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Summary 

 

An important discovery in class Ib ribonucleotide reductaseôs chemistry has been the 

identification of a MnII2 active site, that required a superoxide anion (O2
¶ï), rather than dioxygen 

(O2), to access a high-valent MnII
2 oxidant. Many synthetic mononuclear Mn model complexes 

have been prepared to mimic the structures and reactivity of Mn-metalloenzymes. However, 

the reactivity of a MnII2 model complex with O2
¶ï has never been investigated and this was the 

main objective of this thesis. The main topics of the work described in this thesis are the study 

of O2
¶ï reactivity of MnII

2 complexes, preparation and characterisation of intermediates, to 

mimic the active postulated intermediates observed in class Ib Mn2 RNRs. In chapter 2, we 

describe our initial discovery that complex [MnII
2(O2CCH3)(N-Et-HPTB)](ClO4)2 (1) could be 

reacted with O2
¶ï at low temperature (Ò-40 °C), to form the metastable 

[Mn IIMnIII(O2)(O2CCH3)(N-Et-HPTB)]+ (2). This species was characterised by electronic 

absorption spectroscopy, showing features at ɚmax = 460, 610 nm, typical of a Mn-peroxide 

species. EPR spectroscopy of 2 exhibited a 29-line signal characteristic of a MnIIMnIII  entity. 

Furthermore, XANES suggested a formal oxidation state change of MnII
2 in 1 to MnIIMnIII  for 

2. Moreover ESI-MS suggested a MnIIMnIII-peroxide complex. Upon activation with proton 

donors, the MnIIMnIII -peroxide (2) was capable of oxidising ferrocene and weak O-H bonds. 

These findings provided support for the postulated mechanism of O2
¶ï activation at class Ib Mn2 

RNRs.   

In successive work, we were interested in mimicking the other Mn-intermediates observed in 

the catalytic cycle of class Ib RNRs. This involved the preparation of another MnIIMnIII-

peroxide complex, investigation and characterisation of the species formed upon activation of 

the peroxide complex with proton donors. Therefore the reactivity of complex 

[Mn II
2(O2CCH3)2(BPMP)](ClO4) (4) with O2

¶ï at low temperature (Ò-80 °C) was explored, 

resulting in formation of a metastable species (5). Adduct 5 was characterised by electronic 

absorption and EPR spectroscopies, ESI-MS, displaying features of a MnIIMnIII-peroxide 

complex (5). Unlike adduct 2, whose MnIIMnIII-core proved to be unreactive at -40 °C, species 

5 proved to be a nucleophilic oxidant in aldehyde deformylation. The preparation of a 

nucleophilic peroxo-MnIIMnIII  oxidant (5) was reported in chapter 3. Next, the reactivity of the 

MnIIMnIII-peroxide (5) towards acids was investigated. This involved the screening of different 

reaction conditions as well as different sources of proton donors. Adduct 5 was susceptible to 

acids at low temperatures (Ò-80 °C). The addition of strong acids (HClO4, HBF4) to 5 resulted 

in the formation of a metastable adduct (7). Adduct 7 exhibited electronic absorption features 
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typical of a mixed valent MnIIMnIII  complex. Unfortunately, the EPR spectrum of 7 was 

saturated by a signal typical of a MnII species. Upon addition of strong acids to 5 the formation 

of a MnIIMnIII  species (7) was postulated. The reactivity of 5 was also investigated towards 

weaker acids. Interestingly, the addition of pTsOH (1 or 2 equivalents) to 5 exhibited electronic 

absorption features and an EPR signal typical of a MnIIIMnIV species. Thus, by probing the 

reaction of peroxo adduct 5 with acids of different strength, distinct adducts formed. Upon 

addition of a strong acid to 5, a MnIIMnIII  species was postulated while for reaction of 5 with 

low equivalents of a weak acid the formation of a mixed valent MnIIIMnIV species was 

proposed. The evidence obtained for formation of mixed valent MnIIMnIII  and MnIIIMnIV 

species was important, as such species have been postulated as intermediates in the catalytic 

cycle of class Ib Mn2 RNRs.  

The preparation of peroxo-MnIIMnIII  species upon reaction of MnII
2 complexes with O2

¶ï was 

achieved in chapters 2 and 3. Besides, proof for formation of mixed valent MnIIMnIII and high 

valent MnIIIMnIV species was observed in chapter 4. Such adducts were postulated as 

intermediates in class Ib Mn2 RNRs. We tried to synthesise another MnII
2 complex supported 

by the HPTP ligand. Firstly, when the reaction for the synthesis of the Mn2 complex supported 

by the HPTP ligand was performed in air, a mixed valent Mn6 complex was obtained. 

Nevertheless, the synthesis of a MnII
2 complex bridged by HPTP, two perchlorate anions and 

two acetonitrile solvent molecules was achieved ([Mn2(ClO4
-)2(CH3CN)2(HPTP)](ClO4

-), 11) 

under anaerobic conditions. Further studies on the reactivity of this complex with O2
¶ï will 

provide further insight into the catalytic cycle of class Ib Mn2 RNRs.  

Besides the RNRs, we maintain a keen interest in the analogous catechol oxidase enzymes. 

These enzymes catalyse the oxidation of o-diphenols (catechols) to the corresponding quinones 

and contain a Cu2 core. In the last chapter (chapter 6) of this thesis, we explored synthetic CuII
2 

and MnII
2 complexes as model systems for catechol enzymes. While CuII

2 complexes have been 

widely investigated as catechol oxidase mimics, the catechol oxidase reactivity of MnII2 

complexes has been less explored. A series of MnII2 and CuII2 complexes supported by the same 

poly-benzimidazole ligand framework were synthesised. The catecholase activity of these 

complexes in acetonitrile medium using 3,5-di-tert-butylcatechol (3,5-DTBC) as a substrate 

was investigated. The CuII
2 complexes proved to be better catechol oxidase mimics (kcat values 

~45 h-1) when compared to MnII
2 complexes (kcat values ~8-40 h-1).  
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Mn-HPCD            manganese homoprotocatechuate 2,3-dioxygenase 
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PCET                   proton-coupled electron transfer 
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                             methylphenolate 
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Pmap                    bis[2-(2-pyridyl)ethyl]-2-pyridylmethylamine 

pMMO                 particulate methane monooxygenase 

PPA                      2-phenylpropionaldehyde 
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PyOTf                  pyridinium trifluoromethanesulfonate 

Py-terpy               4ô-(4-pyridyl)-2,2ô:6ô,2ôô-terpyridine 

RFQ                     rapid freeze quench 

RNR                     ribonucleotide reductase 
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1.1 Metals in biology  
 

Metalloproteins containing different metal centres such as iron, copper and manganese perform 

a variety of functions in biological systems. Nature developed iron metalloprotein systems that 

use dioxygen.[1] For example, hemerythrin, a carboxylate-bridged diiron (Fe2) protein found in 

marine invertebrates, is a dioxygen carrier protein.[2] Methane monooxygenase is a widely 

investigated Fe2 metalloenzyme that uses dioxygen to catalyse the oxidation of methane to 

methanol.[3] Copper proteins that activate dioxygen also perform a variety of biological 

functions. These include dioxygen transport (hemocyanin), aromatic ring oxidations 

(tyrosinase, cathechol oxidase) and methane oxidation (particulate methane monooxygenase).[4] 

Manganese is another transition metal used in nature to promote a variety of oxidative 

transformations. Manganese containing non-heme metalloenzymes that react with oxygen and 

its reduced derivatives (O2
¶ï, H2O2, H2O) play important roles in biological systems. For 

example, manganese-superoxide dismutase (Mn-SOD) and manganese-catalases (MnCat) act 

as defence systems against reactive oxygen species (ROS) by their reaction with superoxide 

and hydrogen peroxide, respectively.[5, 6] Manganese  dioxygenases[7, 8] and oxalate oxidases[9] 

perform substrate oxidations by reacting with molecular oxygen. Finally, ribonucleotide 

reductases (RNRs) are essential enzymes, which convert ribonucleotides into their 

corresponding deoxyribonucleotides, providing the precursors required for DNA synthesis and 

repair in all organisms.[10-12]  

1.1.1 O2-activating Fe2 metalloenzymes 
 

Dinuclear iron (Fe2) metalloenzymes have been extensively studied by the scientific 

community.[13] The reactions performed by these enzymes make them an important field of 

research in both biochemistry and chemistry. For example, the role of RNR enzymes in DNA 

biosynthesis made them important targets for pharmaceutical applications such as antiviral and 

anticancer agents. Moreover, in chemistry, the development of environmentally friendly 

oxidation catalysts is essential.[13] The most studied of these enzymes is methane 

monooxygenase.[14-17] This enzyme can convert methane into methanol and exits in two forms: 

a particulate form (pMMO), which contains a Cu2 site, and a soluble form (sMMO) that 

contains Fe2 atoms in its active site. Other Fe2 enzymes whose mechanisms have been widely 

investigated are toluene monooxygenase,[18] stearoyl-ACP ȹ9- desaturase,[19-21] and RNR.[22] In 

the mechanisms of all these enzymes, dioxygen is the active oxidant and a peroxo-FeIII
2 adduct 

has been proposed to be a key intermediate (Scheme 1.1). Furthermore, depending on the    
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enzyme, the peroxo-FeIII
2 intermediate was found to either react with a substrate or progress 

toward the formation of a high-valent Fe-oxo species.[1] The reactivity of O2 activating Fe2 

enzymes depended on the stability and geometry of the peroxo intermediates. However, 

whereas peroxo-FeIII
2 and high valent iron oxo species have been extensively studied, less 

attention has been paid to Mn enzymes.  

 

Scheme 1.1. Dioxygen activation by dinuclear complexes (M = metal). 

 

1.1.2 Manganese metalloenzymes 
 

In contrast to Fe dioxygen chemistry, Mn oxygen chemistry has only started to be explored in 

the last few decades.[23] Nature utilises Mn ions to perform a range of biological functions such 

as defence against ROS, biosynthesis of DNA and organic hydroperoxides and water 

splitting.[24, 25] These enzymes include Mn-SOD,[26, 27] MnCat,[6] RNRs,[28] and the oxygen 

evolving complex (OEC) of photosystem II.[29, 30] A characteristic of this broad class of 

metalloenzymes is that upon the reaction with dioxygen and its reduced species (O2
¶ï, H2O2, 

H2O), reactive Mn-oxygen species such as Mn-superoxo, -peroxo and -oxo intermediates are 

proposed to form (Scheme 1.1). There are, however, very few well-characterised biological and 

synthetic models of Mn-enzymes when compared to the Fe enzymes. By exploring the model 

Mn enzymes, we should be able to improve our understanding on Mn intermediates and the 

mechanisms by which they are formed.  
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1.2 Ribonucleotide reductases (RNRs) 
 

Life in all organisms is maintained by a pool of DNA building blocks for processes such as cell 

division and DNA damage repair.[31] This pool is maintained by the enzymatic machine 

ribonucleotide reductase. RNRs are essential enzymes, that convert ribonucleotides to their 

corresponding deoxyribonucleotides, providing the precursors required for DNA synthesis and 

repair in all organisms.[10, 32] The production of a balanced supply of deoxyribonucleotides is 

required for cellular DNA synthesis and growth, as this process is allosterically regulated, 

especially in higher organisms. The initial and rate limiting step in DNA synthesis is 

represented by the RNR system.[33] 

RNRs play a pivotal role in the regulation of DNA synthesis. The discovery of the first RNR 

protein was carried out in the 1960s by Reichard and co-workers in Escherichia coli (E. coli).[34, 

35] They observed a reaction involving ribonucleotides, where a carbon bound OH-group could 

be exchanged by a hydrogen atom (Scheme 1.2). Since then, many new crystal structures have 

been obtained of the protein subunits of RNRs, that are collected in a database, the 

ribonucleotide reductase database (RNRdb).[36] The main role of this archive is to supply a 

resource for RNR diversity and distribution in nature. The key role of RNR enzymes in DNA 

synthesis and repair is a very important target for anticancer, antibacterial or antiviral agents. 

In recent years novel and crucial developments have occurred in the RNR field, such as several 

RNR inhibitors have entered clinical trials, new 3D structures of di-Mn/Fe RNRs have been 

reported, and structural developments of human and yeast RNR advanced.[28, 37-39] 

RNRs are structurally complex molecular machines that require a protein radical for activity. 

They use a free radical mechanism to convert a C-OH bond at the 2ô-position of the ribose 

moiety to a C-H bond (Scheme 1.2). All RNRs share a common catalytic mechanism involving 

the activation of the ribonucleotide by abstraction of the 3ô-hydrogen atom of the ribose by a 

transient thiyl radical of the enzyme.[22, 40] RNRs have been divided into three classes (I, II and 

III) based on differences in their metal cofactors, their interaction with oxygen and the way in 

which they generate their thiyl radical.[22, 41, 42] Class I RNRs use iron and oxygen for their 

tyrosyl radical generation, class II require a radical of the cobalamin cofactor (vitamin B12) 

while anaerobic class III forms a stable glycyl radical by means of an iron-sulfur cluster.[22, 41, 

42] The radicals are important in the reaction mechanism as they are involved in the conversion 

of ribonucleotides to deoxyribonucleotides. 
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Scheme 1.2. Reduction of ribonucleotides to their corresponding deoxyribonucleotides.[40]  

In summary, major advances in recent years concern the structure and regulation of RNRs. 

