 

The mechanistic pathway can be inferred from the ratio of the products formed.  If there is a 1:1 

ratio of the epoxide and allylic alcohol, the reaction proceeds through step 2.  In contrast, a 1:1 
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ratio of the allylic ketone and allylic alcohol indicates step 3 is preferred, while if the allylic 

ketone is formed exclusively then step 4 is favoured.  

 

Tong’s proposed mechanism is an oversimplification as the products generated are the result of 

initiation, propagation and termination steps in the radical chain reaction.  Finke et al.6 claim to 

have isolated around 70 products from the autoxidation of cyclohexene whose formation is a 

result of changes in the ratio of the rates of propagation and termination.  Finke’s radical chain 

process is a more elaborate description of the “classical” Haber-Weis sequence (Figure 5.13).7  

Finke’s model accounts for all minor and major products observed; however, in the current study 

only major products were identified and quantified so this model7 is not further discussed.  
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Figure 5.13:  The Haber-Weis sequence.7 
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Cyclohexene is so prone to autoxidation that very few metal ion catalysts actually generate 

oxygenated species such as the epoxide or 1,2-diol through the direct oxidation of the carbon-

carbon double bond but instead generate the allylic peroxide through hydrogen abstraction as 

depicted in Figure 5.12.  The major products of the oxidation are illustrated below (Figure 5.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14:  The major oxidative products for cyclohexene: (a) allylic alcohol, (b) allylic 

peroxide, (c) allylic ketone, (d) epoxide, (e) cis-diol and (f) trans-diol.  Note: 

the stereocentres have been excluded for the allylic alcohol and the allylic 

peroxide.  No isomers of the epoxide exist because of the strain on the 6 

membered carbon ring. 

 

5.5.4 Cis-Cyclooctene Oxidation 

 

 

 

 

 

The yields of oxidation products from terminal alkenes are reduced relative to cyclohexene 

because they are less reactive but the oxidation is more selective showing no allylic 

oxidation.79,124-126  The same trend in reactivity is observed when the substrate is varied between 

cyclohexene and cyclooctene.  The greater stability of the cyclooctene epoxide in combination 

with the lower reactivity (especially towards allylic hydrogen-atom abstraction, the key step 

proposed by Maldotti et al.60,127) accounts for the non-formation of the allylic peroxide. 
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In general, if no auto oxidation occurs there are three main products formed from the oxidation of 

cyclooctene, as shown in Figure 5.15.  If autoxidation occurs then allylic products can be formed 

in an analogous manner to that found with cyclohexene (Figure 5.14, Section 5.5.3). 

 

 

 

 

 

 

Figure 5.15:  The three main products from the oxidation of cyclooctene (a) the epoxide, 

(b) trans-diol and (c) cis-diol.  Note: stereocentres of all the products have been 

excluded. 

 

At a glance the oxidation of cyclooctene appears simpler than for cyclohexene because it is less 

prone to autoxidation.  However, because there is less strain on the 8 membered carbon ring there 

are three possible isomers of the epoxide (S,S and R,R trans epoxide, S,R (or R,S) cis epoxide) and 

three isomers for the diol (R,S cis-diol; R,R and S,S trans diol) (Figure 5.16).  
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     cis- S,R     trans- S,S        and trans- R,R diol 

 

Figure 5.16:  The stereoisomers of cyclooctene oxide and cyclooctane-1,2-diol. 

 

Due to the lack of any chiral centre incorporated into the ligands synthesised in the current study, 

enantioselectivity of the catalytic oxidation can not be discussed.  The products formed are only 

described as geometric isomers, such as cis-epoxide or trans-epoxide.  
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5.6 The General Catalysis Experiment 

 

The general experiment in the present study consists of preparing the Fe(II) complex in situ by 

dissolving the ligand in acetonitrile under an inert atmosphere to which a stoichiometric amount of 

[Fe(OTf)2(CH3CN)2] (2 eq. for macrocycles, dinucleating ligands and 1 eq. for all other species) is 

added.  The alkene substrate is then added in vast (~ 1000 fold) excess and 10 equivalents 

(relative to the catalyst) of hydrogen peroxide (30 % v/v in H2O) in CH3CN were also added.  The 

reaction mixtures were stirred at room temperature overnight under an inert atmosphere (N2 or 

Ar).  All volatiles were removed under reduced pressure and the residue taken up in EtOAc and 

chromatographed down a 1 ml glass pipette with silica stationary phase.  Decane (1 mg) is added 

to the collected eluent as an internal standard and the mixture is gas chromatographed.  

 

Table 5.2 lists the products that can be formed from the alkene oxidations and their approximate 

retention times.∗  The response factor is the integrated current detected (peak area) from the 

product relative to that of the internal standard (decane) of known concentration.  Equal quantities 

of the internal standard and a product do not necessarily give the same area, but if the same 

detector is used then the response of one peak is proportional to the other. 

 

Table 5.2:  Approximate gas chromatograph retention times (min) of oxidation products 

and their response factors relative to the internal standard decane. 

 

Product Retention time (min) Response Factor  

decane (internal standard) 4.4 1.00 

cyclohexenol 2.6 0.81 

cyclohexenone 2.8 0.78 

cyclohexene oxide 2.2 1.00 

cyclohexene-3-hydroperoxide 5.1 1.7#  

1,2-cyclohexanediol 5.2 1.78 

cyclooctene oxide 6.5 1.12 

1,2-cyclooctenediol 9.6 1.45 

 

In the current study water was excluded from the reaction as much as possible.  The introduction 

of water to the system can result in hydrolysis of the epoxide to form the diol (Figures 5.4 and 

                                                 
∗ These will vary with differing GC conditions. 
# This thermally decomposes to the ketone and the alcohol. 
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5.5), so by excluding water from the experiment it can be determined more precisely whether the 

catalyst is producing the diol or if it is a fortuitous consequence of the work up methodology (i.e. 

hydrolysis of the epoxide).  Results obtained in the current study tend to favour the second 

hypothesis.  When the same catalyst was used under two different workup regimes two different 

gas chromatograms (Figure 5.17) of the reaction mixture were obtained.  The workup without 

additional water affords cyclooctene oxide exclusively, whereas when the reaction was worked up 

in accord with the procedure of Que et al.,97 either with or without derivatisation (addition of 

acetic anhydride), the yield of the epoxide decreased while that of the diol (or derivatised diol) 

increased.  These particular GC chromatograms were taken from the aerial oxidation of 

cyclooctene using the [Fe3O(O2CPh)6(py)2(OH2)]ClO4 described in Section 5.10. 
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Figure 5.17: Gas chromatographs of reaction products of the aerial oxidation of 

cyclooctene with [Fe3O(O2CPh)6(py)2(OH2)]ClO4; Top, aqueous work up 

without addition of acetic anhydride; Middle, aqueous work up with the 

addition of acetic anhydride; Bottom, no aqueous work up (Section 5.10). 
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5.6.1 Evaluation of the Catalytic Utility of [Fe(OTf)2(CH3CN)2] on the Oxidation of 

Cyclohexene and Cyclooctene 

 

Iron(II) triflate, [Fe(OTf)2(MeCN)2], was the preferred Fe(II) salt for the preparation of Fe(II) 

complexes in these catalysis experiments as it contains four weakly coordinating ligands that are 

labile and are rapidly substituted by the ligand of interest.  Moreover, [Fe(OTf)2(MeCN)2] has 

significant solubility in acetonitrile (the solvent in which these oxidations were performed).  The 

TONs were found to increase when iron(II) triflate was used rather than FeCl2.4H2O as the Fe(II) 

precursor in the formation of the complex with identical other ligands (Section 5.7).  

 

Control catalysis experiments were performed; in the absence of the metal complex catalyst no 

significant (« 1 TON) oxidative product formation was observed.  The addition of 

[Fe(OTf)2(MeCN)2] to the mixture resulted in some oxidation of the alkenes as illustrated in Table 

5.3.  

 

Table 5.3:  The efficacy of [Fe(OTf)2(CH3CN)2] on the catalytic oxidation of cyclohexene 

and cyclooctene with hydrogen peroxide. 

 

Substrate Product TON 

cyclohexene allylic peroxide 1.2 (± 0.2) 

cyclohexene allylic alcohol 0.3 (± 0.1) 

cyclohexene allylic ketone 0.7 (± 0.1) 

cyclooctene epoxide (cis) 1.7 (± 0.3) 

cyclooctene diol (mix) 0.7 (± 0.1) 

 

With cyclohexene, the combined TON was found to be 2.2 ± 0.4 and all oxygenated products 

were on the allylic carbon atom, whilst for cyclooctene the total TON was found to be 2.4 ± 0.2 

and the oxidation products were at the olefinic C = C double bond.  The TON with both alkenes 

are greater than 1 indicating that Fe(II) triflate exhibits some catalytic activity in the presence of 

H2O2.  
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5.7 Catalytic Activity of the Ferrous Phenoxy Macrocycle Complexes 

 

The catalytic utility of N2O2N3 heterodentate phenoxy macrocycle (M2) Fe(II) complex was 

compared to that of the two symmetrical N2O2N2 and N3O2N3 phenoxy macrocycle Fe(II) 

complexes (Figure 5.18).  
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Figure 5.18: N2O2N3 (M2) heterodentate macrocycle, N2O2N2 and N3O2N3 phenoxy 

macrocycles. 

 

A typical experiment involved preparing the ferrous macrocyclic complex in situ.  In the initial 

experiments FeCl2.4H2O was used with cyclohexene as the substrate.  The Fe(II) complex with 

the heterodentate macrocycle complex (M2) gave a TON of 2.5 for the formation of the allylic 

peroxide from cyclohexene (autoxidation).  The system exhibited catalytic behaviour but the 

integrity of the catalyst was unsustainable.  This TON appears unimpressive until it is compared to 

the TONs afforded on the same substrate by the N2O2N2 and N3O2N3 symmetrical macrocyclic 

Fe(II) complexes where, in both instances, they failed to generate catalytic turnovers.  When 

Fe(II) triflate was employed rather than FeCl2 the turnovers for all three systems were seen to 

increase significantly, as shown in Table 5.4.  In that Table, comparison is also made to the 

catalytic behaviour of the complexes of several open analogues of general “SALEN” like structure 

(Figure 5.19) that are mononuclear:  The ligands were specifically chosen to represent the separate 

coordination pockets of the macrocyclic ligands.   
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Figure 5.19: Open analogues of the macrocyclic ligands. 
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Table 5.4:  Catalytic efficiency of mono- and dinuclear Fe(II) complexesa on cyclohexene. 

 

Ligand  

 

 

TON 

 

 

 

TON 

 

 

 

TON 

Total TON 

N2O2N3 2.8 3.4 1.3 7.5(± 0.6) 

N2O2N2 2.1 1.3 <0.5 3.4 (± 0.1) 

N3O2N3 2.3 1.1 <0.5 3.4 (± 0.4) 

N3O2 <0.5 <0.5 <0.5  

salen <0.5 <0.5 <0.5  

Im2O2 <0.5 <0.5 <0.5  

ArN2O2 <0.5 <0.5 <0.5  

Nim2O <0.5 <0.5 <0.5  

Nam2O <0.5 <0.5 <0.5  
a All complexes were prepared in situ by reaction of the ligand with [Fe(OTf)2(CH3CN)2] in CH3CN under N2.  

 

OH O O
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Table 5.5: Catalytic efficiency of mono- and dinuclear Fe(II) complexesa,b on 

cyclooctene. 

 

 

Ligand 

 

 

 

TON 

 

Total TON 

N2O2N3 6.7 6.7 (± 0.2) 

N2O2N2 3.9 3.9 (± 0.6) 

N3O2N3 4.4 4.4 (± 0.3) 

N3O2 <0.5  

salen <0.5  

Im2O2 <0.5  

ArN2O2 <0.5  

Nim2O <0.5  

Nam2O <0.5  

 

a All complexes were prepared in situ by reaction of the ligand with [Fe(OTf)2(CH3CN)2] in 

CH3CN under N2.  
b  In this Table the term epoxide refers exclusively to the cis-epoxide. 

 

Under the conditions employed none of the open analogue complexes (Figure 5.19) exhibited any 

appreciable catalytic activity with either cyclohexene or cyclooctene despite reports of similar Mn 

complexes (specifically Jacobsen’s catalyst) exhibiting catalytic activity.9,15,18-20,26-31,34,35,76,123,128-133  

 

The nature of the above ligands (Figure 5.19) is such that on coordination the ligand will occupy 

all the equatorial metal coordination sites102,108,134 leaving vacant axial positions.  These sites are 

too distant for the formation of a “Fe···O-O” transition state as postulated by Que97,99,102,107,108 and 

shown in Figure 5.20.   

 

The Fe complexes with the open N3O2 and N2O2 ligands represent the two coordination pockets of 

the heterodentate macrocycle (M2, N2O2N3).  Their lack of catalytic activity (Tables 5.4 and 5.5) 

suggests that with these coordination motifs (i.e. N2O2 or N3O2) two Fe centres are required.  Such 

behaviour is consistent with the argument that two Fe2+ ions can accommodate a two electron 

process far more efficiently than one Fe2+ ion, because the electrons can be shared across both Fe 

centres as is done upon O2 binding to haemerythrin.  
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On this basis the oxidation should not proceed via FeIV=O , (OH)FeV=O or FeIII - η2-OOH 

intermediates (Figures 5.11 and 5.20)97,99,102,107,108 in reactions catalysed by the heterodentate 

macrocycle (M2) complex because the open analogues would be expected to be active as well; 

unless these coordination motifs are stabilised by proximity to the second Fe in the complex.  

 

FeIV

L

L L

L

O

L

FeV

L

L OH

L

O

L

FeIII

L

L OH

L

O

L  
 

Figure 5.20:  Diagrammatic representation of FeIV=O, (OH)FeV=O and  

FeIII - η2 -OOH proposed binding motifs.97,99,102,107,108 

 

Focussing for now on the catalytic utility of the three macrocyclic complexes (M2 ; N3O2N3 and 

N2O2N2; Figures 5.18 and 5.19) prepared from [Fe(OTf)2(CH3CN)2], it can be seen that the 

heterodentate N2O2N3 macrocyclic complex has significantly greater overall catalytic efficacy 

than either of the symmetric N2O2N2 or N3O2N3 macrocyclic complexes with both cyclohexene 

and cyclooctene.  Further, the allylic peroxide is not observed as an oxidation product of 

cyclohexene in experiments carried out with either of the symmetric macrocyclic complexes, but 

has a TON of 1.3 with the heterodentate N2O2N3 complex.  Another significant difference between 

Fe2M2 (N2O2N3) and the symmetric macrocyclic complexes is the large increase in allylic ketone 

found in the former relative to the allylic alcohol.  Both of the symmetric macrocyclic complexes 

give rise to twice the amount of allylic alcohol as allylic ketone, whereas Fe2M2 gives more 

allylic ketone than alcohol.  The TONs of the oxidation products formed for the oxidation of 

cyclohexene are shown graphically in Figure 5.21. 
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Figure 5.21:  Total catalytic activity (TON) and reaction products of phenoxy bridged 

macrocyclic complexes [Fe2(M2)], [Fe2(N3O2N3)] and [Fe2(N2O2N2)] with 10 

equivalents of H2O2 with cyclohexene (data from Table 5.4). 

 

According to Tong’s simplified mechanistic pathway123 (Figure 5.12) the lack of allylic peroxide 

in the oxidations catalysed by the symmetric macrocycles N2O2N2 and N3O2N3 indicates that if the 

procedure occurs via Step 1 the allylic peroxide is rapidly converted into the other products via 

Step 3.  Using the Haber-Weis model (Figure 5.13) the reaction is proceeding via initiation Steps 

(a) and (b), propagation Step (c) and termination Step (f).  Such a pathway can account for the 

formation of more allylic alcohol than allylic ketone, that according to Tong’s model should have 

been equally abundant or, if Step 4 was also involved, yielded more ketone than alcohol.  The lack 

of epoxide or diol as oxidation products indicates that Step 2 in Tongs pathway is not a 

contributing factor.  

 

Despite giving higher overall turnover numbers, the observation of the allylic peroxide as a 

product indicates that the heterodentate macrocyclic (M2) complex must stabilise the allylic 

peroxide intermediate and retard Step 3 (Figure 5.12).  The allylic alcohol and ketone are formed 

in approximately equal amounts suggesting that Step 3 is the preferred pathway (Step 4 may be a 

minor contributor as there is a slight excess of ketone).  Thus, put simply, the [Fe2(M2)] complex 

catalyses Step 1 more rapidly than the symmetrical macrocycle complexes, but the subsequent 

conversion (via Step 3) to allylic alcohol and ketone is slowed relative to the symmetric 

macrocyclic complexes.  
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The products formed when cyclohexene is oxidised with the phenoxy macrocyclic complexes as 

catalyst suggest that this is an autoxidative process.  The [FeII
2(M2)] complex is sensitive to O2, as 

illustrated by the isolation and crystallisation of the Fe(III) complex (Section 4.3.5) and the air 

sensitivity of similar complexes reported by Okawa.135-137  It is believed that Fe3+ has the ability to 

catalyse hydrogen abstraction, initiating the radical processes of autoxidation. 120,121,138-140   

 

For cyclooctene the oxidation is far more chemoselective but the reaction is less sustainable than 

for cyclohexene.  A comparison of the catalytic behaviour of the three macrocyclic complexes 

with cyclooctene is shown as Figure 5.22.  In all cases the epoxide was the sole reaction product.  

The heterodentate macrocycle [Fe2(M2)] complex exhibited 50 % greater turnover efficiency than 

either of the symmetrical macrocycle complexes which afforded turnovers within 12 % of each 

other.  The overall TON of 6.7 (from a maximum possible value of 10) for [Fe2(M2)] indicates 

that it is a useful catalyst being both selective and affording significant catalytic turnover 

efficiency.  

 

The formation of cyclooctene oxide with all three macrocyclic complexes indicates that the 

oxidation of cyclooctene is not occurring via H- atom abstraction (autoxidation) as no allylic 

products were detected.  The difference in observed behaviour for the macrocyclic complexes 

with cyclohexene and cyclooctene reflects the inherent oxidative preferences of the starting alkene 

rather than being biased by the choice of catalyst. 
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Figure 5.22:  TONs of cyclooctene oxide formation catalysed by Fe2 phenoxy macrocyclic 

complexes (data from Table 5.5). 
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The axial positions of the N3O2N3 macrocyclic complex may be blocked by the macrocycle 

backbone preventing formation of the μ-1,2 peroxo bridge (Figure 5.23).  If this mode of oxygen 

binding is not a requisite for oxidation, then the open analogues would be expected to have 

significant catalytic activity. 
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Figure 5.23:  [Fe2(N3O2N3)] macrocycle Fe complex showing the axial positions blocked 

not allowing O2 binding in a μ-1,2 motif.  

 

This is further supported by the total TONs observed for [Fe2(M2)] and [Fe2(N3O2N3)] where the 

latter affords TONs between 50 and 65 % of [Fe2(M2)].  When [Fe2(N3O2N3)] forms it has an 

equal chance of forming the trans or the cis form so it can be proposed that the trans form is 

catalytically inactive whilst the cis form is active.  These results suggest that not only are two Fe 

ions required for activity but that active oxygen species is the bridging μ-1,2-O2
2- motif, as any 

other mode of oxygen binding such as terminal peroxo (Fe-OOH in the case of hydrogen 

peroxide) or ferryl (Fe=O) the catalytic activity for [Fe2(M2)] and the [Fe2(N3O2N3)] should be the 

same.  

 

This proposal does not account for the lowered activity of [Fe2(N2O2N2)] (relative to [Fe2(M2)]) in 

which the macrocycle should occupy four equatorial positions about the Fe.  The incoming O2
2- 

group will have greater access to the Fe centres in [Fe2(N2O2N2)] with four axial positions 

available for peroxide coordination to the two Fe centres (Figure 5.24).   
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Figure 5.24:  Less restricted O2 access to the Fe coordination spheres in [Fe2(N2O2N2)]. 

 

In haemerythrin the binding of O2 is terminal end-on and is stabilised by hydrogen bonding to the 

proton of the hydroxo bridge between the two Fe centres.141-143  A similar stabilisation of the 

peroxo coordination could occur in these systems except the bridging OH···O2
2- H- bond 

interaction is replaced by a NH···O2
2- H- bond from the axial NH donor of the (M2) and (N3O2N3) 

macrocycles (Figure 5.25).  For [Fe2(M2)] the more open O2 binding site is also favoured by the 

formation of NH···O2 interactions.  
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Figure 5.25: Potential NH···O2 H-bond stabilisation of a terminally bound O2
2- ligand.  