These have led to a better understanding of the structural basis of these enzymes. However, 

until now, few synthetic model complexes that mimic the active sites of the enzymes have been 

reported. Thus, we are interested in gaining a better understanding of RNRs by using 

biomimetic complexes. Firstly, a detailed description of the core dimensions, structures and 

active sites of RNRs will be given below.  

1.2.1 Class I RNRs 
 

Class I RNRs are strictly aerobic enzymes. They are the best-known and most-studied of the 

RNRs. Class I RNRs are found in a wide range of organisms: eukaryotes, prokaryotes, viruses 

and bacteriophages.[31] Class I has been further divided into three subclasses Ia, Ib and Ic, based 

on the type of metal centre required for the protein radical (Table 1.1). Class Ia uses a Fe2 

metallocofactor in vivo, class Ib a Mn2 or a Fe2 cofactor and class Ic uses a Mn-Fe cofactor.[41] 

Class Ia exists in eukaryotes, prokaryotes, viruses and bacteriophages, while classes Ib and Ic 

have only been found in prokaryotes. All three class I subclasses contain two homodimeric 

subunits Ŭ (R1) and ɓ (R2). The catalytic subunit is the Ŭ-subunit, which harbours the active 

site for nucleotide reduction and two allosteric sites, for substrate specificity and general 

enzyme activity. The ɓ subunit contains the cofactor essential for the initiation of nucleotide 

reduction.[41] 
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Table 1.1. Overview of the three classes of RNR.[41] 

 Class Ia Class Ib Class Ic Class II Class III  

Subunit 

structure 
Ŭ2ɓ2 Ŭ2ɓ2 Ŭ2ɓ2 Ŭ or Ŭ2 Ŭ2ɓ2 

Metal site Fe2 Mn2 or Fe2 MnFe 
Deoxyadenosyl-

Cobalamin 

4Fe-4S, S-

adenosylmethioni

ne 

Radicals 

involved in 

turnover  

Tyrosyl, Cysteinyl 
Tyrosyl, 

Cysteinyl 

Mn-Fe, 

FeIVFeIII , 

Cysteinyl 

Cysteinyl Glycyl, Cysteinyl 

Oxygen 

dependence 
Aerobic Aerobic Aerobic No dependency Anaerobic 

Occurrence 

Eukaryotes, 

Prokaryotes, 

Bacteriophages, 

Viruses 

Eubacteria Eubacteria 
Archaebacteria, 

Eubacteria 

Archaebacteria, 

Eubacteria, 

Bacteriophages 

   

 

1.2.2 Class II RNRs 
 

Class II RNRs are found in bacteria and archaea. This class is oxygen independent and these 

enzymes can function under both aerobic and anaerobic conditions. Class II RNRs contain a 

single subunit and have been isolated either as monomers or dimers. A characteristic feature of 

class II RNRs is the requirement for adenosylcobalamin, a vitamin B12 derivative, as a cofactor 

(Table 1.1).[22] This cofactor interacts directly with an active site cysteine to form the cysteine 

radical, used for ribonucleotide reduction.[22]  

1.2.3 Class III RNRs 
 

Class III RNRs are found in anaerobic bacteria and some bacteriophages. Unlike class I and 

class II RNRs, these enzymes are anaerobic, and they are inhibited by oxygen (Table 1.1). They 

consist of two subunits; two dimeric proteins are required for activity. This class contains a 

redox-active [4Fe-4S] centre, which together with S-adenosylmethionine and reduced 

flavodoxin generates a stable oxygen-sensitive glycyl radical.[41] This radical helps in 

generating a cysteine radical, which it is required for conversion of ribonucleotides to 

deoxyribonucleotides.    
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1.3 Catalytic cycle class I RNRs 

1.3.1 Catalytic cycle class Ia RNRs 
 

As discussed above, RNRs catalyse the rate-limiting step in DNA biosynthesis in all organisms 

(reduction of ribonucleotides to their corresponding deoxyribonucleotides). RNRs use a free 

radical mechanism for initiation of ribonucleotide reduction. In class I RNRs the radical needed 

for the reduction of ribonucleotides is stored on the protein subunit R2, separate from the active 

subunit R1. This radical is deeply buried inside the R2 subunit protected from the solvent and 

it is generated on a tyrosine residue close to a Fe2 centre.[41] Class Ia RNRs are found in all 

eukaryotes and some prokaryotes, such as E. coli . The first crystal structure of a class Ia RNR 

was the E. coli R2 published by Nordlund et. al in 1990[43] with some refinements in 1993.[44] 

The crystal structure obtained from E. coli confirmed that two Fe atoms were found in the R2 

binding site with a potential tyrosyl radical (Y122) site close by (Figure 1.1).  

 

Figure 1.1. Metallocofactor structure found in class Ia RNR in E. coli.[44]  

The protein has a Ŭ-helical structure and each of the Fe2 centres is coordinated by one aspartate 

(Asp84), two histidines (His118 and His241) and three glutamate residues (Glu115, Glu204 and 

Glu238), that are brought together on the inside of a four Ŭ-felix bundle. The oxygen activation 

of the Fe2 centre in vivo is poorly understood and little data is available. However, in the purified 

E. coli samples, in vitro O2 incorporation has been studied in detail in a process called the 

reconstitution reaction.[45-49] The Fe2 centre and the tyrosyl radical were formed when molecular 

oxygen reacted with the Fe2R2 subunit (Scheme 1.3).[33] 
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Scheme 1.3. Proposed O2-activation pathway in FeIII 2-Y¶ cofactor of class Ia RNR in E. coli (Y 

= tyrosine, X = intermediate).[33] 

Four electrons are required for the reduction of dioxygen into water. A postulated reaction 

pathway for the generation of tyrosyl radical in class Ia E. coli R2 has been proposed (Scheme 

1.3). The Fe2 cofactor reacted with O2 to form intermediate X. Intermediate X has been 

characterised by a series of spectroscopic techniques: electronic absorption spectroscopy, 

Mössbauer, electron paramagnetic resonance (EPR), extended X-ray absorption fine structure 

spectroscopy (EXAFS) and magnetic circular dichroism (MCD).[50-58] Based on these structural 

studies, adduct X was shown to have a FeIIIFeIV centre with at least one oxo-bridge. In the 

FeIIIFeIV core, the FeIV centre was at the distal position to the tyrosine residue, which was 

oxidised by X to generate the tyrosine radical. The high-valent intermediate X then abstracted 

a hydrogen atom from a nearby tyrosine. The newly formed tyrosyl radical then transferred the 

resulting electron hole over ~35 Å by a series of hole-hopping and/or proton-coupled electron 

transfer (PCET) steps, ultimately leading to the initiation of substrate reduction by abstraction 

of the 3ô-H. In summary, the oxidation of FeII
2 to FeIII

2 generated two electrons, while the 

oxidation of a tyrosine residue (Y122) to the tyrosyl radical (Y122
¶) active metal site provided the 

third electron. The last electron could come from an external reductant, but the exact source is 

still uncertain. 

These investigations provided fundamental insight into the O2-activation mechanism of the FeII
2 

site and how the tyrosine radical is generated. Nonetheless, there are still concerns whether the 
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oxo bridge is protonated.[56, 57, 59] Therefore efforts are still ongoing to trap and characterise the 

intermediates formed in class Ia E. coli RNR subunit.  

 

1.3.2 Catalytic cycle of class Ic RNRs 
 

Class Ic RNR from Chlamydia trachomatis (C. trachomatis) uses a Mn/Fe heterobinuclear 

cofactor, rather than a Fe/Fe cofactor found in the R2 subunit of class Ia RNR enzymes, to react 

with O2.
[60] Also, the position occupied by the tyrosine residue (Y122) in class Ia is instead 

occupied by a phenylalanine (Phe127, Figure 1.2), which does not produce a radical.  

 

Figure 1.2. Metallocofactor structure in class Ic RNR (X = solvent).[60]  

Based on many studies of class Ic RNRs, a metal centre with the MnIVFeIII  redox state was 

found responsible for the radical initiation. The reaction of the MnIIFeII site with O2 generated 

the oxidised cofactor. The reaction proceeded through a MnIVFeIV intermediate, that underwent 

one electron reduction[61] to form the catalytically active MnIVFeIII  site (Scheme 1.4).[62] The 

structure of this cofactor has not yet been crystallographically established, but a series of 

spectroscopic techniques such as Mössbauer, EXAFS and X-ray diffraction crystallography 

have been used to study the cofactor site.[63-66] Based on the atomic distances a structure with 

oxo, hydroxo bridges was favoured and the Mn was observed in the metal site 1, close to 

Phe127.
[65-67] The four oxidising equivalents required to form the MnIVFeIV intermediate from 

MnIIFeII could also be provided by two equivalents of H2O2 and a stepwise mechanism. The 

first equivalent oxidised the MnIIFeII cluster to the MnIIIFeIII  state. The MnIVFeIV state formed 

upon reaction of the MnIIIFeIII  state with a second equivalent of H2O2. As with O2-activation, 

the MnIVFeIV state was reduced to the active MnIVFeIII  cofactor.[31] However, the geometric and 

electronic structure of the MnIVFeIII  adduct and how the transport mechanism relates to the 

analogues processes in the tyrosine-radical dependent class Ia still remains unclear.   
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The protein C. trachomatis generated a radical equivalent MnIVFeIII  oxidation state of the metal 

site,[63, 65] as opposed to the thiyl radical generated by the other subclasses. X-ray 

crystallography was used to show that the Mn ion was at metal position 1 in this cofactor.[65] 

This is the position proximal to the thiyl radical site in the other proteins.[33] Thus, it had been 

postulated that the high valent MnIV species acts as a direct substitute for the tyrosyl radical.  

 

Scheme 1.4.  Proposed catalytic cycle for class Ic MnFe RNRs in C. trachomatis.[63-67]  

1.4 Structural d escription of class Ib Mn2 RNRs 
 

Class Ia RNR uses a Fe2 cofactor for catalytic activity, class Ic uses a MnFe cofactor and class 

Ib RNRs can use either a Mn2 or a Fe2 centre for formation of the protein radical. Class Ib RNRs 

have identical metal-binding residues to class Ia RNR and class Ib RNR, which have been long 

assumed to contain only FeIII
2-Y¶ cofactors. It was not until 2010, when the Stubbe group 

provided evidence that class Ib RNR can also have a MnIII
2-Y¶ cofactor, as well as a FeIII

2-Y¶ 

cofactor.[68]  

Class Ib RNRs are one of the most studied enzymes. Class Ib RNRs are found in prokaryotes 

and numerous pathogens such as Staphylococcus aureus (S. aureus), Mycobacterium 

tuberculosis (M. tuberculosis), Bacillus anthracis (B. anthracis), E. coli, C. ammoniagenes and 

Bacillus subtilis (B. subtilis). Class Ib RNR comprises of two subunits Ŭ2 (NrdE) and ɓ2 (NrdF), 

that are structurally homologous to class Ia subunits having almost identical metal-binding 

residues, with subtle differences in the second coordination sphere. The catalytic subunit is the 
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Ŭ-subunit, which harbours the active site for nucleotide reduction and two allosteric sites, for 

substrate specificity and general enzyme activity. The ɓ subunit contains the cofactor essential 

for initiation of nucleotide reduction.[69] Class Ib RNRs have structural similarities to class Ia 

RNRs. We will mainly focus on description of E. coli, C. ammoniagenes and B. subtilis, as the 

structure of the active sites of these metalloenzymes was of interest to us. 

The crystal structure reported of E. coli Mn2
II-NrdF revealed the presence of two fully occupied 

Mn2 sites.[28] The Mn···Mn distance was 3.7 Å and the two Mn centres were bridged by three 

glutamate residues: Glu98, Glu158 and Glu192
 (Figure 1.3). While one of the Mn centres was also 

coordinated by His101, Asp67 and a H2O molecule, the second Mn atom was coordinated by 

His145 and a terminal H2O molecule. Each MnII was six-coordinate and it has been proposed 

that ligand reorganisation or dissociation of H2O molecules was necessary for reaction of the 

oxidant with the cluster.  

The crystal structure of B. subtilis Mn2
II-NrdF has also been reported, being different from that 

of E. coli Mn2
II-NrdF with a fully ordered and occupied Mn2 site.[70] The results obtained prove 

that diverse coordination geometries can serve as a starting point for the Mn2
III-Y¶ cofactor 

assembly in class Ib RNRs. The distance between the two metal sites in B. subtilis Mn2
II was 

3.9 Å, the two Mn centres being further apart than the ones in E. coli Mn2
II-NrdI. While both 

Mn ions were bridged by residues Glu97 and Glu198, one of the Mn centres was also coordinated 

by His201, Glu164 (as a bidentate ligand) and a weakly bound H2O molecule (Figure 1.3). Thus, 

one of the Mn centres was coordinatively saturated, as the one in E. coli. However, the second 

Mn was five-coordinate, bridged by His101 and Asp66 in a bidentate mode.  