 

On the basis of the NH···O2
2- stabilisation argument, the trans form of [Fe2(N3O2N3)]  must be the 

catalytic species as the cis- isomer lacks any hydrogen bonding potential (Figure 5.25).  The cis 

species may still be active as [Fe2(N2O2N2)] exhibits catalytic turnovers for the activation of 

peroxide for the oxidation of the olefins.  It can be argued that [Fe2(N2O2N2)] is not actually 
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catalytic but may just be stoichiometric. There are four oxygen binding sites on [Fe2(N2O2N2)] and 

the catalyst generates a TON of 3.9 ± 0.6. 

 

5.7.1 Catalytic Activity of Multidentate Carboxylate Schiff Base Fe Complexes 

 

Due to the fact that the active site of mononuclear NHIO enzymes contains an Fe bound to two 

histidine N-donors and carboxylate O-donors (e.g. Asp) (see Figure 1.8.1) a series of ligands 

(Figure 5.26) were synthesised and their Fe(II) complexes formed in situ.  The benzoic acid 

residues in these complexes more closely relate to the carboxylate groups of the NHIO enzymes 

than do the phenoxy moieties of the ligands in Figure 5.19. 
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Figure 5.26:  Multidentate carboxylate Schiff base ligands. 
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Table 5.6:  Comparison of the catalytic turnovers of [Fe2(N2O2N3)] and monomeric Fe(II) Schiff base complexes containing carboxylato groups. 

 

Ligand Product TON Product TON Product TON Total TON 

Cyclohexene        

M2 (N2O2N3) 

 

2.8 

 

3.4 

 

1.3 7.5 (± 0.6) 

2NIm-2OOH 0.6 0.9 3.5 5.0 (± 0.8) 

2N,2OOH 0.7 1.0 3.6 5.3 (± 0.7) 

3N,2OOH 1.1 1.5 4.5 7.1(± 1.0) 

Cyclooctene        

M2  6.7     6.7(± 0.2) 

2NIm-2OOH 2.7     2.7 (± 0.7) 

2N,2OOH 3.0     3.0 (± 0.6) 

3N,2OOH 1.6     1.6(± 0.9) 

 

OH O O

OH
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All three of the Fe(II) complexes of the ligands shown in Figure 5.26 exhibited catalytic activity 

with TONs greater than one (Table 5.6).  In all cases when cyclohexene is the substrate the allylic 

peroxide is the dominant product accounting for 67 % of the total oxidation product.  The allylic 

ketone and the allylic alcohol account for the remaining 33 % of the total and are found in a 3 : 2 

ratio.  This indicates that these complexes catalyse hydrogen atom abstraction  (Step 1 of the 

pathway proposed by Tong123 (Figure 5.12, Section 5.5.3) far more efficiently than any 

subsequent steps, as the ketone and the alcohol in those quantities could arise from decomposition 

of the peroxide.  

 

Of the three mononuclear Fe(II) complexes examined, that with the diethylenetriamine Schiff base 

dicarboxylate was found to have the greatest activity with cyclohexene (TON = 7.1 ± 1.0).  The 

ethylenediamine Schiff base dicarboxylate and phenylenediamine Schiff base dicarboxylato 

complex were found to have almost identical catalytic behaviour (the values are the same within 

the experimental uncertainties), indicating the increased steric bulk of the phenyl ring and any 

electronic differences are negligible in affecting complex catalytic activity.   

 

With cyclooctene, all three metal complexes afforded cyclooctene oxide as the sole oxidation 

product.  In this case the ethylenediamine Schiff base dicarboxylate complex was found to have 

the greatest activity.  Exchanging the oxygen donor of the open analogue ligands from phenoxy to 

carboxylato saw an increase in the catalytic activity for the metal complexes, as the former did not 

exhibit catalytic activity.  Nevertheless, all of the mononuclear complexes remained less active 

than the [Fe2(M2)] heterodentate macrocyclic complex.  

 

It is noteworthy that Martell and coworkers144 used the N3O2N3 ligand and FeCl2 under GIF 

reaction conditions (reducing agent, H2S, pyridine and acetic acid, O2) to catalytically oxidise 

adamantane to afford adamantanol and adamantanone.  

 

5.8 Heterodentate macrocycles of Type M1 

 

The same approach as described in Section 5.7 was adopted for the Fe2 complexes of the para and 

meta substituted macrocycles (M1) (Figure 5.27); these lack a bridging donor atom incorporated 

into the macrocycle.  Iron(II) complexes of open analogue and symmetrical macrocycle ligands 

(shown in Figure 5.28) are included for comparison.  The results of the catalytic experiments are 

tabulated in Tables 5.7 and 5.8. 
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Figure 5.27:  Heterodentate macrocycles of type M1. 
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Table 5.7:  The catalytic oxidation of cyclohexene with the FeII
2 heterodentate 

macrocyclic complexes of M1 (m-aryl/pyr , p-aryl/pyr) and comparison with 

symmetrical FeII
2 macrocyclic complexes and a number of open mononuclear 

Fe analogues.  

 

Ligand TON 

 

 

TON 

 

TON 

 

 

Total TON 

m-aryl 1.1 2.0 3.3 6.4 (± 0.5) 

m-aryl  a 1.8 2.7 4.6 9.1 (± 0.2) 

p-aryl 2.1 2.0 2.7 8.1 (± 0.4) 

m-pyr 6.2 2.8 <0.5 9.0 (± 0.2) 

p-pyr 5.5 4.4 <0.5 9.9 (± 0.1) 

     

SYM(M) 1.0 1.6 2.3 4.9 (± 0.5) 

SYM(P) 0.9 1.6 2.4 4.9 (± 0.6) 

3N-2pyr <0.5 <0.5 <0.5  

2N-2pyr <0.5 <0.5   

1,3-Im-Quin <0.5 <0.5   

1,3-Im-Py 3.7 3.1 <0.5 6.8 (± 1.1) 

a Result when tert-butanol was added as a radical trap.145-148  

 

 

 

OH O
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Table 5.8:  The catalytic oxidation of cyclooctene with the heterodentate macrocyclic 

complexes of m-aryl/pyr , p-aryl/pyr and comparison with a number of open 

analogues and symmetrical macrocyclic complexes.  

 

Ligand 

 

TON 

(% cis-epoxide) 

 

TON 

(% cis-diol) 

Total TON 

m-aryl 2.8 (62%) 1.1 (72%) 3.9 (± 0.3) 

m-aryl  a 3.1 (62%) 2.7 (80%) 5.8 (± 0.2) 

p-aryl 6.5 (69%) <0.5 6.5 

m-pyr 8.8 (68%) 0.5 (50%) 9.3 (± 0.1) 

p-pyr 9.9 (82%) <0.5 9.9 (± 0.1) 

SYM(M) 3.0 (77%) 0.5 (50%) 3.5 (± 0.3) 

SYM(P) 3.2 (75%) <0.5 3.2 (± 0.3) 

3N-2pyr <0.5 <0.5  

2N-2pyr <0.5 <0.5  

1,3-Im-Quin <0.5 <0.5  

1,3-Im-Py <0.5   

a Result when tert-butanol was added as a radical trap.145-148 

 

Of the open analogue complexes only the Fe complex with 1,3-Im-Py (Figure 5.28) exhibited any 

catalytic activity, which was only observed with cyclohexene suggesting that this complex 

facilitates autoxidation.  Surprisingly, the 2N-2pyr and the 3N-2pyr (Figure 5.28) Fe complexes 

did not aid in product formation, especially given the close structural similarity of 2N-2pyr to 

BPMEN (Figure 5.8) (differing only by the addition of a methyl group on each N) whose Fe 

complex was reported by Oldenburg and Que113 to have a TON for the oxidation of cyclooctene of 

8.4.   

 

2N-2pyr has three possible modes of binding to an octahedral metal (cis-α, cis-β and trans).102,134  

If it coordinates in the trans manner the oxidation of alkenes by hydrogen peroxide should not 

occur, because the peroxide can not bind either in a bidentate mode or be stabilized by hydrogen 

bonding to a bound hydroxide in an adjacent coordination site (the proposed intermediate in the 

formation of the FeIV=O species)99 as these sites are occupied by the ligand.   

 

O

OH

OH
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By altering the reaction conditions Que et al.99 were able to manipulate the topology of the 

BPMEN ligand about the metal centre; when BPMEM is reacted with [Fe(OTf)2(CH3CN)2] in 

CH3CN, BPMPM adopts the trans coordination topology.  These reaction conditions are identical 

to those carried out in the present study. 

 

Figure 5.29 shows graphically the catalytic activity of all the Fe2 M1 macrocyclic complexes on 

cyclohexene with hydrogen peroxide. 
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Figure 5.29:   Catalytic activity and product distribution of the Fe2 heterodentate 

macrocycle (M1) complexes and their symmetric macrocycle analogues with 

cyclohexene (data from Table 5.7). 

 

When the substrate is cyclohexene the two symmetrical macrocyclic (SYM(M) and SYM(P)) 

(where M indicates a meta phenylene spacer and P a para phenylene spacer) Fe2 complexes afford 

almost identical activity, with respect to both total TON (~ 4.9) and product distribution.  In each 

case the major product is the allylic peroxide which accounts for almost 50 % of the total 

oxidation product indicating that Step 1 is the most rapid step in the overall pathway.  There is 

more allylic ketone formed than allylic alcohol indicating that both Steps 3 and 4 of Tong’s 

mechanistic pathway123 may be operating.  

 

The N-benzyl (aryl) heterodentate macrocycle complexes exhibit greater catalytic activity than 

complexes of the symmetrical (non-functionalised) macrocycles with TONs of in excess of 6.  

The major oxidation product is in both cases the allylic peroxide, but there is a distinct difference 
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in their behaviour.  The para macrocyclic complex exhibits greater overall turnovers and a more 

equitable distribution of products than the meta macrocyclic complex. For the latter, the allylic 

peroxide accounts for over 50 % of the total oxidation products compared to ~ 40% in the para 

macrocyclic complex.  For the para macrocyclic complex there are equal amounts of allylic 

ketone and alcohol formed, consistent with the process moving exclusively through Step 3.  In 

contrast, the meta substituted macrocyclic complex gives rise to almost twice the quantity of 

ketone as alcohol.  This suggests that for the meta substituted macrocyclic complex both Steps 3 

and 4 occur and that Step 4 is a significant factor in the overall mechanism.  

 

The Fe complexes of the pyridyl substituted heterodentate macrocycles gave the greatest turnover 

efficiency of all the complexes listed in Table 5.7 with TONs of 9.9 and 9.0 for the para and meta 

phenylene linked species, respectively.  In both cases no allylic peroxide was found as an 

oxidation product.  The major product in both cases was the allylic alcohol, but there was a 

relatively greater contribution of the allylic ketone with the para spaced macrocyclic complex than 

found with the meta spaced macrocyclic complex.  The presence of both products shows that 

according to Tong’s model the process follows Step 3, but according to the Haber-Weis model the 

initiation steps (a) and (b) and termination step (f) dominate.   

 

When the data in Table 5.7 are collectively examined it can be seen that the nature of the linker 

plays a secondary role in the catalytic activity of the macrocyclic complex towards cyclohexene.  

More important is the nature of the functional group bound to the ethylenediamine N atoms.  The 

methylpyridyl functionalised complexes not only gave greater catalytic turnover but the reaction 

was cleaner as well.  

 

The methylpyridyl substituted macrocycles are likely to coordinate their four N donors in the cis-

α topology because of the steric bulk of the macrocycle backbone.  This is in agreement with the 

anecdotal observations of Que and coworkers102 that the cis- topology is required for catalytic 

activity.   

 

These results suggest that the positioning and the functionality instilled onto the ligands has an 

effect on the catalytic ability of the complexes.  These effects are exaggerated when cyclooctene is 

used.  The results for cyclooctene are shown in Figure 5.30. 
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Figure 5.30:  Catalytic activity and product distribution of the Fe2 heterodentate 

macrocycle (M1) complexes and their symmetric macrocycle analogues with 

cyclooctene (data from Table 5.8). 

 

The symmetrical macrocyclic complexes afforded a different product distribution when 

cyclooctene was the substrate; the Fe complex with SYM(M) formed cyclooctene oxide with a 

TON of 3.0 and cyclooctane diol with a TON of 0.5, whilst the analogous SYM(P) complex 

formed cyclooctene oxide exclusively with a TON of 3.2.  This contrasts the observed behaviour 

with cyclohexene where hydrogen abstraction (autoxidation) is the predominant reaction pathway 

and both complexes gave near identical product distribution and TONs.  

 

The production of cyclooctane diol with the {Fe(SYM(M))} complex that is not seen with  

{Fe (SYM(P))} suggests that for the symmetrical macrocycles there may be a cooperative process 

between the Fe centres in the SYM(M) complex that is absent in the SYM(P) species.  Formation 

of the diol does not have to involve the epoxide as an intermediate, so the SYM(M) complex is 

either catalysing formation of the diol by a completely different reaction pathway to the SYM(P) 

complex, or it is facilitating hydrolysis of the epoxide intermediate.   

 

Both macrocycles should adopt a meridional N3 coordination topology about the iron (the X-ray 

crystal structure of the Cu SYM(P) complex has meridional N3 coordination on a square 

pyramidal Cu2+ ion (see Figures 4.9 and 4.12) so one might expect similar catalytic behaviour for 

the meta and para macrocyclic complexes if the determining factor is the coordination motif about 

the metal ions in accord with Que’s102 arguments on these factors for Fe complexes with 
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tetradentate ligands.  Moreover, if the coordination motif controlled the catalytic activity then the 

Fe SYM(P) complex would be expected to exhibit greater catalytic activity as the metal 

coordination sphere should be less hindered by the aromatic spacer groups, allowing easier access 

for the hydrogen peroxide and alkene.  

 

The heterodentate macrocyclic (M1) Fe complexes generate greater overall turnover numbers than 

their symmetrical counterparts.  In both the benzyl and methylpyridyl heterodentate macrocyclic 

complexes the meta phenylene bridged species gives both cyclooctene oxide and cyclooctane diol, 

with the epoxide in significantly greater quantities.  In contrast, the para phenylene macrocyclic 

complexes give exclusively cyclooctene oxide.  The overall TONs are greater with the para 

phenylene bridged species than the meta species, in accord with expectations on the basis of a 

more accessible metal coordination sphere.  The Fe complexes with M1-m-aryl gave the lowest 

overall turnovers of the heterodentate macrocycles, but afforded the greatest yield of diol.   

 

The N-methylpyridyl functionalised heterodentate macrocycles afforded the greatest TON of all 

the species listed in Table 5.8.  The N4 moiety in M1-p-pyr and M1-m-pyr can only adopt the cis-

α topology because of the presence of the macrocycle backbone and the superior activity is in 

accord with the observations of Que and coworkers99 that this topology results in maximum 

catalytic activity (Figure 5.30).  The similar size of the benzyl and methylpyridyl groupings 

should (in the absence of metal coordination) afford similar steric hindrance to incoming groups 

such as the substrate and oxidant, yet the pyridyl complexes exhibited 50 – 100 % enhanced 

activity.  This reinforces the notion that the cis-α N4 coordination motif is the engine that drives 

the oxidation of cyclooctene.  
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Figure 5.31: Proposed coordination motif of M1-p-pyr showing the N4 coordination 

pocket on the left and the N3 coordination pocket on the right.  Other 

coordination positions are left vacant.  
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Formation of the diol solely by the meta forms of the macrocycles implies that this step in the 

process requires cooperation between the two metal centres.  One plausible explanation for the 

difference in this behaviour is the potential formation of a µ-1,2-O2
2- (or HOO-) bridge (Figure 

5.32) between the iron centres in the meta macrocyclic complexes.  Such a bridging mode is not 

possible for their para counterparts due to their longer Fe - Fe distances, which on the basis of the 

Cu - Cu distance in the Cu2SYM(P) complexes (Figures 4.9 and 4.12), will be of the order of 7 Å.  

This result suggests that the two different types of macrocycles (meta vs. para) may use differing 

mechanisms.  
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Figure 5.32:  Proposed mechanistic difference for the (a) para and (b) meta macrocycles in 

formation of oxidation products of cyclooctene.  Note: The stereocentres on 

the Fe are not necessarily representing the ligand coordination. 
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In order to evaluate the presence of hydroxyl radicals in the oxidative process, duplicate 

experiments were carried out for the catalytic oxidation of cyclooctene by M1-m-aryl in which 

tert-butanol was added as a radical scavenger.145-148  A comparison of the product distribution and 

TONs in the presence and absence of tBuOH is shown pictorially as Figure 5.33.  
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Figure 5.33:  Effect of addition of tBuOH on the catalytic oxidation of cyclooctene by  

M1-m-aryl (data taken from Table 5.8).  

 

The formation of cyclooctene oxide increases by ~ 10% in the presence of tBuOH.  This nominal 

increase is completely overshadowed by the 2.5 fold increase in cyclooctane diol formation with 
tBuOH (Table 5.8 and Figure 5.33).  This implies that formation of the epoxide is not via a radical 

pathway (as the radical trap would lessen the TONs for epoxide if this were the case), and that the 

presence of radicals in the reaction mixture may actually hamper the reaction (certainly the 

formation of the diol), or deactivate the catalytic species.  

 

In terms of applying these complexes as catalysts, M1-m-aryl affords a high relative yield of diol 

but with lower overall turnovers than the other catalysts.  Epoxide is also formed, so separation of 

the products would be required.  Where only the epoxide is desired, M1-p-pyr is clearly the 

optimal catalyst of those examined here, affording only the epoxide with the highest turnovers all 

species examined in the current study. 
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5.9 Non-Haem Iron Oxidase Enzyme Model Complexes 

 

One minor failing of Que’s complexes, despite their success in facilitating catalytic oxidation of 

alkenes, is they do not replicate the coordination donor environment of NHIO enzyme active sites 

(Figure 5.34).  Our attempt to address this problem involved the synthesis of the 4 tripodal amine 

ligands shown in Figure 5.35; these ligands contain a combination of N and O donors and may be 

classed as heteroleptic tripodal tetradentate ligands or heteroscorpionates.    

 

The ligands were made by consecutive reductive amination and / or N-alkylation reactions starting 

with 2-aminomethylpyridine, 2-carboxybenzaldehyde, salicylaldehyde and 2-methylchlorobenzoic 

acid.  The desired ligands were made by altering reaction stoichiometries and isolating 

intermediate secondary amines.  The picolylbisphenol ligand dppa149 and bispicolylbenzoic acid 

ligand bdpa150 have been previously reported. 

 

 

 

 

 

 

 

 

 

Figure 5.34: Pictorial representation of the generic active site of NHIO enzymes. 
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Figure 5.35: Tripodal ligands based on tri(methylpyridyl)amine TMPA with carboxylate 

and / or phenol functionality prepared in the present study. (Key: dppa = 

diphenoxypicolylamine, pbpa  = phenoxybenzoatopicolylamine, dbpa = 

dbenzoatopicolylamine, bdpa = benzoatodipicolylamine). 

 

5.9.1 [Fe2Cl2(pbpa)2] 

 

The reaction between FeCl2 and pbpaH2 in methanol in air affords a deep purple solution from 

which a purple / violet solid precipitates.  Crystals suitable for X-ray diffraction were grown by 

vapour diffusion of CH3CN into a DMF solution of the complex.  The complex crystallises as a 

dimer in which each of the two Fe(III) ions are bound to one pbpa ligand, and a terminal chloro 

ligand.  The benzoato arm of each pbpa ligand bridges the two Fe(III) ions in a syn-anti fashion.  

The remaining donors of pbpa bind as terminal ligands to one Fe(III) (making it tetradentate) 

creating 5 (pyridyl), 6 (phenoxo) and 7 (benzoato) membered chelate rings about the Fe.  Four 

dinuclear molecules make up the monoclinic (C2/c) unit cell, which also contains two acetonitrile 
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solvates.  An ORTEP plot of [Fe2Cl2(pbpa)2] is shown as Figure 5.36, and that of the asymmetric 

unit with atomic numbering is shown as Figure 5.37.  Details of the X-ray crystal structure are in 

the file CJE20.cif (Appendix 1.20). 