A crystal structure for the Mn dimer of the R2F subunit of the ribonucleotide reductases of C. 

ammoniagenes has also been reported.[71] X-ray crystallography showed that the active site of 

C. ammoniagenes contains an oxo/hydroxo-bridged Mn dimer, near a tyrosine residue (Y115, 

Figure 1.3). While one of the Mn centres was proximal to the tyrosine residue, the second Mn 

centre was distal. The distance between the Mn centres was 3.3 Å. A glutamic acid as well as a 

histidine residue coordinated the two Mn centres in C. ammoniagenes. An aspartate residue 

coordinated one of the Mn centres, while the second Mn centre was bridged by two glutamic 

acids.[71] A Mn-Ooxo/hydroxo-Mn angle of ~120 ° was observed in this enzyme. In addition to the 

oxo/hydroxo oxygen, an asymmetric oxygen has also been observed in C. ammoniagenes. One 

of the Mn centres was also bridged by an oxygen atom from a terminal water molecule, which 

was not coordinated to the second metal centre. 
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Figure 1.3. Metallocofactors structures found in class Ib RNRs.[28, 70-72] 

All three class Ib Mn2-RNRs (E. coli, B. subtilis and C. ammoniagenes) described above were 

structurally similar. The two metal centres of all three bacteria were either five or six-coordinate 

(Table 1.2), and it has been proposed that dissociation of the water molecule was required for 

reaction of the cluster with the oxidant. Furthermore, the separation between the two metal 

centres of C. ammoniagenes was shorter than the one found in E. coli Mn2
II-NrdF subunit, 3.7 

Å and B. subtilis MnII
2, 3.9 Å. Whereas both Mn centres in C. ammoniagenes were in an 

oxidation state of +3, a longer Mn···Mn separation would be expected in the reduced MnII
2 

form of the enzyme, as observed in Mn catalases, T. thermophilius and L. plantarum. Another 

difference consisted in the number and bridging modes of carboxylate groups that coordinate 

to the metal centres of these bacteria. 
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Table 1.2. Comparison of structural properties of E. coli, B. subtilis, C. ammoniagenes and S. 

typhimurium of class Ib RNR (M = metal). 

 

All the above class Ib RNRs used a Mn2 metallocofactor for catalytic activity. However, class 

Ib could also use a Fe2 centre and one example was Salmonella typhimurium (S. typhimurium). 

The two Fe atoms of S. typhimurium were ligated by two histidines, three glutamates and one 

aspartate (Figure 1.3).[72] The two ferric ions were bridged by one of the glutamate residues and 

an O2- ion. The FeȚȚȚFe bond distance between the two ions was 3.3 Å (Table 1.2). Also, the 

distances between the O2- ion and the Fe centres were 1.8 Å. The coordination environment of 

both Fe ions was octahedral, as indicated in Figure 1.3. The metal-metal bond distance in S. 

typhimurium was the same as the one observed in C. ammoniagenes. Even though they had a 

different metal in the active site (Mn for C. ammoniagenes and Fe for S. typhimurium), they 

had the same oxidation state so similarly bond lengths would be expected. Also, the 

coordination of Fe2 in S. typhimurium was identical to that in class Ia E. coli R2 structure (Figure 

1.1 from class Ia).  

Therefore, class Ib RNRs had either a MnII
2 or a FeII2 metallocofactor, and they were 

structurally similar (Table 1.2), the metal centres were either 5- or 6-coordinate. The metal-

metal bond distance was longer in E. coli and B. subtilis, as they had a MnII
2 core and as 

expected a shorter metal-metal distance was observed in C. ammoniagenes and S. typhimurium, 

where the metal centres are in a +3-oxidation state. Additionally, the catalytic cycle of E. coli, 

C. ammoniagens and B. subtilis will be described below.   

 

 

 

 

Class Ib RNRs 

E. coli 

(Mn II
2) 

B. subtilis (MnII
2) 

C. ammoniagenes 

(Mn III
2) 

S. typhimurium 

(FeIII
2) 

Mn1 Mn2 Mn1 Mn2 Mn1 Mn2 Fe1 Fe2 

Coordination 

Number 
6 6 6 5 6 5 6 6 

M···M (Å)  3.7 3.9 3.3 3.3 
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1.4.1 Class Ia and Ib RNRs 

 
As seen above (section 1.3), in class Ia RNRs, O2 was the active oxidant. The metallocofactor 

responsible for the conversion of tyrosine to tyrosyl radical was a high valent Fe2
 species. The 

high valent FeIIIFeIV intermediate abstracted a hydrogen atom from the tyrosine residue forming 

the tyrosyl radical.[33] This radical was responsible for conversion of ribonucleotides to 

deoxyribonucleotides. In contrast, in class Ib RNRs, the proposed oxidant was either O2
¶ï or 

H2O2 (see below). 

 

1.4.2 E. coli catalytic cycle 
 

Class Ib E. coli RNR was expressed under Fe-limited and oxidatively stressed conditions. In 

the first step of the catalytic cycle NrdIhq was proposed to reduce O2 to H2O2
 (Scheme 1.5). The 

oxidant travelled to the metal site and it was proposed to bind terminally to one of the Mn 

centres.[46][73] A second equivalent of H2O2 was needed to generate the Y¶ (second step, catalytic 

cycle in Scheme 1.5). A mixed valent MnIIIMnIV intermediate formed, that abstracted a 

hydrogen atom from the tyrosine residue forming the tyrosyl radical.[74-78] This was also 

observed in the mechanistic pathway of class Ia RNRs FeIII
2-Y¶ cofactor assembly.[51, 79, 80] 

 

1.4.3 C. ammoniagenes catalytic cycle 
 

The structure of C. ammoniagenes R2F, together with EPR data helped provide further insight 

into the mechanism of oxygen activation at class Ib RNRs. Mechanistic pathways have been 

proposed by the research laboratories of Stubbe and Lubitz/Auling by which the MnII
2 cluster 

was oxidised to the MnIII 2-Y¶ species (Scheme 1.5).[31, 68, 71, 81] These were based on structural 

data, model systems and the mechanism of MnCat.[74, 82]  

 

Scheme 1.5. Proposed catalytic cycle for class Ib Mn2 RNRs in E. coli and C. ammoniagenes.[31, 

68, 71, 81] 



16 
 

In the first step, the MnIIMnII cluster was oxidised through a two-electron oxidation to 

MnIIIMnIII . The second step involved a µ-oxo bridged MnIIIMnIII  species that generated 

ñintermediate Xò (Scheme 1.5). This intermediate had sufficient oxidising power to extract both 

one electron and a proton (i.e. a hydrogen atom) from the tyrosine.[23, 31, 68, 71, 73, 81] Therefore, 

ñintermediate Xò extracted a hydrogen atom  from the tyrosine Y115, resulting in the formation 

of the MnIIIMnIII-Y¶ cofactor. In summary the same catalytic cycle was proposed for class Ib E. 

coli and C. ammoniagenes RNRs, where H2O2
 was the active oxidant.  

 

1.4.4 B. subtilis catalytic cycle 
 

B. subtilis is another class Ib RNR, that contains a MnII
2 metallocofactor. As in the case of E. 

coli and C. ammoniagenes, it was difficult to determine whether the active oxidant was O2
¶ï or 

H2O2. The previous results of Stubbe and co-workers showed that the MnIII
2-Y¶ cofactor 

assembly reconstitution required the presence of MnII
2, O2 and NrdIhq. In comparison to B. 

subtilis, studies of MnIII 2-Y¶ assembly in E. coli suggested that NrdI (flavodoxin) reacted with 

O2 to generate an oxidant capable to oxidise the MnII
2 cluster.[68] NrdI can generate either H2O2 

or O2
¶ï as oxidant. Until 2013, the proposed biosynthetic pathway for the metallocofactor of 

class Ib RNRs is shown below (Figure 1.6). The mechanism A (Scheme 1.6) was originally 

proposed in which NrdI acts as a source of HO2
-. The mechanism B (Scheme 1.6) is an 

alternative route in which NrdI acts as a source of O2
¶ï. Both pathways resulted in generation 

of a mixed valent MnIII MnIV intermediate, that can abstract a hydrogen atom from tyrosine, 

resulting in the formation of a tyrosyl radical. Up until 2013 experiments were unable to 

distinguish whether the oxidant in B. subtilis class Ib Mn2-RNRs was H2O2 or O2
¶ï.[31, 68] 

Recently, Stubbe and colleagues demonstrated that the MnII
2 cofactor showed no reaction with 

O2, the active oxidant was O2
¶ï. A detailed description of the catalytic cycle of class Ib B. 

subtilis will be given below.  
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Scheme 1.6. Two proposed mechanisms for MnIII
2-Y¶ cofactor assembly in class Ib Mn2 RNRs 

(NrdI = flavodoxin protein).[31, 68]  

 

1.4.5 Superoxide in B. subtilis class Ib Mn2-RNRs 
 

Many studies on class Ib MnII
2 RNRs have been carried out.[68, 71, 81, 83] In 2013, Stubbe and co-

workers made a very important discovery, demonstrating the active oxidant in B. subtilis class 

Ib Mn2-RNRs was O2
¶ï (Scheme 1.7). We became interested in the role of the superoxide anion. 

Stubbe and colleagues demonstrated that the Mn2 cofactor showed no reaction with O2.
[83] 

However, in the presence of a flavodoxin protein (NrdIhq, flavodoxin hydroquinone) O2 was 

reduced to O2
¶ï. The O2

¶ï was proposed to react with the MnII
2 core, by inner or outer-sphere 

electron transfer, possibly coupled with proton transfer. The O2
¶ï was suggested to bind the 

MnII metal site farthest away from the tyrosine residue in the protonated form (HO2
¶). Thus, the 

initial formation of a MnIIMnIII-peroxide or a MnIIMnIII-hydroperoxide was proposed.[81] Rapid 

freeze quench (RFQ) EPR studies revealed no evidence of a MnIIMnIII intermediate. The 

oxidation of the site 2 MnII to generate a MnIIMnIII  intermediate was expected to be very fast, 

similar to the analogous reaction in SOD (reaction rate constant = 109 M-1s-1 for MnII-SOD[84]). 

The inability to detect this intermediate was attributed to the fact that all steps between O2
¶ï 

production and formation of MnIIIMnIV species (see below) were rate-limited by a 
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conformational change correlated with O2
¶ï reaching the metal site.[81] Subsequent cleavage of 

the OïO bond to generate a MnIII(µ-OH)(µ-O)MnIV species, that oxidises tyrosine was also 

proposed.[83] RFQ-EPR measurements of the mixed valent MnIIIMnIV species exhibited a 16-

line signal at 10 K. These features were very similar to those of mixed valent MnIIIMnIV dimers. 

The MnIIIMnIV species was the first example of a MnIIIMnIV dimer in biology and the analogue 

to Intermediate X in FeIII 2-Y¶ cofactor assembly.  

 

Scheme 1.7. Proposed catalytic cycle for class Ib Mn2 RNRs in B. subtilis (NrdIhq = Flavodoxin 

hydroquinone, NrdIsq = Flavodoxin semiquinone).[31, 69, 83] 

Based on the above catalytic cycles of class I RNRs the active oxidant was either O2 (class Ia 

and Ic) or O2
¶ï/H2O2 (class Ib). The process catalyzed by bimetallic active sites in class Ib MnII

2 

RNRs in B. subtilis could be divided into two steps: binding of the oxidant to the metal atoms, 

followed by cleavage of the O-O bond. In B. subtilis, a MnIIMnIII-peroxide species was 

postulated to form after binding of superoxide, that converted to a MnIII(µ-OH)(µ-O)MnIV 

species after cleavage of the O-O bond. The high valent species oxidised tyrosine to tyrosyl 

radical, that was involved in ribonucleotide reduction. In class I RNR, various metallic-oxygen 

intermediates have been identified or proposed during the catalytic cycle. The presence of these 

intermediates in the catalytic cycle of RNRs has triggered the study of related model complexes. 

More importantly, mimicking of class Ib Mn2 RNRs, where the postulated oxidant was O2
¶ï by 

using synthetic MnII2 model complexes and O2
¶ï is essential. The reactivity of biomimetic MnII

2 

complexes and O2
¶ï has not been investigated before. Moreover, this would help provide further 

support for the postulated mechanism of O2
¶ï activation at class Ib Mn2 RNRs. 
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1.5 Model complexes 
 

In biological systems, there are examples of Mn containing non-heme metalloenzymes that 

react with molecular oxygen or one of its reduced derivatives (i.e., superoxide, hydrogen 

peroxide and water).[6, 85] These enzymes catalyse processes crucial to health and the 

environment. For example, Mn-SOD[26, 86] and MnCat[6] are involved in detoxification of ROS 

(superoxide and hydrogen peroxide respectively). Substrate oxidations are performed by Mn-

dependent dioxygenases[7, 87] and oxalate oxidase[9] in their reaction with molecular oxygen. 

The oxidation of water to dioxygen is carried out by the tetramanganese cofactor in the OEC of 

photosystem II.[30, 88] Finally, as described above (section 1.1), Mn2 RNRs convert 

ribonucleotides to their corresponding deoxyribonucleotides, that are involved in DNA 

synthesis.[68, 81, 89]  

Regardless of the diversity in structures and active-site function, some of the proposed 

mechanisms of the redox-active Mn enzymes involved peroxo-intermediates. Spectroscopic 

evidence for Mn-SOD[90, 91] and Mn homoprotocatechuate 2,3-dioxygenase (Mn-HPCD)[7] for 

a peroxo-intermediate was obtained. The majority of peroxo-MnIII  intermediates were 

postulated based on reaction chemistry and were supported by computational studies.[92-94] 

Moreover as seen in section 1.4.5, in the catalytic cycle of class Ib Mn2 RNRs, a (hydro)peroxo-

MnIIMnIII  intermediate was proposed prior to the formation of a bis(µ-hydroxo)MnIIIMnIV 

intermediate.[83] Additionally, peroxo-MnIII  adducts were proposed as key intermediates in 

water oxidation by the OEC.[30, 95, 96] Therefore, Mn-enzymes reacted via peroxo/hydroxo/bis(µ-

oxo) Mn-intermediates. Preparation of model complexes of these metalloenzymes helps us gain 

a better understanding of their active sites and behaviour in formation of Mn-intermediates.  