 
Figure 5.36: ORTEP plot of [Fe2Cl2(pbpa)2] showing 50% thermal ellipsoids. 
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Figure 5.37: ORTEP plot of the asymmetric unit of [Fe2Cl2(pbpa)2] showing 50 % 

thermal ellipsoids with atomic numbering. 

 

The syn-anti carboxylato bridging motif adopted by the benzoato groups of the pbpa ligands is 

analogous to that reported by Hemmert et al.150 for the Fe(II) bdpa complex.  In that case the axial 

position on each Fe was occupied by a methanol ligand.  The Fe···Fe distance in [Fe2Cl2(pbpa)2] is 

longer at 4.96 Å than Hemmert et al.150 found for the Fe(II) bdpa complex at 4.61 Å which is 

interesting as the ionic radius of high spin Fe(III) is smaller than high spin Fe(II).  An even greater 

disparity in the Fe···Fe distance is found to that in  

[{Fe(TMPA)}2(μ-OAc)2]2+ of 4.29 Å reported by Menage et al.151 also with ferrous Fe, but in that 

case the bridging carboxylato group was not part of the heteroscorpionate ligand.  

 

The charge balance of [Fe2Cl2(pbpa)2] indicates that both Fe ions are in the ferric oxidation state, 

and therefore exposure to air resulted in the oxidation of Fe(II) to Fe(III).  It is therefore of interest 

to examine the redox chemistry of [Fe2Cl2(pbpa)2].  Cyclic and differential pulse voltammograms 

of [Fe2Cl2(pbpa)2] in acetonitrile with NBu4PF6 as supporting electrolyte are shown in Figure 5.38.  

The complex exhibits a quasi reversible Fe(III)  Fe(II) reduction at - 413 mV (vs. Ag/AgCl).  
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Figure 5.38: Cyclic Voltammogram (blue) and Differential Pulse Voltammogram (red) 

(100 mV/s) of [Fe2Cl2(pbpa)2] in CH3CN with 0.1 M NBu4PF6 as supporting 

electrolyte (scale mV vs. Ag/AgCl). 

 

Yamahara et al. 152 found E½ (FeIII/FeII) for [FeCl2(pdpa)], where pdpa refers to the 

heteroscorpionate amine ligand bearing one phenoxo and two picolyl donors, to be -108 mV in 

DMF vs. Ag/AgCl.  The shift to more negative potential indicates that the ferric oxidation state is 

stabilised in [Fe2Cl2(pbpa)2] relative to [FeCl2(pdpa)] where the tripod ligand has fewer O- donors. 

Similarly, Viswanathan et al.153 observed an irreversible Ep at -567 mV vs. Ag/AgCl for the 

monomeric Fe(III) complex of a similar ligand bearing phenolate and picolyl arms. 

 

The magnetic properties of [Fe2Cl2(pbpa)2] were also investigated.  The complex as a powder was 

EPR silent at room temperature.  The magnetic susceptibility of the complex was determined in 

the temperature range 2 – 300 K.  Plots of the temperature dependence of the molar susceptibility, 

(χM), χMT and effective magnetic moment of [Fe2Cl2(pbpa)2] are shown as Figures 5.39, 5.40 and 

5.41.   
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Figure 5.39: Plot of χM (per Fe(III)) vs. temperature for [Fe2Cl2(μ-pbpa)2], (□).  The solid 

line is the best-fit calculated plot, for a S = 5/2 dimer, using the parameters 

given in the text. 
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Figure 5.40: Plot of χMT (per Fe(III)) vs. temperature for [Fe2Cl2(μ-pbpa)2] (O). The solid 

line is the best-fit calculated plot, for a S = 5/2 dimer, using the parameters 

given in the text. 
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Figure 5.41: Temperature dependence of the effective magnetic moment (Bohr 

Magnetons) of [Fe2Cl2(pbpa)2]. 

 

This doubly benzoate-bridged Fe(III) complex containing the heteroleptic TMPA derivative, pbpa, 

and terminal Cl groups, shows a χMT vs. T dependence (Figure 5.40) typical of weakly, 

antiferromagnetically coupled S = 5/2 centres.154  The value of χMT at 300 K, of 3.6 cm3 mol-1 K 

(μeff  = 5.37 μB), is reduced from 5.92 μB because of this antiferromagnetic coupling.  The 

ubiquitous ‘monomer impurity’ is responsible for the values at 0 K not being zero, expected for a 

S = 0 ground state, and this is seen in the χM plot (Figure 5.39), where below 10 K, the χM values 

increase in a Curie manner (for S = 5/2 monomer), thus making the expected maximum154 in χM 

appear as a shoulder at ~18 K.  The fit to a S = 5/2 dimer model (using the Hamiltonian  

-2JS1.S2) is very good for the following parameter set; g = 1.88, J = -2.12 cm-1, % monomer = 

4.33.   

 

The J value is typical of carboxylate-bridged Fe(III) compounds151 and is sufficiently small that at 

higher temperatures all of the excited states are thermally populated.  This is evidenced in Figure 

5.41 where at temperatures above 150 K the effective magnetic moment for the dimer plateaus at 

~ 7.5 Bohr Magnetons.  Figure 5.42 shows the energy levels of a S = 5/2, 5/2 dimer.  The S = 5 

state for [Fe2Cl2(pbpa)2] is ~ 760 J mol-1 higher in energy than the ground state, which is less than 

RT (1250 J mol-1) at 150 K indicating significant population.  
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Figure 5.42: Energy level diagram for the energy states of a high spin FeIII
2 dimer (ST = 

spin state, E(ST) = energy of spin state).  

  

The reaction between pbpa and [Fe(OTf)2(MeCN)2] was also carried out.  It was hoped that the 

weakly coordinating anion triflate may permit formation of a Fe=O ferryl grouping.  The solution 

took on the same deep purple colour as observed with FeCl2, but no crystals have been obtained 

from solution.   

 

The other three ligands shown in Figure 5.35 were not prepared in sufficient quantities to permit 

crystal growth of the Fe complex and subsequent investigations; all materials were used solely for 

the in situ preparation of catalysts.   

 

5.9.2 2-Quinolin-8-yliminomethylphenol (qimp) Complexes 

 

The range of TMPA based ligands was extended to include 8-aminoquinoline rather than 2-

methylpyridine arms.  The Cu and Fe complexes of 2-quinolin-8-yliminomethylphenol (qimp) 

(Figure 5.43) were also prepared.   
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Figure 5.43: 2-Quinolin-8-yliminomethylphenol (qimp). 

 

Reaction of [Cu2(OAc)4] with 2-quinolin-8-yliminomethylphenol and NaClO4 afforded an orange 

solution from which green/yellow needle like crystals of [(Cu(qimp)}2(μ-OAc)]ClO4 were 

obtained.  The X-ray crystal structure of the product was determined, the complex crystallising in 

the monoclinic space group C2/c with 4 molecules in the unit cell.  An ORTEP plot of the 

complex cation is shown as Figure 5.44.  An ORTEP plot of the asymmetric unit with atomic 

numbering is shown as Figure 5.45.   

 

 
 

Figure 5.44:  ORTEP plot (50% thermal ellipsoids) of the complex cation  

[{Cu(qimp)}2(μ-OAc)]+ (qimp = 2-quinolin-8-yliminomethylphenol) (left) and 

the Cu2 coordination sphere (right).  Key: C = Gray, Cu = Orange, N = Blue, 

O = Red, H = white. 
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Figure 5.45:  ORTEP plot (50% thermal ellipsoids) of the asymmetric unit of the complex 

cation [{Cu(qimp)}2(μ-OAc)]+ (qimp = 2-quinolin-8-yliminomethylphenol) 

showing atomic numbering. 

 

[{Cu(qimp)}2(μ-OAc)]+ exists as a dinuclear complex in which the two Cu2+ ions are bridged by 

two phenolate O- donors and a syn, syn – acetato ligand.  The Cu2 coordination sphere including 

donors is shown in Figure 5.44.  The two N- donors (quinoline and imine) are bound terminally to 

the Cu2+ ions.  Each Cu2+ ion is square pyramidal (τ = 0.01) with the basal plane comprising the 

two N donors, the phenolate O of the qimp ligand attached to that Cu2+ ion and an O donor of the 

acetato ligand.  The axial O donor is the phenolate O of the qimp ligand attached to the other Cu2+ 

ion.  The axial Cu-O (phenolate) bond distance is Jahn-Teller elongated (2.70 Å) relative to the Cu 

– O (phenolate) bond length of 1.90 Å in the basal plane.  The Cu – O (phenolate) – Cu bond 

angle is 78.5º and the inter Cu distance is 2.98 Å.   

 

The qimp ligand is conjugated and is almost perfectly planar (within 4º - two C atoms of the 

phenolate ring lie up to 0.23 Å out of the plane).  Despite the addition of excess NaBH4 to the free 

qimp ligand the imine (N=C) rather than amine still persisted as evidenced in the crystal structure 
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by the bond length of 1.30 Å.  The angle between the planes of the qimp ligands in 

[{Cu(qimp)}2(μ-OAc)]+ is 14.3º. 

 

The unit cell consists of [{Cu(qimp)}2(μ-OAc)]+ cations in an offset π- stacking arrangement. 

Adjacent cations face in opposing directions (i.e. the methyl groups of the bridging acetato ligands 

alternate in their orientation).  The perchlorate anions sit opposite the acetato methyl groups in the 

space between successive cations.  Stick diagrams of the unit cell looking down the a* and b axes 

are shown as Figure 5.46.  Details of the X-ray crystal structure are in the file CJE21.cif 

(Appendix 1.21). 

 
 

Figure 5.46:  Stick diagram of the unit cell of [{Cu(qimp)}2(μ-OAc)]ClO4 (qimp = 2-

quinolin-8-yliminomethylphenol) looking down the (left) a* axis, and (right) 

b axis.  

 

Owing to the small amount of sample of this complex, no further studies on this complex have 

been carried out.  