In the last four decades, investigations of metalloenzymes have long benefited from 

complementary studies of synthetic models that mimic structural, spectroscopic and reactivity 

studies. Examination of the spectroscopic properties and reactivity of Fe-, Cu- and Mn-

containing model complexes have played a prominent role in advancing our understanding of 

these metalloenzymes. Many synthetic model complexes have been prepared that model the 

active site and reactivity of these enzymes. For a complete understanding of Mn-enzymes, an 

examination of structures, spectroscopic properties and reactivity of Mn-containing model 

complexes is critical. The next section describes progress towards understanding the structure 

and reactivity of peroxo-MnIII , mixed valent MnIIMnIII  and bis(µ-oxo)MnIIIMnIV adducts using 

synthetic model systems. Attention is focussed on peroxo-MnIII  and bis(µ-
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oxo/hydroxo)MnII IMnIV adducts as these have been postulated as intermediates in class Ib Mn2 

RNRs.  

 

1.5.1 Peroxo-Mn III  complexes 
 

The first crystallographically characterised peroxo-MnIII  complex [MnIII (O2)(TPP)]- (TPP = 

5,10,15,20-tetraphenylporphyrin) was reported in 1987 by VanAtta et al.[97] In the 31 years 

since that report, only seven peroxo-MnIII  complexes have been structurally characterised.[98-

104] The lack of these structures could be attributed to the low stability of peroxo-MnIII  species. 

However, there are many other peroxo-MnIII  compounds, whose structures were supported by 

many techniques such as mass-spectrometry or other spectroscopic techniques and 

computational studies.[100, 101, 103, 105-110] Firstly, the methods by which the peroxo-MnIII  

complexes were prepared will be described, followed by their structural and vibrational 

properties. Finally, the chemical reactivity of the complexes will be discussed.  

The first structurally characterised peroxo-MnIII  complex, [MnIII(O2)(TPP)]- was formed using 

potassium superoxide (Figure 1.4).[97] The synthesis of this complex was carried out as 

described below. The [MnIII (TPP)Cl] complex was reduced with zinc amalgam in toluene. This 

metathesis reaction helped remove the chloride ion from solution. The zinc amalgam was 

removed by filtration, while toluene was removed by vacuum distillation. Next, the MnIITPP 

complex was dissolved in THF with an excess cryptand (K222) and small pieces of KO2. The 

reaction was left stirring for a few days. Green crystals of [MnIII(O2)(TPP)][K(K222)] were 

obtained.[97] Additionally, the large size of K222 made it a good counterion for crystallisation 

of the porphyrin anion ([MnIII(O2)(TPP)]-). The O2
¶ï oxidant has also been used to generate a 

number of peroxo-MnIII  adducts, from MnII precursors supported by pentadentate N5 (N,Nô-

bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (= N4py) and N-methyl-N,Nô,Nô-tris(2-

pyridylmethyl)ethane-1,2-diamine (= mL5
2)),[106, 111] tetradentate N4 (1,4-bis(2-pyridylmethyl)-

1,4-diazepane (= L7py2
R) and related)[105, 107, 108] and macrocylic ligands (4,11-dimethyl-

1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (= Me2EBC)) (Figure 1.4).[112] Superoxide 

presumably acts as a one-electron oxidant of the MnII centre.  

On the other hand, peroxo-MnIII  complexes supported by hydrotis-(3,5-diisopropyl-1-

pyrazolyl)borate (= TpiPr)[98, 99] and 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane 

(=TMC-ligands)[100, 101] have been generated using aqueous H2O2 (Figure 1.4). The mechanism 

for formation of peroxo-MnIII complexes using H2O2 has not been established. In some cases, a 

large excess of H2O2 was needed.[98, 99, 113, 114] Also, the addition of a base such as triethylamine 
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(Et3N) was required for generation of the peroxo-MnIII  complexes[100, 101, 103, 105-109] or anhydrous 

H2O2-urea was needed.[103, 106, 113] 

Peroxo-MnIII  adducts are most commonly trapped at low temperatures (Ò 0 °C)[105-108, 111, 113] 

but there are a few examples at higher temperatures  (> 0 °C).[98-101] The yields of the peroxo-

MnIII  complexes are usually low to moderate and this has prevented their characterisation by 

Mn K-edge X-ray absorption spectroscopy. Higher yields of peroxo-MnIII  adducts have been 

obtained from MnII precursors supported by N5 (pentadentate amino pyridine and imidazole) 

ligands using electrochemically generated O2
¶ï.[115] The three complexes used for this study 

were [MnII(imL5
2)(ClO4)](ClO4) (where imL5

2 =  N-methyl-N,Nô,Nô-tris((1-methyl-4-

imidazolyl)methyl)ethane-1,2-diamine), [MnII(mL5
2)(OH2)](BPh4)2.2H2O (where mL5

2 = N-

methyl-N,Nô,Nô-tris(2-pyridylmethyl)ethane-1,2-diamine) and [MnII(N4py)(OTf)](OTf) 

(where OTf = trifluoromethanesulfonate).[115] Bulk electrolysis (-1.2 V vs SCE) of air saturated 

DMF solutions containing 1 mM of the MnII complexes supported by imL5
2, mL5

2 and N4py 

resulted in reduction of dissolved O2 to O2
¶ï. Air saturated DMF solutions were prepared by 

bubbling with dried air for 10 minutes before electrolysis. In situ, the O2
¶ï was proposed to react 

with the solvated MnIII  complexes to generate the corresponding peroxo-MnIII  complexes. At 

233 K, UV-Vis spectroelectrochemical experiments using a Pt grid working electrode in a thin 

layer spectroelectrochemical cell confirmed the formation of peroxo-MnIII complexes. Intense 

bands developed in the UV-Vis absorption spectra upon application of the reductive 

potential.[115] Absorption bands at ɚmax = 542, 585 and 617 nm corresponded to the formation 

of [MnIII(O2)(imL5
2)]+, [MnIII(O2)(mL5

2)]+ and [MnIII(O2)(N4py)]+.[106, 111, 113]  

Importantly, higher extinction coefficients were obtained for the peroxo-MnIII  complexes using 

electrochemically generated O2
¶ï, from those obtained for the same peroxo-species prepared 

chemically by H2O2 or KO2.
[106, 111, 113] The O2

¶ï anion formed at the electrode in situ was 

proposed to react instantly with the excess of MnII complexes. Additionally, as the product 

diffused away from the electrode, side reactions were unfavorable. Therefore, higher yields of 

peroxo-MnIII  complexes were obtained. Hopefully this will help improve X-ray absorption 

spectroscopy studies.   
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Figure 1.4. Structures of peroxo-MnIII  compounds.[110] 

Two peroxo-MnIII  complexes[114, 116] and one binuclear Mn-peroxo complex[117] have been 

prepared using dioxygen. Treatment of the precursor [MnII(H2bupa)]- complex with O2 at room 

temperature resulted in formation of [MnIII(O2)(H3bupa)]+ (where H3bupa = bis[(Nô-tert-

butylurealy)-N-ethyl]-(6-pivalamido-2-pyridylmethyl)amine, Figure 1.4) in 50% yield.[116] 

H2bupa is a trianionic tripodal ligand that contains a hydrogen-bonding cavity around the 



23 
 

dioxygen-binding site. When the oxygenation reaction was performed in the presence of 0.5 

equivalents of diphenylhydrazine (DPH), the reaction increased from 30 mins to 10 mins and 

the yield of [MnIII(O2)(H3bupa)]- increased to 80%.[116] A mechanism was proposed involving 

the formation of a superoxo-MnIII  intermediate, that reacted with solvent or DPH (generating 

azobenzene), via a H-atom abstraction process to initially produce a hydroperoxo-MnIII  

complex. Additionally it was proposed that DPH stabilised the intermediate formed, increasing 

the rate and yield of the product formed.[116] Likewise the [MnII(H2bpaa)] (where H3bpaa = N-

[bis(6-pivalamido-2-pyridylmethyl)](Nô-fluorophenylcarbamoylmethyl)amine) complex 

reacted with O2 in the presence of hydrogen-atom donors (DPH, indene and fluorene) to form 

[Mn III(O2)(H2bpaa)].[114] It was suggested that the MnII precursors reacted with dioxygen to 

form superoxo-MnIII  species, that abstracted a hydrogen atom to give hydroperoxo-MnIII 

adducts. Subsequent deprotonation or intramolecular proton transfer was suggested to account 

for the formation of the observed Ẽ2- peroxo-MnIII  complexes. The first example of a binuclear 

Mn-peroxo derived from O2 was reported by Kovacs and co-workers.[117] Treatment of the 

[Mn II(SMe2N4(6-Me-DPEN))](BF4) (where 6-Me-DPEN = N,N-bis(6-methyl-2-

pyridilmethyl)ethane-1,2-diamine) with dioxygen at low temperature resulted in the formation 

of {[Mn III(SMe2N4(6-Me-DPEN))]2(trans-µ-1,2-O2)}
2+ (Figure 1.5), which was characterised 

crystallographically. The peroxo-adduct converted to a binuclear mono-oxo-bridged 

{[Mn III(SMe2N4(6-Me-DPEN))]2(µ-O)}2+ within minutes at -40 °C. Thus, this represented the 

first characterised example of a binuclear MnIII-peroxo which subsequently, converted to a 

binuclear µ-oxo bridged product derived from O2.  

 

Figure 1.5. Structures of a peroxo-MnIII complex, a peroxo-MnIIMnIII complex and a binuclear 

peroxo-MnIII
2 complex (from left to right).[98, 99, 116, 124] 
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1.5.1.1 Structural properties of peroxo-Mn III  complexes 

Chemdraw representations of X-ray crystal structures of peroxo-MnIII  complexes supported by 

TPP,[97] TpiPr[98, 99] and N4 macrocyclic (TMC, 1,4,7,10-tetramethyl-1,4,7,10-

tetraazacyclotridecane (= 13-TMC) and 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane 

(= 12-TMC))[100, 101, 103] ligands are shown above (Figure 1.4). All complexes displayed six-

coordinate MnIII  centres with Ẽ2-peroxo ligands. The Mn-O bond lengths of these complexes 

ranged from 1.838 to 1.901 Å, while the O-O bond lengths ranged from 1.402 to 1.43 Å. Almost 

all these Ẽ2-peroxo-MnIII  complexes had symmetric Mn-O bonds, with the bond distances 

differing by less than 0.015 Å. The peroxo-MnIII complex [MnIII(O2)(TpiPr)(MeIm)] (where 

MeIm = methylimidazole) displayed a more asymmetric Mn-O bond due to intermolecular 

hydrogen bonds between MeIm and peroxo ligands of adjacent molecules.[99] An additional 

peroxo-MnIII  complex ([MnIII(O2)(TpiPr2)(pziPr2)], where pziPr2 = 3,5-diisopropylpyrazole) was 

first prepared at -20 °C using H2O2 as oxidant. Interestingly, it was observed that the UV-Vis 

spectrum of a toluene solution of the peroxo-Mn complex at -78 °C, exhibited a ɚmax = 583 nm, 

which upon warming at -20 ÁC revealed a shoulder at ɚmax ~ 560 nm.[98] The thermochroism of 

the peroxo-MnIII  complex [Mn(O2)(TpiPr)(pziPr2)] was reflected in its isomers where upon 

cooling from -20 to -78 °C, a brown to blue conversion was observed (Figure 1.6). X-ray crystal 

structures were obtained for both isomers. Similarly to the [MnIII(O2)(TpiPr)(MeIm)] complex 

(see above), the [MnIII(O2)(TpiPr2)(pziPr2)] (where pziPr2 = 3,5-diisopropylpyrazole) complex 

also had asymmetric Mn-O bonds in its blue form that distinguish it from the brown isomer.[98] 

The N(pziPr2) to O(peroxo) bond lengths in the blue isomer were 2.82(2) and 2.99(2) Å while 

in the brown isomer were 3.298(8) and 3.083(3) Å (Figure 1.6, Table 1.3). Thus, shorter 

N(pziPr2) to O(peroxo) distances suggested that the slight asymmetry in the MnIII -O2 unit it was 

due to intramolecular hydrogen bonds.  

 

Figure 1.6. Structure of the core of the brown (left) and blue isomers (right) of the 

[Mn(O2)(TpiPr)(pziPr2)] complex.[98] 
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The coordination geometry of the MnII centre can be calculated using the Ű5 parameter as square 

pyramidal (Ű5 = 0) to trigonal bipyramidal (Ű5 = 1). The Ẽ
2-peroxo-MnIII  complexes supported 

by the TpiPr2 ligand were very close to a trigonal bipyramidal geometry (Ű5 = 1) with large axial 

bond elongations. For the TMC-derived complexes, as the ring sizes decreased, the geometries 

become closer to square pyramidal. The first crystal structure of a peroxo-bridged MnIII  

complex was that of [MnIII 3(cis-µ-1,2-O2)(µ3-O)(µ-OAc)2(dien)3]
3+ (where dien = 

diethylenetriamine). The complex was formed by refluxing MnIII(OAc)3 and dien in methanol, 

after which the mixture was cooled under air.[118]  Large uncertainties in the metric parameters 

were observed due to the inability to define the structure because of its high symmetry. The 

only high-resolution structure of a bridged MnIII
2 species was obtained from the 

{[Mn III(SMe2N4(6-Me-DPEN))]2(trans-µ-1,2-O2)}
2+ complex.[117] This complex had a peroxo 

ligand with a trans-µ-1,2-geometry and a long O-O bond distance of 1.452(5) Å and short Mn-

O bond distances of 1.832(3) Å.[117] Comparable O-O (1.46(3) Å) and Mn-O (1.83(2) Å) bond 

lengths have been observed in a MnIV
2 complex supported by a cis-µ-1,2-peroxo bridge and 

two oxo bridges.[119] Similar O-O bond lengths of ~1.41 Å were observed in peroxo-bridges 

FeIII
2 species when compared to {[MnIII(SMe2N4(6-Me-DPEN))]2(trans-µ-1,2-O2)}

2+.[120] 

However, peroxo-bridged CuII2 species exhibited O-O bond distances ranging from 1.368(9) to 

1.540(5) Å.[121, 122] 

Table 1.3. Selected bond lengths for peroxo-MnIII  complexes from X-ray crystallography.  