 

5.9.3 Catalysis Experiments using NHIO Enzyme Model Complexes 

 

Of the ferrous complexes of the TMPA derivative ligands shown in Figure 5.35 only that with 

pbpa generated catalytic turnovers, which are summarised in Figure 5.47.  Complexes with the 

dppa ligand with a variety of metal salts were trialled but still failed to generate catalytic 

turnovers.  This parallels the earlier observation that the open analogues of the heterodentate 

macrocycles failed to give rise to catalytic behaviour, supporting the hypothesis that complexes 

with ligands bearing phenolic functionality do not afford significant catalytic utility.  
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Examination of the potential of the ferrous complexes of dbpa and bdpa (prepared in situ) have 

not been carried out.  Sodium salts of the ligands and the ferrous complexes are not soluble 

enough in CH3CN to carry out the experiments.  As pbpa was isolated as the carboxylic acid it has 

increased solubility in CH3CN relative to that of dbpa and bdpa.  The complexes that form with 

these ligands are probably dinuclear where the carboxylates act as bridges between the two metal 

centres as observed in the crystal structure determined for [Fe2Cl2(pbpa)2] in Figure 5.36.  
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Figure 5.47: The TON and product formation for the oxidation of cyclohexene  

(blue) and cyclooctene (green) using “Fe(II) pbpa”. 

 

Focusing on the ferrous pbpa complex, when cyclohexene is the substrate two products are 

produced, the allylic ketone (TON 3.9) and the allylic alcohol (TON 1.8), exhibiting total 

turnovers of 5.7 (Figure 5.47).  It is evident from the product formation and distribution that the 

complex catalyses hydrogen atom abstraction (autoxidation) with further reactivity through steps 

3 and 4 of Tong’s pathway efficiently as evident by the lack of the allylic peroxide.  The two 

pathways (steps 3 and 4) are active at almost the same rates, apparent from the fact that the 

quantity of allylic ketone produced is approximately double that of the allylic alcohol. 

 

Catalysis is less sustainable with cyclooctene as substrate and the Fe(II) pbpa complex as catalyst.  

This reaction produces primarily the epoxide (TON 2.7) with the cis-diol produced in small 

quantities (TON 0.2).   
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5.10 Catalytic Activity of [M3O(O2CR)6L3-nL’n]ClO4 Complexes (M= Cr, Mn, Fe; R = Me, 

Ph; L= H2O, L’=py) 

 

The first report of nonenzymatic regiospecific oxygenation of olefins using oxo centred trinuclear 

metal carboxylate complexes was by Mastumoto and coworkers155 who studied the epoxidation of 

a series of alcohol acetates using [Fe3O(O2CtBu)6(OH2)3]+.  This epoxidation was later described 

by Hill and Prosser-McCartha156 as a “fortuitous consequence of the reaction conditions and the 

particular substrates used”.  Surprisingly, there have been few follow-up studies on the potential 

of oxo-centred trinuclear metal complexes as alkene epoxidation catalysts.157-159  

 

[Fe3O(O2CMe)6L3]+/0 complexes have been investigated as oxidation catalysts using GIF 

conditions; i.e. the presence of a reducing agent (Fe or Zn metal), pyridine and acetic acid.160  The 

oxo centred triangles are seen to decompose to monomeric [Fe(OAc)2(py)4], or polydinuclear 

[Fe2(OAc)4(Py)3]n depending on the conditions.  

 

In this section the catalytic aerial oxidation of alkenes by oxo-centred trinuclear metal complexes 

is examined.  Unlike the systems already described in which the Fe complexes were all in the 

ferrous oxidation state, the oxo centred Fe triangles exist as FeIII
3O (Figure 5.48) and they also 

have a source of oxygen atoms contained within the complex in the form of the μ3-oxo bridge.   

 

 

 

 

 

 

 

 

 

Figure 5.48:  Generalised structure of the [M3O(O2CR)6X3]+ complexes.  

 

Initially [Fe3O(O2CPh)6(py)2(OH2)]+ †was tested as catalyst for the oxidation of cyclohexene by 

H2O2 in MeCN.  The reaction, carried out under N2, afforded a TON of less than 1, indicating that 

the complex exhibited no catalytic activity under those conditions.  The reactions were carried out 

by placing a balloon filled with N2 over the reaction vessel.  In one of the experiments the balloon 

                                                 
† The complex is formulated as [Fe3O(O2CPh)6(py)2(OH2)]+ - recrystallisation from pyridine resulted 
in a colour change from orange to yellow, and formation of single crystals of 
[Fe3O(O2CPh)6(py)3]ClO4.py as determined by X-ray crystallography. 
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deflated over the duration of the experiment and it was found that significantly greater turnover 

numbers were achieved in that experiment relative to those where the balloon had not deflated.  

As a result of this, several experiments were carried out to determine the cause of the increased 

catalytic activity.  The results of these tests are summarised in Table 5.9. 

 

Table 5.9:  Catalytic aerial oxidation of cyclohexene with 

[Fe3O(O2CPh)6(py)2(OH2)]ClO4. 

 

Conditions TON allylic peroxide 

Ar < 0.5 

N2 < 0.5 

H2O2 < 0.5 

Water < 0.5 

Air 20 (± 5.0) 

 

When the experiment was carried out under an inert atmosphere (Ar or N2) with 

[Fe3O(O2CPh)6(py)2(OH2)]ClO4 and cyclohexene in CH3CN minimal oxidation is found.  Two 

allylic oxidative products (ketone and the alcohol) were detected after 48 h but in negligible 

quantities.   

 

The second set of reaction conditions employed involved treatment of cyclohexene with a 10 fold 

excess of hydrogen peroxide and [Fe3O(O2CPh)6(py)2(OH2)]+ as catalyst in acetonitrile.  The 

peroxide was added to the reaction mixture over a period of 30 minutes, the reaction mixture was 

then stirred overnight and worked up as described in Section 5.6.  Analysis of the reaction mixture 

after 24 h showed few oxidative products.  Of relevance here is the work of Lippard and 

coworkers161 isolated a Fe6 complex in which two Fe3O groups were linked by a μ4-peroxide on 

addition of H2O2 to “basic iron(III) benzoate”.  Given the stability of this complex (crystallisation 

and EPR evidence suggesting the dimer remains intact in MeCN solution) and related work by 

Celin-Ligil et al.162 who opined that the Fe2 peroxo species does not contribute to catalytic 

activity, it may not be surprising that no catalytic activity was observed in the current study in 

which it is possible that a similar species was generated in situ.  

 

When the reaction mixtures were stirred for 48 h under compressed air the formation of the allylic 

peroxide is evident with a TON of 20.  The formation of this product is evidence that the oxidative 

process proceeds via autoxidation from hydrogen abstraction on the α carbon.  While the allylic 

peroxide is the major product from the oxidation in air, the allylic ketone and alcohol were also 

detected in small quantities, probably arising from thermal decomposition of the allylic peroxide. 
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To determine whether the reaction is catalysed by O2 or water from the compressed air, to the 

reaction mixture a 10 fold excess of water was added.  Water was investigated as it is a potential 

source of the oxo bridge in the metal triangles.  Analysis of the reaction mixture after 48 h showed 

that water quenched the reaction.  This leads us to deduce that O2 is the oxidant in the formation 

of the allylic peroxide.  As previously mentioned when aqueous H2O2 made up in acetonitrile was 

used the water content is almost the same as when a ten-fold excess of water was added.  These 

results indicate that the peroxide does not react with the metal complex in such a way that the 

species formed acts as a catalyst for the oxidation of alkenes, in contrast to the systems described 

in Sections 5.7 – 5.9.  

 

Once optimal reaction conditions were realised for [Fe3O(O2CPh)6(py)2(OH2)]ClO4 these were 

then applied to reactions catalysed by a series of other oxo centred trinuclear metal complexes.  

The results of these studies are summarised in Figure 5.49.   
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Figure 5.49:  Reaction products and TON for the oxidation of cyclohexene using a number 

of [M3O(O2CR)6L3]+ complexes using compressed air as the oxidant. 

(Key: FeBen = [Fe3O(O2CPh)6(py)2(OH2)]ClO4, FeOAc = 

[Fe3O(O2CMe)6(OH2)3]ClO4, MnBen = [Mn3O(O2CPh)6(py)3]ClO4, MnOAc = 

[Mn3O(O2CMe)6(py)3]ClO4, CrBen = [Cr3O(O2CPh)6(OH2)3]ClO4). 

 

When [Fe3O(O2CR)6L3]+ (R = C6H5 or CH3, L = Py or H2O) complexes are used as catalyst the 

major product is the allylic peroxide, and there is a marked increase in catalytic oxidation when 

the triangle has benzoato ligands rather than acetato.  The allylic peroxide was formed with a 
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TON of 20 (± 5.0) with [Fe3O(O2CPh)6(Py)2(OH2)]+ compared with a TON of  3.5 (± 1.5) 

obtained with [Fe3O(O2CMe)6(OH2)3]+.  The allylic ketone (TON 2.6) and alcohol (TON 1.7) 

generated from the oxidation catalysed by [Fe3O(O2CPh)6(Py)2(OH2)]+ probably result from 

thermal decomposition of the allylic peroxide.  This suggests that [Fe3O(O2CPh)6(py)2(OH2)]ClO4 

stabilises the allylic peroxide and does not promote further reaction either through Tong’s 

pathway123 or though a radical chain process.  

 

The [Mn3O(O2CR)6L3]+ (R = C6H5 or CH3, L = Py or H2O) complexes displayed the same trend in 

catalytic oxidative reactivity when the carboxylato group was varied between acetato and 

benzoato as found with Fe.  [Mn3O(O2CMe)6(Py)3]+ was inactive whilst [Mn3O(O2CPh)6(Py)3]+ 

generated the epoxide exclusively (TON 3.2 (± 0.5)).  The lack of allylic products suggests that 

[Mn3O(O2CPh)6(Py)3]+ does not catalyse hydrogen atom abstraction of the α carbon but rather 

oxidises cyclohexene to the epoxide directly.  In the current study, this is the only complex that 

results in formation of this product.  The results are consistent in that Mn is the least reactive 

metal (with respect to TON) of the three examined, but is more selective in the final product 

formation for direct epoxidation.  In this case the product of oxidation does not adhere to the 

preferred oxidative product of the substrate but rather the catalyst dictates the final product of the 

oxidation.  