 

Complexes 

Selected Bond lengths (Å) 

Mn-O O-O Ref 

[Mn(O 2)(TPP)]- 1.888, 1.901 1.421 [97] 

[Mn III (O2)(Tp iPr2)(pziPr2)]-brown 1.850,1.851 1.428 [98] 

[Mn III (O2)(Tp iPr2)(pziPr2)]-blue 1.841, 1.878 1.420 [98] 

[Mn III (O2)(Tp iPr2)(Me-Im)]  1.838, 1.872 1.420 [99] 

[Mn(O 2)(TMC)] + 1.884, 1.884 1.402 [100] 

[Mn(O 2)(13-TMC)] + 1.855, 1.863 1.410 [101] 

[Mn(O 2)(12-TMC)] + 1.853 1.408 [103] 

 

1.5.1.2 Vibrational properties 

Up to now resonance Raman experiments on most mononuclear Ẽ2-peroxo-MnIII  adducts failed 

because of laser irradiation causing sample degradation.[100, 111] Thus, little vibrational data is 

available and ɜO-O have only been observed for six complexes using IR measurements.[97-99, 114, 

116, 123] One example includes an MnIV-peroxide complex supported by a tetraamido 

macrocyclic ligand (TAML) recently reported by Nam and co-workers.[123] The ɜO-O stretching 
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vibration of the MnIV-peroxide complex was found in the IR spectrum at 905 cm-1, that shifted 

to 860 cm-1 on substitution of 16O2 with 18O2.
[123] Mn-O stretching vibrations (ɜMn-O) have not 

been identified. Thus, there is a lack of vibrational data (ɜO-O and ɜMn-O) for mononuclear 

peroxo-MnIII  complexes. The few previously reported ɜO-O values are within the narrow range 

of 875-896 cm-1 (Table 1.4). In contrast, the binuclear peroxo-Mn complex {[MnIII(SMe2N4(6-

Me-DPEN))]2(trans-µ-1,2-O2)}
2+ exhibited a lower-energy ɜO-O band at 819 cm-1 on the 

resonance Raman spectrum. Thus, further studies must be done into the vibrational 

spectroscopy of Mn-dioxygen adducts.  

1.5.1.3 Electronic absorption spectroscopy 

Ẽ2-peroxo-MnIII complexes exhibit weak absorption bands in the visible region (ɚmax = 415-670 

nm; ὑ = 60-490 M-1cm-1) that arise from a combination of peroxide-to-metal charge transfer and 

d-d transitions.[103, 107, 109] The well-characterised peroxo-MnIII  complexes [Mn III(O2)(12-

TMC)]+,[103] [Mn III(O2)(13-TMC)]+[124] and [MnIII(O2)(14-TMC)]+[124]
 displayed an intense 

absorption at less than 460 nm and a broader band in the 560-590 nm range. These spectral 

features were also resembled by peroxo-MnIII  complexes supported by polydentate amine 

ligands ([MnIII(O2)(L1)]+ (where L1 = N,Nô-bis-(2-pyrid-2-ylmethyl)-1,4-diazepane) and 

[Mn III(O2)(L2)]+ (where L2 = N-(6-methylpyrid-2-ylmethyl)-Nô-(pyrid-2-ylmethyl)-1,4-

diazepane),[109] Table 1.4), exhibiting a prominent band at ɚmax = 430-450 nm and a weaker band 

at ɚmax = 550-600 nm. Additionally, the electronic absorption spectrum of a peroxo-MnIII  

complex supported by another polypyridine amine ligand (N4py), prepared upon addition of 

O2
¶ï, displayed weak absorbance features at ɚmax = 438 and 617 nm.[125] Moreover, the first 

example of a mixed valent MnIIMnIII-peroxide ([MnIIMnIII(O2)(N-Et-HPTB)]2+, where N-Et-

HPTB = N,N,Nô,Nô-tetrakis(2­(1­ethylbenzimidazolyl))­2­hydroxy­1,3-diaminopropane) 

species displayed low intensity absorbance bands at ɚmax = 460 and 610 nm.[126] Likewise, 

reaction of the ([Mn2(O2CCH3)2(BPMP)](ClO4) (HBPMP = 2,6-bis[bis(2-

pyridylmethyl)aminomethyl]-4-methylphenol; complex 4, chapter 3) with O2
¶ï formed a second 

peroxo-MnIIMnIII  complex (5). The electronic absorption spectrum of 5 displayed two low 

intensity features at ɚmax = 440 and 590 nm (chapter 3). These features were characteristic of 

MnIII-peroxide complexes. In summary, all the previously reported peroxo-MnIII  complexes 

exhibited comparable electronic absorption features. 
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Table 1.4. Experimental ɜO-O frequencies (cm-1), electronic absorption maxima (ɚmax) and 

extinction coefficients (ὑ) for peroxo-MnIII  complexes.  

Complex ɜO-O (ȹ18O) ɚmax in nm (ὑ in M -1cm-1) Ref 

[Mn III (O2)(N4py)]+ - 438 (22800), 617 (16200) [125] 

[Mn III (O2)(12-TMC)] + - 
280 (2600), 455 (250), 620 

(200) 

[103] 

[Mn III (O2)(13-TMC)] + - 
288 (2400), 452 (390), 615 

(190) 

[124] 

[Mn III (O2)(14-TMC)] + - 453 (490), 630 (120) [124] 

[Mn III (O2)(L1)] + - 448 (197), 556 (42) [109] 

[Mn III (O2)(L2)] + - 440 (175), 597 (41) [109] 

[Mn III (O2)(Tp iPr2)(pziPr2)]-brown 892 (51) 561 (50) [98] 

[Mn III (O2)(Tp iPr2)(pziPr2)]-blue 892 (51) 583 (60) [98] 

[Mn III (O2)(Tp iPr2)(Me-Im)]  896 (-) 381 (314), 478 (173) [99] 

[Mn III (O2)(H3bupa)]- 885 (48) 660 (300), 490 (NA) [116] 

[Mn III (O2)(H2bppa)] 891 (52) 590 (58) [114] 

[Mn III (O2)(TPP)]- 983 (50) NA [97] 

[Mn II Mn III (O2)(N-Et-HPTB)] 2+ - 460 (-), 610 (-) [126] 

{[Mn III (SMe2N4(6-Me-DPEN))]2(trans-

µ-1,2-O2)}2+ 
819 (47) 640 (830) [117] 

[Mn IV (O2)(TAML)] 2- 905 (45) 600 (720) [123] 
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1.5.1.4 Chemical reactivity of Ẽ2-peroxo-Mn III  adducts 

 

Scheme 1.8. Structural representations of chemical reactivity of peroxo-MnIII  complexes 

(L8py2
H = 1,4-bis(2-pyridylmethyl)-1,4-diazepane; H3bupa = bis[(Nô-tert-butylurealy)-N-

ethyl]-(6-pivalamido-2-pyridylmethyl)amine; H3bpaa = N-[bis(6-pivalamido-2-

pyridylmethyl)](Nô-fluorophenylcarbamoylmethyl)amine; TMC = tetramethylcyclam; 13-

TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane).[100, 101, 103, 108, 113, 115, 123, 125, 126] 

Ẽ2-Peroxo-MnIII  complexes were found to react with aldehydes, protons, acid chlorides and 

anhydrides and thus they are nucleophilic. For example, Ẽ2-peroxo-MnIII-porphyrin complexes 

reacted with benzoyl chloride or benzoyl anhydride to give acylperoxo-MnII I species. These 
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undergo O-O heterolysis to produce the corresponding oxo-MnV complexes (Scheme 1.8 

A).[127-129]  

Treatment of the [MnIII(O2)(mL5
2)]+ complex with acids generated 2-pyridinecarboxylate by 

oxidative degradation of the ligand (mL5
2). Jackson and co-workers recently reported the 

formation of a bis(µ-oxo)MnIIIMnIV species using O2
¶ï as oxidant from mononuclear MnII 

precursors (Scheme 1.8 B).[125] Initially a mononuclear peroxo-MnIII  adduct formed, which 

subsequently reacted with the mononuclear MnII precursor forming the bis(µ-oxo)MnIIIMnIV 

species (Scheme 1.8 B). This conversion mimics the currently proposed mechanism for 

assembly of the MnIIIMnIV cofactor in Mn ribonucleotide reductase.[83] The bis(µ-

oxo)MnIIIMnIV species could also be formed directly by reaction of the MnII precursor complex 

with H2O2. The reaction mechanism of this step is still not fully understood. Upon reaction of 

[Mn II(N4py)(OTf)]+ with H2O2, a MnIII-O2 adduct was postulated as one of the intermediates 

on the way to formation of the bis(µ-oxo)MnIIIMnIV complex. While there are many reports on 

the formation of oxo-bridged Mn2 compounds by reaction of a MnII species with H2O2,
[6, 85, 88, 

124] the exact mechanism by which the dimeric species are obtained is not well established. For 

example, a peroxo-bridged MnIII 2 intermediate ([MnIII 2(µ-O2)(mL5
2)]4+) was postulated to form 

upon reaction of [MnIII (O2)(mL5
2)]+ with [MnII I(OH2)(mL5

2)]3+ in a basic aqueous medium.[113] 

The formation of the dinuclear peroxo-bridged adduct was proposed by Groni et al. as an 

intermediate towards formation of the bis(µ-oxo)MnIIIMnIV product ([MnIIIMnIV(µ-

O2)(mL5
2)]3+.[113] In the literature, there are few examples of peroxo-bridged Mn2 complexes. 

To the best of our knowledge, the only well-characterised example of such a complex was 

reported by Coggins et al. The {[MnIII(SMe2N4(6-Me-DPEN))]2(trans-µ-1,2-O2)}
2+ complex 

revealed two MnIII  ions bridged by a peroxo ligand.[117] A peroxo-MnIII
2 [Mn3(dien)2(OAc)2(µ-

O2)Cl](ClO4)2
[118] (dien = diethylenetriamine) and a bis(µ-oxo)MnIIIMnIV with a cis-µ-1,2-

peroxo bridge [L2Mn2(µ-O)2(µ-O2)](ClO4)2 (L = 1,4,7-trimethyl-1,4,7-triazacyclononane)[119] 

have also been reported. Furthermore, mononuclear CuII-O2 and NiIII-O2 complexes also 

performed this type of reactivity, by reacting with a second metal complex to form 

heterodinuclear and homodinuclear complexes with bis(µ-oxo) or µ-peroxo cores.[130-132]  

Ẽ2-peroxo-MnIII  complexes also displayed a nucleophilic character and were shown to be 

capable of aldehyde deformylation. This type of reactivity has been reported for Ẽ2-peroxo-

MnIII complexes supported by H3bupa2-,[116] H2bpaa-,[114] TMC-derived[100, 101, 103] and 

L7py2
R[108] ligands (Figure 1.8 C). A series of [MnIII(O2)(13-TMC)(X)] (where X = CN-, NCS-

, CF3CO2
-, N3

-) complexes were investigated in cyclohexanecarboxaldehyde (CCA) 

deformylation activity. The product obtained from this oxidation reaction was cyclohexanone 
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(Scheme 1.8, C). It was reported that the rate for this aldehyde deformylation increased with 

the electron-donating ability of the axial ligand trans to the peroxo.[101] Notably, it was found 

that complex [MnIII(O2)(13-TMC)(N3)] was involved in CCA deformylation with a rate of 104 

times larger than that of [MnIII(O2)(13-TMC)]+. Thus, the nucleophilicity of the MnIII-O2 unit 

was enhanced by the strongly electron donating ligand, possibly a more end-on structure was 

favoured. The deformylation activity of peroxo-metal complexes ([MIII(O2)(TMC)]+, M = Fe, 

Mn and Co) supported by the TMC ligand was also reported.[133] The Mn and Cu complexes 

supported by the TMC ligand exhibited similar reaction rates and they were an order of 

magnitude faster than the Fe complex ([FeIII(O2)(TMC)]+).[133] 

The reactivity of non-porphyrin Ẽ2-peroxo-MnIII complexes towards electrophilic substrates is 

scarce. However the O-O bond in [MnIII(O2)(H3bupa)]-  was activated by treatment with a 

hydrogen-atom donor. [MnII(H2bupa)]- was used in the catalytic reduction of O2 to H2O with 

either DPH or hydrazine as the reductant.[134] The Ẽ2-peroxo-MnIII  [Mn III(O2)(H3bupa)]- was 

formed from the precursor [MnII(H2bupa)]-, O2 and 0.5 equivalents of DPH. Then an additional 

equivalent of DPH gave the MnIII-peroxo unit with two hydrogen atoms. The resulting species 

underwent O-O cleavage forming a MnIII adduct (MnIII-O and MnIII-OH hybrid) and H2O. 

Strong hydrogen bonding was observed for this species with the supporting ligand. 

Furthermore, this intermediate reacted with another 0.5 equivalents of DPH to generate 

[Mn III(H2bupa)]- and a second H2O molecule.[134] This type of reactivity of the 

[Mn III(O2)(H3bupa)]- complex was interesting as the peroxo-FeIII  complex ([FeIII(O2)(EDTA)]3- 

(where EDTA = ethylenediaminetetraacetate) was unreactive towards one-electron and two-

electron reductants such as Na2S2O4 and NaBH4.
[135]  

In summary, many peroxo-MnIII  complexes have been prepared using either O2, O2
¶ï or H2O2 

as oxidant. Most of the peroxo-MnIII  complexes were relatively unstable at room temperature 

and were thus prepared at low temperatures (< 0 °C). While few of the peroxo-MnIII  complexes 

were crystallographically characterized, only one crystal structure of a binuclear Mn-peroxide 

was previously reported. Furthermore, little vibrational data for mononuclear Mn-peroxide 

complexes is available because of laser irradiation producing sample degradation. Nevertheless, 

previously reported peroxo-MnIII  complexes displayed characteristic absorbance bands at ɚmax 

= 410-460 nm (assigned to peroxo-to-MnIII  charge transfer transition) and at ɚmax = 550-670 nm 

(assigned to d-d transitions). Additionally, many of the peroxo-MnIII  species proved to be good 

nucleophilic oxidants in their reaction with aldehydes. Therefore, the most widely used 

spectroscopic techniques for characterization of previously reported peroxo-MnIII complexes 

were electronic absorption spectroscopy, IR and X-ray crystallography.  
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In the past 11 years many reports on peroxo-MnIII  complexes have been published. Crystal 

structures of several peroxo-MnIII  adducts have been reported[98-104] and even some of the more 

unstable complexes can now be generated in higher yields, allowing their structure and 

reactivity studies.[115] Even though advances have been made, trapping of Mn intermediates 

involved in the catalytic cycles remains a challenge. For example, the activation of O2 by Mn2 

centres[116] has been achieved with trapping of key intermediates[117] but few studies in this area 

have been done. Nevertheless, the studies done in the field of peroxo-Mn model complexes are 

coupled with the advances in understanding the mechanisms of Mn-dependent enzymes. Thus, 

studies of enzymes and model complexes are very important for an understanding of Mn in 

biology.   

Aside from synthesis of peroxo-MnIII  synthetic model complexes for Mn enzymes, mixed 

valent MnIIIMnIV and MnIIMnIII  complexes have also been prepared to mimic some of the 

intermediates observed in the catalytic cycles of Mn enzymes. A description of the 

characteristic features of these mixed valent complexes is given below.  

 

1.5.2 Bis(µ-oxo)MnIII Mn IV  complexes 
 

A series of bis(µ-oxo)MnIIIMnIV complexes have been synthesised and characterised either as 

mimics of the catalytic cycle of class Ib RNRs described above,[125] as mimics of the OEC of 

photosystem II,[136] for water oxidation catalysis[137-140] or as model complexes of MnCat.[124, 

141] While the X-ray crystal structures of many bis(µ-oxo)MnIIIMnIV complexes have been 

reported (Figure 1.7, Table 1.5),[125, 137, 139, 140, 142-151] they have also been characterised by 

electronic absorption, EPR and IR spectroscopies (Table 1.5), and mass spectrometry.  



32 
 

 

Figure 1.7. Selected structures of synthesised bis(µ-oxo)MnIIIMnIV complexes.[123, 135, 151, 154, 

155] 

The majority of mixed valent bis(µ-oxo)MnIIIMnIV complexes have been prepared by reaction 

of the precursor MnII complex either with KMnO4,
[137]  oxone,[139] H2O2 as an oxidant[141, 146, 

150, 152] or by electrochemical oxidation.[147] 

All mixed valent bis(µ-oxo)MnIIIMnIV complexes exhibited slight differences in the electronic 

absorption spectra in the visible region, giving a characteristic absorption band between 520-

570 nm assigned to a d-d transition band while bands between 590-700 nm could be attributed 

to a O to Mn charge transfer band (Table 1.5).[140, 142, 153, 154]
 An exception was the [Mn2(µ-

O)2(bpy)2(ArtolCO2)2](ClO4) complex (where bpy = 2,2ô-bypiridine and ArtolCO2
- = 2,6-di(p-



33 
 

tolyl)benzoate).
[151]

 This was the first example of a synthetic dinuclear complex, where the metal 

centres were bridged simultaneously by a pair of oxo groups and a pair of carboxylate groups. 

Furthermore, this complex had the shortest Mn-Mn distance (2.505(1) Å) and the smallest Mn-

O-Mn angles (average 88.3 °) reported for any [Mn2(µ-O)2] species.[151] The shortening of the 

Mn-Mn bond length and the diminishment of the Mn-O-Mn angles could be due to the presence 

of the fourth bridging carboxylate group between the Mn centres.[151] Moreover, the electronic 

absorption spectrum of this complex was remarkably different from that of any other [MnIII,IV -

(µ-O)2]
3+ complexes, emphasizing its unusual electronic properties. EPR displayed a 16-line 

signal centred at g ~ 2 analogous to that observed for all other [MnIII,IV 2(µ-O)2] species 

discussed below. In addition, in IR spectra of bis(µ-oxo)MnIIIMnIV complexes, the peak around 

700 cm-1 was assigned to the asymmetric stretch (ɜas) of the Mn-O-Mn bond according to the 

literature (Table 1.5). The Mn-O-Mn symmetric stretch has only been found in few bis(µ-

oxo)MnIIIMnIV complexes around 600 cm-1.[143, 155] Besides electronic absorption and IR 

spectroscopies, bis(µ-oxo)MnIIIMnIV complexes have also been characterised by X-ray 

crystallography and EPR spectroscopy. 
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Table 1.5. Electronic absorption and IR data for bis(µ-oxo)MnIIIMnIV complexes.  

 UV-Vis Data IR Data (Mn-O-Mn 

Stretch) 

 

Complex ɚ in nm (ὑ in M-1cm-1) 
ɜas (cm-1) 

ɜs (cm-1) 
Ref 

[MnO 2(bpy)]2(ClO4)3 
525 (530), 555 (455), 

684 (561) 
ND [153] 

[MnO 2(phen)]2(ClO4)3 
525 (509), 555 (427), 

684 (553) 
ND [153] 

[MnO 2(tmpa)]2(ClO4 )3 
443 (1490), 561 (760), 

658 (620) 
ND [154] 

[Mn 2O2(N,N-bispicen)2](ClO 4)3 
433 (1080), 555 (511), 

645 (450) 
ND [142] 

[Mn 2(µ-O)2(py-

terpy)(OH 2)](NO3)3.8H2O 
552 (612), 655 (608) 700 [140] 

[Mn 2O2(terpy)2(OH2)2](NO3)3.6H2O 553 (678), 654 (585) 706 [156] 

[(pmap)Mn 2(µ-O)2(pmap)](ClO4)3 556 (ND), 662 (ND) ND [157] 

[Mn 2(O2)(tpa)2](ClO 4)3 

660 (500), 559 (621), 

505 (650), 439 (1250), 

382 (1400) 

703 

611 
[143] 

[Mn 2(O2)(bpg)2](ClO 4)3 
640 (420), 545 (550), 

434 (1250), 380 (1480) 

697 

605 
[143] 

{[Mn 2(O2)(pda)2]Na(H2O)6}n 
590 (450), 537 (600), 

413 (1550), 375 (ND) 

694 

610 
[143] 

[Mn 2(cyclen)2(µ-O)2](ClO 4)3.4H2O 553 (ND), 644 (ND) 
690 

570 
[155] 

[Mn(O)(bispicMe 2en)]2(ClO4)3.H2O 
659 (458), 552 (480), 

430 (1155), 380 (1472) 
ND [145] 

[Mn 2(µ-

O)2(terpy)2(CF3CO2)2](CF3CO2).2H2O 

278 (31000), 324 

(25000), 550 (725), 620 

(650) 

ND [148] 

[(phen)2Mn(µ-

O)2Mn(phen)2](PF6)3.CH3CN 

523 (580), 550 (460), 

680 (550), 800 (ND) 
686 [158] 

[Mn 2(µ-O)2(bpy)2(Ar tolCO2)2](ClO 4) Shoulder at ~760 nm ND [151] 

[(OH 2)(R-terpy)Mn(µ -O)2Mn(R-

terpy)(OH 2)](NO3)3 
  

[137] 

¶ R = Cl 552 (610), 658 (603) 712 

¶ R = H 551 (605), 655 (600) 698 

¶ R = MeS 552 (616), 655 (604) 700 

¶ R = Me 551 (619), 655 (608) 702 

¶ R = EtO 552 (620), 655 (598) 705 

¶ R = PrO 552 (610), 655 (603) 703 

¶ R = MeO 552 (619), 655 (603) 703 

¶ R = BuO 551 (623), 650 (610) 704 

(phen = 1,10-phenanthroline; tmpa = tris(2-pyridylmethyl)amine; N,N-bispicen = N,N-bis(2-

pyridylmehyl)-1,2-diaminoethane; py-terpy = 4ô-(4-pyridyl)-2,2ô:6ô,2ôô-terpyridine; terpy = 

2,2ô:6ô,2ôô-terpyridine; pmap = bis[2-(2-pyridyl)ethyl]-2-pyridylmethylamine; tpa = tris-

picolylamine; bpg = bis-picolylglycylamine; (H2)pda = picolyldiglycylamine; cyclen = 

1,4,7,10-tetraazacycledodecane; bispicMe2en = N,Nô-bis(2-pyridylmethyl)-N,Nô-dimethyl-

1,2-ethanediamine). 

Many bis(µ-oxo)MnIIIMnIV complexes have been crystallographically characterised. All bis(µ-

oxo)MnIIIMnIV complexes had a similar Mn-Mn bond length of ~2.7 Å (Table 1.6). The Mn-O 

bond lengths in these complexes were between 1.7 and 2 Å, with the two Mn metal centres 

being relatively symmetric. The reported crystal structures of bis(µ-oxo)MnIIIMnIV complexes 
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showed that both Mn centres were in an octahedral coordination environment, in comparison 

to the peroxo-MnIII complexes described above, where the metal centre was either square 

pyramidal or trigonal bipyramidal. While the peroxo-MnIII  complexes proved to be good 

deformylating agents, the bis(µ-oxo)MnIIIMnIV complexes proved to be unreactive towards 

substrates. This could be due to poor accessibility of the substrate to the active metal core.  

Table 1.6. Selected bond lengths from X-ray crystallography for bis(µ-oxo)MnIIIMnIV 

complexes. 

Complex 

Bond Lengths (Å)  

Mn1-Mn2 Mn1-O1 Mn1-O2 Mn2-O1 
Mn2-

O2(H2O) 
Ref 

[Mn 2O2(N,N-bispicen)2](ClO 4)3 2.646(2) 1.783(4) 1.788(4) 1.836(4) 1.838(4) [142] 

[Mn 2(µ-O)2(py-

terpy)(OH 2)](NO3)3.8H2O 
2.729(1) 1.821(2) - 1.811(3) 2.009(3) [140] 

[Mn 2O2(terpy)2(OH2)2](NO3)3.6

H2O 
2.7315(12) 1.813(3) - 1.812(3) 2.069(3) [156] 

[(OH 2)(MeS-terpy)Mn(µ -

O)2Mn(M eS-

terpy)(OH 2)](NO3)3 

2.7183(8) 1.822(2) - 1.803(2) 2.043(2) [137] 

[(OH 2)(Me-terpy)Mn(µ -

O)2Mn(Me-terpy)(OH 2)](NO3)3 
2.753(1) 1.820(2) - 1.817(2) 2.004(2) [137] 

[Mn 2(µ-

O)2(terpy)2(CF3CO2)2](CF3CO2)

.CH3CN 

2.7265(5) 1.8517(16) 1.8508(17) 1.7786(17) 
1.7786(1

7) 
[148] 

 

Another spectroscopic technique used in the literature for the characterisation of bis(µ-

oxo)MnIIIMnIV complexes is EPR. The EPR spectra of these complexes showed a characteristic 

16 line signal centred around g ~ 2.[136, 138, 141, 151, 157, 159] The 16-line EPR signal corresponded 

to a fingerprint of a mixed valent MnIIIMnIV dimeric complex in which the MnIII  and the MnIV 

ions were anti-ferromagnetically coupled with each other. The 16-line EPR spectral pattern 

arise from the electron-nuclear hyperfine interaction of the 55Mn nuclei (nuclear spin, I = 5/2) 

in the paramagnetic MnIIIMnIV dimeric core (electron spin, S = ½). Sometimes the MnIIIMnIV 

complexes were supported by N-containing ligands. The interactions of the paramagnetic 

MnIIIMnIV dimeric core with the 14N atoms (nuclear spin, I = 1) of the respective ligands 

coordinated to the Mn ions could have also contributed to the 16-line signal, resulting in 

magnetic splitting. However, the line splitting that resulted from the 14N hyperfine interactions 

were usually weak. For example, the EPR spectrum of [(pmap)MnIII-(µ-O)2-

MnIV(pmap)](ClO4)3 (Figure 1.7) measured at 100 K in N-methylformamide exhibited the 

characteristic 16-line signal centred around g ~ 2.003.[157] Similarly a frozen dichloromethane 

solution of [Mn2(µ-O)2(bpy)2(ArtolCO2)2](ClO4) at 4 K, also displayed a 16 line signal centred 

at g ~ 2.[151] This type of spectrum has been assigned to the S = ½ ground state of the complex 

indicating antiferromagnetic coupling between two high spin MnIII  and MnIV ions.[151, 157] 
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Furthermore, the EPR spectrum of [Mn2
III,IV (tpdm)2(µ-O)2(µ-OAc)](ClO4)2 (where tpdm = 

tris(2-pyridyl)methane) complex, that was oxidised electrochemically, also exhibited a 16 line 

signal at g ~ 2 at 5 K.[138] Thus, until now bis(µ-oxo)MnIIIMnIV complexes are known to give 

rise to similar EPR spectra. Moreover, the postulated bis(µ-O)(OH)MnIIIMnIV adduct obtained 

in class Ib B. subtilis MnII
2 RNRs, was also characterised by EPR exhibiting a 16-line EPR 

signal at 10 K.[83] Thus, EPR is a very useful spectroscopic technique not only for 

characterisation of model complexes but also for Mn enzymes.   