 

The catalysis experiments using [Cr3O(O2CPh)6(OH2)3]+ afforded the allylic ketone (TON 18.5 (± 

1.4)) as the major product, with substantial production of the allylic peroxide (TON 8.5 (± 1.3)) 

and the allylic alcohol (TON 2.8 (± 1.6)).  This infers that [Cr3O(O2CPh)6(OH2)3]+ facilitates 

hydrogen abstraction and further “breakdown” via step 4 of Tong’s pathway123 with minor 

contributions from step 3.  

 

In summary, these results indicate that [M3O(O2CPh)6L3]+ (M = Fe and Cr) complexes catalyse 

the autoxidation process and hydrogen abstraction of cyclohexene, whilst [Mn3O(O2CPh)6(Py)3]+ 

facilitates direct epoxidation of the olefin.  Figure 5.49 shows the [Cr3O(O2CPh)6(OH2)3]+ 

complexes to be more reactive than their Fe and Mn analogues.  This increased reactivity helps 

explain the greater relative contribution of the allylic ketone when Cr is used rather than Fe.  

 

To determine whether the {M3O} complexes break down in solution, some of the reagents used in 

their preparation were also tested.  FeCl3 gave rise to the two allylic oxidative products from 

cyclohexene in the form of the allylic alcohol and allylic ketone with TON of around 2.5 for both 

products.  When FeCl3 and sodium benzoate were tested the major products were the allylic 

ketone and the allylic alcohol but there was a small amount of the allylic peroxide generated 
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(TON 0.6 for the allylic peroxide).  This oxidative product may result from the in situ formation 

of [Fe3O(O2CPh)6(OH2)3]+.  When FeCl3 and pyridine were used in combination there was no 

evidence for any oxidation.  These results suggest that Fe3+ catalyses hydrogen abstraction 

inducing the autoxidation process.  The autoxidation of cyclohexene catalysed by various metal 

salts has been previously reported.120  The observation that [Fe3O(O2CPh)6(Py)2(OH2)]+generates 

greater TON than combinations of its contributing starting materials suggests that the system is 

more complicated than just metal ion catalysed hydrogen atom abstraction. 
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Figure 5.50:  TON for the formation of cyclooctene oxide with [M3O(O2CR)6L3]+catalysts.  

Note: [Cr3O(O2CPh)6(OH2)3]+ also generated small amounts of the 

cyclooctane diol.  

(Key: FeBen = [Fe3O(O2CPh)6(py)2(OH2)]ClO4, FeOAc = 

[Fe3O(O2CMe)6(OH2)3]ClO4, MnBen = [Mn3O(O2CPh)6(py)3]ClO4, MnOAc = 

[Mn3O(O2CMe)6(py)3]ClO4, CrBen = [Cr3O(O2CPh)6(OH2)3]ClO4). 

 

When the substrate is cyclooctene the major product obtained with all [M3O(O2CPh)6L3]+ 

complexes tested is cyclohexene oxide (Figure 5.50).  The metal dependence on reactivity follows 

the order Cr > Fe > Mn for cyclohexene (notwithstanding the different products afforded with 

Mn) and Cr > Mn > Fe for cyclooctene.  Noticeably the TON for [Mn3O(O2CPh)6(Py)3]+ catalysed 

oxidation of cyclohexene and cyclooctene are similar (2.3 (± 0.5) for cyclohexene and 2.1 (± 0.3) 

for cyclooctene).  
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To ascertain whether the oxidation occurs via a free radical mediated pathway, the oxidation of 

cyclooctene was carried out in the presence of tBuOH as a radical scavenger. 145-148  The results of 

this study are shown in Figure 5.51. 
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Figure 5.51: Cyclooctene oxidation product distribution catalysed by 

[Cr3O(O2CPh)6(OH2)3]+ with added tBuOH in CH3CN and when the reaction 

was carried out in tBuOH.  

 

Figure 5.51 shows that the presence of tBuOH increased the contribution of the trans- epoxide 

relative to the cis- form.  The TON for the reactions in the presence of tBuOH are low (0.4) and 

this could be the result of the tBuOH being wet; excess water has already been shown to quench 

similar oxidations.   

 

In summary, oxo centred metal triangles show potential as aerial oxidation catalysts of alkenes.  

Variation in the metal ion of the [M3O(O2CR)6(L)3]+ catalyst gives some control over the products 

obtained during the oxidative process.  In all cases tested the [M3O(O2CR)6(L)3]+ complexes with 

benzoate ligation were significantly more reactive than their acetate analogues.   
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CHAPTER 6 Conclusions and Future Work 
 

6.1 Conclusions 

 

The overlying objective of the work described within this thesis was the preparation, 

characterisation and evaluation of the oxidase activity of complexes whose structures are 

modelled on mono- and dinuclear non-haem oxidase enzymes and non-haem oxygen carrier 

proteins.  A feature was the design of dinuclear metal complexes of Cu and Fe in which the 

coordination environments of the two metals differed.  Two approaches were adopted towards 

accomplishing this goal; a direct spontaneous self-assembly method, and a method in which 

binucleating macrocyclic ligands, incorporating two different coordination pockets linked by meta 

or para phenylene or phenolate functionality, were synthesised and their Fe2 complexes prepared. 

 

The direct spontaneous self-assembly method ultimately proved unsuccessful in forming dinuclear 

Cu complexes in which the metal ions are either bound to two disparate bidentate N- donor 

ligands, or in which one of Cu2+ ions is bound to 2 N- donor atoms while the other, 3 N- donors.  

Copper was selected for this aspect of the study over iron because of the ready available of 

suitable starting materials and a propensity to form 4 or 5 coordinate complexes rather than being 

strongly drawn toward an octahedral geometry.  Despite a lack of success in the formation of 

heteroleptic copper complexes, this methodology did result in a number of mono-, di- and 

oligomeric copper complexes.   

 

Perhaps the most unique and interesting of these complexes was  

[{Cu(t-Bu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2, a dinuclear Cu2+ complex that was serendipitously 

obtained, and then re-prepared by a rational synthesis.  This species represents a rare example of a 

homodinuclear transition metal complex in which the metal ions are bridged by N,N-

dimethylformamide.  It crystallises in the chiral orthorhombic space group P212121 (a = 15.163, b 

= 17.382 and c = 18.865 Å) with four molecules in the unit cell.  The two Cu2+ ions are almost 

perfect square pyramids with the bridging DMF ligand (bound through the carbonyl O atom) 

occupying the axial position of both Cu environments.  The Cu – O (DMF) bond is Jahn-Teller 

elongated (2.34 Ǻ) and this results in a relatively small Cu – O – Cu bond angle at 92.2º.  The 

magnetic properties of [{Cu(t-Bu2bipy)}2(μ-OAc)2(μ-DMF)](ClO4)2 were investigated using 

magnetic susceptibility and EPR spectroscopy (powder, single crystal and solution) that showed 

the complex to have an S = 0 ground state resulting from antiferromagnetic superexchange 

between the unpaired electrons on each Cu2+ ion with a coupling constant (J) of -38.8 cm-1.  This 

magnetic coupling differs in sign to those found for most triply bridged dinuclear Cu complexes 
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and is at first viewing surprising considering the low Cu - O (DMF) - Cu bond angle that should 

mediate ferromagnetic superexchange.  Single crystal EPR spectroscopy provided an explanation 

for this behaviour; a strong dependence was found on the EPR spectrum as the crystal was rotated 

about the crystallographic 101 axis relative to the applied magnetic field, but no such dependence 

was observed as the crystal was rotated about the b axis which coincides to within 1.4º of the 

Cu···Cu direction.  Calculations showed that the magnetic orbitals (dx2-y2) mediate exchange via 

the two bridging acetato ligands, that this behaviour is antiferromagnetic in nature; and that the 

bridging DMF ligand plays no significant role in superexchange between the two Cu2+ ions.  

 

The second methodology used in the attempt to prepare heterogeneic dinuclear metal complexes 

was through the preparation of ‘heterodentate’ macrocycles.  These macrocycles contain two 

distinct aza crown coordination pockets in which one pocket contains a 3 N donor set whilst the 

other pocket contained either 2- or 4 N- donor groups.   

 

Of the Fe complexes formed with these species, the X-ray crystal structure of one was carried out, 

that being a bis(μ-oxo) face-to-face dimer of the 2N, 3N phenoxy bridged macrocycle (M2) 

containing two Fe3+ ions, [{Fe2(M2)}2)(μ-O)2]Cl4.  The complex crystallised in the monoclinic 

space group P21/n (a = 13.13, b = 18.13, c = 13.30 Å and β = 113.4°) with 2 molecules in the unit 

cell.  Not only are the Fe coordination environments different in terms of the number of N- donors 

in this species, but also in coordination number; one Fe is octahedral while the other is 5- 

coordinate.  The magnetic susceptibility of [{Fe2(M2)}2)(μ-O)2]Cl4 was determined, showing 

antiferromagnetic superexchange between the high spin Fe3+ ions, but the susceptibility results did 

not conform to the expected S = 0 ground state, and this was confirmed by a magnetisation study.  

The Mössbauer spectrum of the complex was collected, and this indicated the presence of an 

impurity that likely affected the susceptibility data.  Mass spectral evidence was obtained for a 

putative {Fe2(M2)(O2)} species that may illuminate the mechanism of formation of 

[{Fe2(M2)}2)(μ-O)2]Cl4, in which two FeII
2(M2) species are oxidised to FeIII

2(M2) and O2 is 

reduced and the O - O bond cleaved to form 2 bridging O2- groups.  It is likely that this can only 

be confirmed with an isotopic labelling study.   

  

Model complexes were prepared that replicate the active site of non-haem iron oxidase enzymes, 

that contain a highly conserved facial donor grouping of two histidine and either a glutamate or 

aspartate (carboxylato) amino acids.  Ligands were designed and synthesised that contain a mix of 

pyridyl, carboxylato and / or phenolato donors that were anchored to a tertiary amine hub, thus 

making them heteroleptic analogues of the well known tetradentate ligand tris(2-

methylpyridyl)amine (TMPA).  The new heteroscorpionate ligand pbpa, in which 2-picolyl, 2-
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carboxybenzyl and 2-hydroxybenzyl groups are positioned off the central N atom, and its Fe(III) 

chloro complex were prepared.  The deep violet complex crystallises in the monoclinic space 

group C2/c (a = 24.15, b= 11.36, c = 15.91 Å with β= 111.4º) and exists as a dimer in which the 

carboxyl group of the pbpa ligand bridges the two Fe(III) ions in a syn, anti- motif.  Magnetic 

susceptibility studies of the species afforded a very weak antiferromagnetic coupling J of -2.1 cm-1 

between the two high spin Fe(III) centres, giving rise to an S = 0 ground state, but sees a 

significant population of all other possible S states at temperatures above 150 K.  

 

The oxidase / hydroxylase potential of the heterodentate macrocyclic Fe(II) complexes in 

facilitating the hydrogen peroxide oxidation of cyclohexene and cyclooctene was examined, and 

the activity compared against a number of complexes with symmetrical macrocycles and 

mononuclear Fe Schiff base species prepared to represent the separate coordination pockets of the 

macrocycles.  It was found that the heterodentate macrocyclic Fe2+ complexes afforded significant 

overall activity and achieved greater turn over numbers (TONs) than either their symmetrical 

macrocyclic counterparts or the mononuclear open analogues of the heterodentate macrocyclic 

compartments.  All catalysts of this group facilitated autoxidation of cyclohexene resulting in 

functionalisation of the ring C α to the alkene group (forming either the alcohol, hydroperoxide or 

ketone), whilst oxidation occurred at the olefin with cyclooctene forming cyclooctene oxide and 

smaller amounts of cyclooctane-1,2-diol. 

 

The complexes formed in situ between [Fe(OTf)2(CH3CN)2] and the 4N, 3N heterodentate 

macrocycles (M1-m/p-pyr) achieved TONs in excess of 9 (in which the maximum possible TON 

is 10) with both cyclohexene and cyclooctene and did not generate the cyclohexene hydroperoxo 

adduct.  The benzyl 2N,3N heterodentate macrocyclic(M1-m/p-aryl) Fe2 complexes were also 

seen to be catalytic, but were not as efficient as their 4N, 3N variants.  Interestingly, the nature of 

the linker group meta vs. para in the M1 macrocycles had a noticeable effect on over TONs ( para 

complexes > meta complexes) and in the case of cyclooctene the para species afforded one 

oxidation product (epoxide) only.  The Fe2 complex with the phenoxy bridged 2N, 3N 

heterodentate macrocycle (M2) gave rise to comparable TONs (7.5 ± 0.6 with cyclohexene and 

6.7 ± 0.2 with cyclooctene).  In this respect the activity of this complex lies in between those 

exhibited by the M1-pyr and M1-aryl complexes.  The Fe2 complexes with the symmetric 3N, 3N 

macrocycles were also catalytic but were less active than both heterodentate macrocycles.  Of the 

Schiff base Fe complexes used to represent separate coordination pockets it was found that those 

with carboxylato functionality were catalytic (and significantly so), but the analogous phenolato 

complexes were not. 
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Due to a lack of solubility of the sodium salts of many of heteroscorpionate ligands in acetonitrile, 

only pbpa (which was used as its acid form) was able to be used in catalysis experiments.  The 

Fe(II) pbpa complex acted as a catalyst for the oxidation of both cyclohexene and cyclooctene, 

generating the allylic ketone and alcohol with cyclohexene and primarily epoxide with 

cyclooctene.  

 

The oxidase activity of a group of oxo-centred trinuclear metal complexes [M3O(O2CR)6L3]+ (M = 

Cr, Mn, Fe; R = CH3, C6H5; L = H2O, py) was also investigated.  These species did not facilitate 

oxidation of alkenes by H2O2 but rather some catalysed the aerial oxidation of these alkenes.  It 

was found that for cyclohexene a distinct metal dependence on the oxidation pathway occurs.  

When the metal ions used were Fe(III) or Cr(III) autoxidation ensued, while with Mn(III) no 

autoxidation occurred but rather cyclohexene oxide formed.  It was also found that the carboxylate 

groups in these complexes was important; complexes bearing acetato ligation had either low 

activity or were  inactive, whilst the benzoato complexes exhibited significant activity.    

 

In conclusion, a number of model complexes of mono- and dinuclear oxidase enzymes have been 

prepared and characterised and these species show appreciable oxidase activity in their own right.  

 

6.2 Future Work 

 

The work described in this thesis amounts to the tentative first steps into the field of oxidase 

model chemistry and oxidase catalytic studies by the Davies research group.  Future work follows 

in three main areas; the preparation of new heterodentate macrocyclic complexes as models of 

binuclear oxidase enzymes, the preparation of new heteroscorpionate ligands and the examination 

of these species as oxidase catalysts.    

 

In the short term, the synthesis of the heterodentate macrocycles needs to be scaled up to allow for 

metal complexation so that structural, spectroscopic and physical investigations can be conducted 

on these species, as well as to reproduce catalytic results reported within this thesis.  Now that the 

syntheses of the heterodentate macrocycles have been developed these can be optimised and 

further derivatisation of the species can be planned.   

 

Synthetic routes for the functionalisation of the heterodentate macrocycles M1 and M2 in four key 

positions; in the 2 N coordination pocket (R and R*), the spacer and (R’’) and the 3 N 

coordination pocket (R’) are shown in Figure 6.1.   
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Figure 6.1:   Potential systematic variations that could be made to the M1 and M2 

macrocycles, where R = changes to the 2N coordination pocket, R* = 

introduction of chiral centres, R’ = changes to the 3N pocket, and R” = 

changes to the spacer group. 

 

The 2 N pocket (R) can be systematically varied with a host of secondary amines like piperazine, 

additional N donors, O donors, hydrophilic, hydrophobic and H-bond donor / acceptor groups 

positioned off the two nitrogens (Figure 6.2).  The notion is that by altering the nature of the 

secondary amine, the donor strength can be optimised.  Further, the use of a secondary amine like 

piperazine rather than a primary amine may eliminate the side reactions that occurred in the 

attempted preparation of the unfunctionalised heterodentate macrocycle M1.  The 2 N 

coordination pocket (R*) could be modified to incorporate one or more chiral centres.  The 

obvious chiral amine to use would be 1,2-diaminocyclohexane.  One potentially important aspect 

of the chemistry described herein is the potential of generating chiral oxidation products by 

introducing chirality into the macrocycle.  With such a chiral centre in the catalyst any 

enantioselectivity can be evaluated.   
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Figure 6.2: Example macrocycles following variations in the nature of 2 N donor 

environment and introduction of chirality to the macrocyclic ligand.  

 

The spacer (R’’) could also be systematically varied in the M1 macrocycles, for example instead 

of the meta phenylene group bridging the two coordination pockets, a pyridyl or pyrazole group 

could be inserted, whilst for the M2 macrocycle the phenol could be replaced by a thiol.  This 

simple variation of the M1 heterodentate macrocycles would introduce new donors that could aid 

in the formation of metal complexes.  The 3 N donor pocket (R’) can also easily be systematically 

varied with a range of 3 N molecules containing two primary amines.  For example, 2,6-

dimethylaminopyridine could be used; being more rigid than the diethylenetriamine used in the 

present study its use may result in forcing the coordinated metals into unusual geometries.  

 

One ultimate aim of this work is the crystallisation and spectroscopic characterisation of an 

asymmetric dinuclear Fe complex with a terminal end-on O2 bound in the manner observed in 

haemerythrin.  It is evident from the MS, X-ray structure and the catalysts experiments that the 

[(Fe2+)2M2] complex has a high affinity of oxygen.  One of the burning questions that still 

remains is how does oxygen interact with the Fe centres in this complex (does it bind end on; or is 

it bridging?)?  Low temperature resonance Raman studies of oxygen binding to the diferrous M2 

complex may give insights into the O2 binding mode of Redox processes that occur in solution.   

 

Another tangential project that could be pursued resulting from the catalysis studies, is to prepare 

the 4N, 3N heterodentate analogue of M2 (Figure 6.3).  This complex provides 5 and 6 

coordination sites for the two metal ions, leaving only one position for O2 to coordinate.  

Hydrogen bond donors could then be positioned on the pyridyl rings to stabilise the bound O2 to 

the Fe centre.  Such groups include phenols, imidazole, amides and amines.  
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Figure 6.3: Incorporation of 2-methylpyridyl arms onto M2 and the potential to 

facilitate hydrogen bonding interactions by functionalising the pyridyl ring. 

 

The preparation of the heteroscorpionate ligands described in Chapter 6 and their isolation in free 

base form is necessary for further catalysis studies of these complexes.  The formation of the 

dinuclear [{FeCl(pbpa)}2] complex in the present study presents a challenge in how to ensure that 

the NHIO model complexes remain monomeric without a polypeptide backbone to prevent 

aggregation.  The most straightforward approach is to functionalise one or more of the pendant 

arms of the heteroscorpionate ligand with steric bulk.  A generic structure of such a ligand is 

shown in Figure 6.4. 
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Figure 6.4: Heteroscorpionate pbpa ligand in which steric bulk is added to circumvent 

iron dimer formation (R = Me, Ph or tBu). 

 

At the time of writing this work has continued in the Davies lab with the phenol ring 

functionalised with tert-butyl groups ortho to the phenol O- donor, and both ortho and para to the 

phenol O - donor.  Treatment of Fe(ClO4)2 with the bis-tert-butyl variant in methanol saw 

immediate formation of an intense deep blue colour, which contrasts the purple of 
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[{FeCl(pbpa)}2].  The complex is so soluble in all organic solvents that crystals suitable for 

diffraction studies have thus far not been obtained. 

 

Another future direction involves rationalisation of the catalysis experiments.  The experiments 

carried out to date followed the protocol adopted by the group of Dr Peter Rutledge at the 

University of Sydney.  Reactions were stirred under an inert atmosphere overnight at room 

temperature.  There is no reason to suggest that this length of time is necessary.  Further, it is of 

interest to determine approximate reaction rates by taking aliquots of the reaction mixtures at 

defined intervals, chromatographing them and quantifying the species present.  For the 

heterodentate macrocyclic complexes, the catalytic oxidase / hydroxylase activity towards a larger 

spectrum of substrate olefins warrants study.  Enantioselective oxidation should to be investigated 

but for this to occur a chiral heterodentate macrocycle needs to be synthesised.   

 

The final direction that future work can take is the diversification of the oxidation reactions used 

to measure oxidase potential.  Examples include the use of adamantane as an alkane substrate and 

the determination of catecholase /phenolase activity using functionalised catechols as substrates or 

the oxidation of sulfides to sulfoxides.  
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