Therefore synthetic bis(µ-oxo)MnIIIMnIV complexes as models of RNRs, MnCat and the OEC 

of photosystem II have been prepared and characterised by electronic absorption and IR 

spectroscopies, mass spectrometry and EPR. The crystal structures of many of these bis(µ-

oxo)MnIIIMnIV complexes have also been reported. We are mainly interested in mimicking the 

catalytic cycle of class Ib RNRs and thus in trapping a bis(µ-oxo)MnIIIMnIV species as a model 

complex for the catalytic cycle of class Ib RNRs. Another intermediate involved in the catalytic 

cycle of class Ib RNRs was a mixed valent MnIIMnIII  species. A description, preparation and 

characterisation of synthetic mixed valent MnIIMnIII complexes is given below.  
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1.5.3 Mixed valent MnII Mn III  complexes  

 

 

Figure 1.8. Structures of selected mixed valent MnIIMnIII  complexes.[78, 159-163]  

Binuclear mixed valent MnIIMnIII  species play an important role in biology as they have been 

postulated as intermediates in the catalytic cycle of metalloenzymes, catalase, liver arginase[164] 

and RNRs.[83] Few synthetic mixed valent MnIIMnIII
 complexes have been prepared to mimic 

the active sites of these metalloenzymes (Figure 1.8).[78, 159-161] The main spectroscopic 

techniques used for the characterisation of these complexes are X-ray crystallography, 

electronic absorption spectroscopy and EPR. Most of these mixed valent complexes have been 
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prepared either starting from a MnIII  salt,[159, 160, 165] or by electrochemical oxidation of MnII 

precursors.[166] Some of these binuclear mixed valent MnIIMnIII  complexes have been 

characterised crystallographically, having similar MnȚȚȚMn bond lengths (Table 1.7). The 

mixed valent MnIIMnIII complex (TEA)[Mn2(2-OH(5-Cl-sal)pn)2].C6H6.CH3OH (where (sal)pn 

= 1,3-bis(salicylideneamino)-2-propanol) (Table 1.7) exhibited a shorter MnȚȚȚMn bond 

distance when compared to the other crystallographically characterised MnIIMnIII complexes, 

which could be due to the ligand.[78] Furthermore the MnȚȚȚMn bond lengths in the MnII
2, MnIII

2 

and MnIII,IV
2 complexes supported by the (sal)pn ligand were 3.3, 3.36 and 3.25 Å, differing by 

only 0.11 Å, showing that the basic core structure was highly invariant.[78] Thus small 

differences were observed in the MnȚȚȚMn distance across mixed valent MnIIMnIII  complexes.  

Table 1.7. Electronic absorption and X-ray crystallography data for selected mixed valent 

MnIIMnIII complexes.  

Complex 
UV-Vis Data Bond Length Ref 

ɚmax in nm (ὑ in M -1cm-1) Mn-Mn (Å)   

[Mn 2(bpmp)(µ-OAc)2](ClO 4)2.2H2O 
430 (ND), 480 (ND), 620 

(ND) 
3.447(1) [160] 

[Mn 2(bcmp)(µ-OAc)2](ClO 4)2.CH2Cl2 450 (ND), 590 (ND) 3.422(3) [160] 

[Mn 2(L)(OAc) 2(H2O)](ClO 4)2.H2O 
380 (1270), 485 (960), 

627 (680). 
3.497 [159] 

(TEA)[Mn 2(2-OH(5-Cl-

sal)pn)2].C6H6.CH3OH 
380 (1600) 3.360(7) [78] 

[(TMTACN)M n-(µ-OH)-

Mn(MST)](OTf)  

275 (11500), 420 (683), 

481 (490), 643 (616) 
3.472(2) [163] 

[Mn 2(µ-O)(µ-piv)2(Me3tacn)2](ClO 4) 486 (ND), 521 (ND) 3.084(3) [76, 162] 

[Mn 2(BCPMP)(OAc)2] 
270 (ND), 315 (ND), 450 

(ND) 
3.473 [167] 

(bpmp = 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-methylphenol; bcmp = 2,6-bis(1,4,7-

triazacyclonon-1-ylmethyl)-4-methylphenol; L = 2-(bis(2-pyridylmethyl)aminomethyl)-6-((2-

pyridylmethyl)(benzyl)-aminomethyl)-4-methylphenol; TMTACN = Me3tacn = 1,4,7-

trimethyl-1,4,7-triazacyclononane; [MST]3- = N,N,Nôô-[2,2ô,2ôô-nitrilotris(ethane-2,1-

dyil)]tris(2,4,6-trimethylbenzenesulfonamido); Piv = (CH3)3CCO2; Ph = phenyl; Me4alkox = 

1,3-bis(4,7-dimethyl-1,4,7-trizacyclononyl)-2-propanol; (BPCPMP)3- = 2,6-

bis({(carboxymethyl([(1-pyridyl)methylamino}methyl)-4-methylphenolato).  

 

Previously reported MnIIMnIII  complexes have also been characterised by electronic absorption 

spectroscopy (Table 1.7). These complexes exhibited electronic absorption bands between 360-

400 nm, that have been assigned to phenoxo-MnIII  ligand to metal charge transfer (LMCT) band 

while electronic absorption bands between 450-480 nm and 580-630 nm have been assigned to 

d-d transitions of the MnIII  ions (Table 1.7).[159, 160] Another very useful spectroscopic technique 

for characterisation of mixed valent MnII,III
2 complexes is EPR. X-band EPR spectra of frozen 

solutions of MnIIMnIII
 complexes have previously been reported. The frozen glass spectra of 
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these complexes exhibited 29-line Mn hyperfine features that associate with the g ~ 2 signal.[160, 

161, 163, 168, 169] The 29-line Mn hyperfine pattern resulted from molecules in the S = ½ ground 

state. For example, for a binuclear complex with two equivalent 55Mn nuclei and an isotropic g 

tensor for the S = ½ ground state, 11 Mn hyperfine lines were expected in the EPR spectrum. 

If the ST = ½ ground state of a mixed valent trapped MnIIMnIII  complex had an isotropic g tensor 

then 36 ((2I1+1)(2I2+1) = 6*6 = 36) manganese hyperfine lines were expected.[160, 168] If the g 

tensor for the S = ½ ground state was axial, then 72 Mn hyperfine lines were expected in the 

EPR spectrum. Furthermore, a rhombic g tensor should form 108 hyperfine lines.[160] Previous 

reports of EPR spectra of frozen solutions of mixed valent MnIIMnIII  complexes exhibited 29 

line Mn hyperfine and showed a dramatic temperature dependence. Below 15 K, a g ~ 2 

multiline Mn signal was observed that arises from the S = ½ ground state of the complex, 

consistent with weak antiferromagnetic coupling between the Mn ions. Above 15 K, a broad g 

~ 4 signal was observed in the mixed valent MnIIMnIII  complexes that was attributed to 

complexes in the S = 3/2 state.[159, 160, 165] Simulation of these EPR spectra using different 

computer programs have been very difficult. Only few simulations of EPR spectra of mixed 

valent MnIIMnIII
 complexes have been reported in the literature.[160, 169] All of the EPR 

measurements performed on binuclear Mn2 complexes had to be carried out at very low 

temperatures (<15 K) in order to obtain well-resolved Mn hyperfine features.[159-161, 168, 170] 

Thus, while synthetic mixed valent MnII,III
2 complexes have been characterised using EPR, the 

mixed valent MnIIMnIII -OOH intermediate postulated in the catalytic cycle of class Ib B. subtilis 

RNR has not been able to be trapped and characterised by EPR.[83] However EPR of the mixed 

valent bis(µ-O)(OH)MnIIIMnIV adduct from class Ib B. subtilis RNR has been obtained, 

exhibiting a 16-line EPR signal described above. In summary, the synthesis and characterisation 

of synthetic mixed valent MnIIMnIII
 complexes it is very important, as these complexes proved 

to be intermediates in the catalytic cycle of metalloenzymes.  

Over the last two decades, many synthetic Mn complexes such as peroxo-MnIII , bis(µ-

oxo)MnIIIMnIV and MnIIMnIII  complexes have been prepared, to model the active site and 

mechanisms of Mn2 enzymes. Moreover, as mentioned above the chemistry of synthetic 

peroxo-FeIII
2 complexes capable of mimicking the active site of Fe2 enzymes has been 

extensively studied over the last 40 years. A description of the characteristic features of peroxo-

FeIII
2 complexes is given below.  
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1.5.4 FeIII 2-peroxide model complexes 
 

The most studied Fe2 oxygenases and whose mechanisms have been widely investigated are the 

methane monooxygenase,[14-17] toluene monooxygenase,[18] stearoyl- acyl carrier protein ȹ9-

desaturase,[19-21] RNR[22] and cyanobacterial aldehyde deformylase oxygenase.[171] As outlined 

above, class Ib incorporate a MnII
2 cofactor while class Ia RNRs contain a FeII

2 cofactor. As 

described above (section 1.3), in the catalytic cycle of class Ia RNRs, upon activation of the 

FeII
2 core with dioxygen, few Fe2-enzymatic intermediates have been postulated. Interestingly, 

while Mn-model complexes of class Ib RNRs have been prepared over the last two decades, 

the generation of synthetic model complexes of Fe2 enzymes has been studied over the last four 

decades. More importantly, dioxygen adducts of Fe2 complexes supported by benzimidazole 

ligands (N-Et-HPTB) have proved to be good biomimetic models of class Ia RNRs and methane 

monooxygenase. The same benzimidazole ligands (HPTB, N-Et-HPTB) were used for 

preparation of Mn2 complexes as model systems for class Ib RNRs (see chapters 2 and 6). 

Therefore, a description of how synthetic models of Fe2 metalloenzymes are prepared, together 

with their characterisation (electronic absorption, IR and X-ray crystallography) is fundamental 

(Table 1.8).  

Table 1.8. Electronic absorption, resonance Raman parameters and selected bond lengths from 

X-ray crystallography for a number of peroxo-FeIII
2 complexes.   

Complex 

UV-Vis rRaman Bond Lengths (Å)  

ɚmax in nm (ὑ in 

M -1cm-1) 
ɜO-O (ȹ18O2) Fe-Fe O-O Ref 

[Fe2(O2)(Me4-

tpdp)(O2CPh)(H2O)](BF4)2 
616 (2000) 918 (-47) - - [172] 

[Fe2(Ph-BIMP)(O 2)(O2CPh)]2+ 500-700 (~ 1700) - 3.328 1.426(6) [173] 

[Fe2(N-Et-HPTB)(O2)(O2CPh)]2+ 500 (~ 1500) 900 (-50) - - [174-176] 

[Fe2(N-Et-HPTB)(O2)(OPPh3)2]3+ - - 3.462(3) 1.416(7) [174] 

[Fe2(Tp iPr2)(O2)(O2CCH2Ph)] 694 (2650) 888 (-46) 4.004 1.406(8) [177] 

[Fe2(Tp iPr2)(O2)(O2CPh)] 682 (3450) 876 (-48) - - [178, 179] 

[Fe2(O2)(Htppdo)(O2CPh)](ClO4)3 610 (1700) 887 (-48) - - [180] 

[Fe2(6Me2-BPP)(O2)(O)](OTf) 2 

 
644 (3000) 896 (-47) - - [181] 

[Fe2(6Me2-BPP)(O2)(O)](3-ClPh)2 577 (1500) - 3.396(1) 1.396(5) [181] 

[Fe2(O2)(LPh4)(Ph3CCO2)]2+ 665 (~2300) 873 (-50) 3.31 1.40 [182] 

(Me4-tpdp = N,N,Nô,Nô-tetrakis{2-(6-methylpyridyl)methyl}-1,3-diaminopropan-2-olate; Ph-

BIMP = 2,6-bis[bis{2-(1-methyl-4,5-diphenylimidazolyl)methyl}aminomethyl]-4-

methylphenolate; N­Et-HPTB = N,N,Nô,Nô-

tetrakis(2­(1­ethylbenzimidazolyl))­2­hydroxy­1,3-diaminopropane;  TpiPr2 = tris(3,5-

diisopropyl-1-pyrazolyl)borate; Htppdo = N,N,N',N'-tetrakis(6-pivalamido-2-pyridylmethyl)-

1,3-diaminopropan-2-ol; 6Me2-BPP = N,N-bis(6-methyl-2pyridylmethyl)-3-aminopropionate; 
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LPh4 = N,N,Nô,Nô-tetrakis[(1-methyl-2-phenyl-4-imidazolyl)methyl]-1,3-diamino-2-

propanolate). 

The interaction of Fe2 enzymes with dioxygen results in the formation of key intermediates 

such as peroxo-FeIII  intermediates. However, there is a lack of crystal structures for these 

enzymatic intermediates resulting in a difficult understanding of their catalytic mechanism. 

Thus, numerous synthetic models of Fe2 intermediates have been developed over the last 30 

years. In 1983, the first Fe2 model complexes as structural models of Fe2 enzymes were 

prepared.[183] However, only in 1996 the first crystal structure of a µ-peroxo-FeIII
2 complex was 

reported by Suzuki et al.[173] The [FeII2(Ph-BIMP)(O2CPh)](BF4)2 complex, when exposed to 

dioxygen was found to form a µ-peroxo-FeIII
2 complex ([FeII2(µ-1,2-O2)(Ph-

BIMP)(O2CPh)](BF4)2, Figure 1.9). This µ-peroxo-FeIII
2 complex was described as relatively 

stable at room temperature and could bind O2 reversibly at room temperature. Shortly after, 

Que et al. published the crystal structure of another µ-peroxo-FeIII
2 species.[174] 

Triphenylphosphine oxide was used for the crystallisation of the [(N-Et-HPTB)FeIII 2(µ-1,2-

O2)(OPPh3)2](BF4)3 complex (Figure 1.9), increasing the lifetime of the µ-peroxo-FeIII
2 adduct 

formed upon treatment of the FeII
2 complex ([(N-Et-HPTB)FeII2(OPPh3)2](BF4)2 with 

dioxygen. It was postulated that in the absence of triphenylphosphine, the peroxo-FeIII
2 adduct 

was not stable and it decomposed by homolytic O-O bond cleavage, resulting in the formation 

of a FeIV2 species.[174]  In the same year, the third crystal structure of a µ-peroxo-FeIII
2 complex 

([Fe2(TpiPr2)(µ-1,2-O2)(O2CCH2Ph)]) was reported by Lippard and co-workers[177] prepared in 

a similar way as the above described µ-peroxo-FeIII
2 adducts. The bulky TpiPr2 ligand stabilised 

this intermediate. Since then, the next crystal structure of a µ-peroxo-FeIII
2 species was 

published by Suzuki et al. in 2005.[181] This adduct was formed differently to the ones above, 

H2O2 was added as an oxidant to a FeIII
2 complex, [Fe2(6Me2-BPP)2(O)(OH)](OTf) at -80 °C 

in methanol forming [Fe2(6Me2-BPP)2(µ-1,2-O2)(O)]B(3-ClPh)4 complex (Figure 1.9). From 

the crystallographic data, the O-O bond length of the peroxo ligand of this complex was 

1.396(5) Å, which it was slightly shortened relative to the other three peroxo-Fe2 adducts 

described above (1.406(8) to 1.426(6) Å).[184] More recently, in 2017 the X-ray crystal structure 

of a peroxo-FeIII
2 ([FeIII

2(O2)(L
Ph4)(Ph3CCO2)]

2+) complex was published by Suzuki and co-

workers.[182] This complex was prepared by the reaction of the precursor FeII
2 complex 

([Fe2(L
Ph4)(Ph3CCO2)]

2+) with dioxygen, as a functional model for toluene monooxygenase.[182] 

Therefore, to date there are only five crystal structures of synthetic µ-peroxo-FeIII
2 complexes 

(Figure 1.9).[173, 174, 177, 181, 182] One common feature of all these complexes is that they are highly 

symmetrical (except the crystal structure of the Fe2 complex supported by the 6Me2-BPP ligand 

described above) that could be a key characteristic of their high stability. 
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Figure 1.9. Chemdraw representations of the five crystal structures of peroxo-FeIII
2 complexes 

previously published.[173, 174, 177, 181, 182] 

Besides these five crystallised peroxo-FeIII
2 species, other Fe2 complexes have been prepared, 

which have been characterised by a variety of spectroscopic techniques such as electronic 

absorption, resonance Raman and Mössbauer spectroscopy (Table 1.8).[13, 185] A spectroscopic 

technique that has been widely used for characterisation of synthetic peroxodifferic complexes 

is electronic absorption spectroscopy (Table 1.8). These complexes exhibited a peroxo-to-FeIII  

LMCT transition in the visible region, that corresponded to a visible absorption maximum 

ranging from 450 to 730 nm. Most of the synthetic complexes characterised so far adopted a µ-
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1,2-peroxo binding mode and some of these complexes had an additional µ-oxo bridge. These 

two bridging units had characteristic absorption bands at ~ 500 and ~ 650 nm, that have been 

assigned to oxo-to-FeIII  and peroxo-to-FeIII  LMCT transitions based on the excitation of their 

resonance Raman bands.[13] In the resonance Raman spectrum excitation into the lower energy 

LMCT band enhanced vibrations from the peroxo bridge, which were found at ~ 850 cm-1 for 

the ɜO-O, at 460 cm-1 for the ɜsym(Fe-O2-Fe) and at 520 cm-1 for the ɜasym(Fe-O2-Fe) mode. 

Furthermore, excitation into the higher energy LMCT band gave rise to the oxo bridge with the 

ɜsym(Fe-O-Fe) and ɜasym(Fe-O-Fe) modes usually observed at 520 and 700 cm-1.[186, 187] Only 

two of the five crystallised peroxo-FeIII
2 complexes have been characterised by resonance 

Raman vibration spectroscopy.[177, 182] The ɜFe-O vibrations of these complexes have been 

assigned at 415 and 465 cm-1 while the ɜO-O vibrations were found at 888 and 847 cm-1. Thus, 

resonance Raman spectroscopy is a very useful technique for the characterisation of FeIII 2-

peroxide intermediates.  

Finally, Mössbauer spectroscopy is another technique used for the characterisation of Fe2 

complexes. It provides information about the spin state of the Fe ions and the geometry of the 

coordination sphere. The isomer shifts, and the quadrupole splitting can be compared to those 

of the enzyme intermediates. The FeIII  ions in the FeIII 2-peroxide complexes were typically high 

spin (S = 5/2) centres and they had isomer shifts that fall within the range of 0.47-0.66 mm/s.[13, 

185]  

The above described FeIII
2-peroxide complexes have been capable of forming FeIV

2-oxo 

intermediates that are responsible for oxygen atom transfer. However, none of these 

intermediates can perform catalytic reactions for mimicking the O2 activating enzymes such as 

cyanobacterial aldehyde deformylase oxygenase or the arylamine oxygenases. Thus, new 

functional models are highly needed to understand the mechanisms of O2 activating Fe2 

enzymes.  

1.6 Conclusions  
 

In the last decades, considerable efforts were invested in the search and study of Mn enzymes. 

The catalytic cycles of many Mn enzymes such as Mn containing-superoxide dismutase, 

extradiol catechol dioxygenases, MnCat and RNRs have been investigated. For some of these 

Mn enzymes it has been proposed to feature peroxo-Mn intermediates in their catalytic cycles. 

Recent efforts have been involved in mimicking these intermediates using synthetic model 

complexes, providing insight into mechanistic studies of the enzymes. RNRs are a class of 
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enzymes involved in DNA synthesis and repair. Class Ia RNRs contain a Fe2 cofactor and it 

had been shown that the active oxidant in this catalytic cycle was dioxygen. However, it was 

only in 2013 when it has been postulated that the active oxidant in class Ib RNRs, that contain 

a Mn2 cofactor was superoxide (O2
¶ï). Stubbe and co-workers have shown that MnII

2 cofactor 

of class Ib RNRs reacted with O2
¶ï in the presence of a proton source to form a hydroperoxo-

MnIIMnIII  and subsequently, a high valent MnIIIMnIV intermediate (Scheme 1.9). While these 

mechanistic postulates are valid, little experimental support for them exists. We were 

particularly interested in the role O2¶
ï plays. In order to attempt to verify the above mechanistic 

postulates, using synthetic MnII
2 complexes we explored the interaction between MnII

2 

complexes and O2¶
ï. 

 

Scheme 1.9. Proposed catalytic cycle for class Ib Mn2 RNRs in B. subtilis (NrdIhq = Flavodoxin 

hydroquinone, NrdIsq = Flavodoxin semiquinone).[31, 69, 83] 

As seen above (Scheme 1.9), two of the postulated active intermediates in this catalytic cycle 

were a MnIIMnIII-OOH and a high valent MnIIIMnIV species. Moreover, a series of synthetic 

model complexes such as peroxo-MnIII , bis(µ-oxo)MnIIIMnIV, and mixed valent MnIIMnIII  

complexes have been reported. However, to the best of our knowledge, before this project 

nobody has isolated a MnIIMnIII-peroxide complex, and this was the main aim. 
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1.7 Aims 
 

The aim of this project was to mimic the catalytic cycle of class Ib MnII
2 RNRs by using 

synthetic Mn2 model complexes. It has recently been shown by Stubbe and co-workers that 

superoxide (O2
¶ï), rather than dioxygen (O2), was the active oxidant in class Ib MnII

2 RNRs. 

The O2
¶ï anion was proposed to react with the MnII

2 core of class Ib RNRs in the presence of a 

proton source yielding a MnIIMnIII-hydroperoxide intermediate. A MnIII(µ-OH)(µ-O)MnIV 

species was postulated to form after cleavage of the O-O bond.[83] The high valent species was 

postulated to oxidise tyrosine. While the MnIIIMnIV intermediate was characterised by EPR 

spectroscopy, no insight into the MnIIMnIII-hydroperoxide was obtained.[83] Thus, the central 

focus is mimicking this reaction by probing the reactivity of biomimetic Mn2 complexes 

towards O2
¶ï. We are also interested in the protonation reaction to obtain a MnIIMnIII-

hydroperoxide adduct and subsequently a mixed valent MnIIIMnIV species. This will allow us 

to better understand the active site of MnII
2 RNRs. While the reactivity of mononuclear Mn 

complexes with O2
¶ï has already been reported as described above, no studies on dinuclear Mn 

complexes and O2
¶ï have previously been conducted.  

The first step in the investigation is the synthesis and characterisation of ligands. We chose to 

employ bulky, polydentate ligands (N,N,Nô,Nô-tetrakis(2-(1-ethylbenzimidazolyl))-2-hydroxy-

1,3-diaminopropane (= N-Et-HPTB), 2,6-bis[(bis(2-pyridylmethyl)amino)methyl]-4-

methylphenol (= HBPMP) and N,N,NôNô-tetrakis(2-pyridylmethyl)1,3-diamino-2-

hydroxypropane (= HPTP)) as shown below (Figure 1.10), as an ideal framework for the 

preparation of Mn2 complexes. Once the ligands are prepared, the synthesis of dinuclear 

complexes supported by these ligands will be carried out. Following that, the reaction of the 

Mn2 complexes with O2
¶ï will be investigated. Metastable adducts can be prepared using low 

temperature techniques and characterised by many spectroscopic techniques such as electronic 

absorption, resonance Raman, mass spectrometry, EXAFS, XANES and EPR spectroscopies.  

 

Figure 1.10. Ligands used in this project for synthesis of MnII
2 complexes.  
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Aside from their spectroscopic characterisation, we are also interested in the reactivity of these 

adducts in oxidation reactions. Thus, by investigating the reactivity of the adducts formed in 

the reaction of Mn2 complexes with O2
¶ï, we will be able to determine whether they have a 

nucleophilic or electrophilic character. Previously reported Mn-peroxide complexes showed to 

have a nucleophilic character in aldehyde deformylation reactions. It would be interesting to 

compare the reactivities of mononuclear peroxo-Mn and peroxo-Mn2 complexes.  
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Chapter 2  

 

Mimicking class Ib Mn2-

ribonucleotide reductase: a MnII 2 

complex and its reaction with 

superoxide 

 
The work described in this chapter has been previously published in an article in Angewandte 

Chemie International Edition. The EPR measurements were performed by Dr Ang Zhou under 

supervision of Prof. Lawrence Que (University of Minnesota, USA); the XAS data collection 

and analysis were done by Dr Eric R. Farquhar (Brookhaven National Laboratory, USA); the 

DFT calculations were performed by Prof. Max García-Melchor (Trinity College Dublin); the 

XRD data collection and structure solutions and refinements were done by Dr Brendan 

Twamley (Trinity College Dublin). 

 

Reproduced in part with permission from: Magherusan, A. M.; Zhou, A.; Farquhar, E. R.; 

Garcia-Melchor, M.; Twamley, B.; Que, L., Jr.; McDonald, A. R. Angew. Chem. Int. Ed. 2018, 

57, 918-922.  
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2.1 Introduction 
 

As outlined in sections 1.5.2 and 1.5.3, the spectroscopic features of many peroxo-MnIII  and 

bis(µ-oxo)MnIIIMnIV complexes reported in the literature have been described. All these 

complexes mimic the active sites of Mn containing enzymes and have been generated by using 

mainly O2 or H2O2 as oxidant. Many spectroscopic techniques such as X-ray crystallography, 

electronic absorption spectroscopy, EPR and mass spectrometry have been used for the 

characterisation of these complexes. At the start of this work, no examples of mixed valent 

peroxo-MnIIMnIII  complexes were known.  

Inspired by a recent study on class Ib dimanganese (Mn2) RNRs,[1-4] we became interested in 

the role of superoxide anion (O2
¶ï). Stubbe and colleagues demonstrated that the Mn2 cofactor 

showed no reaction with O2.
[1] However, in the presence of a flavodoxin protein (NrdIhq, 

flavodoxin hydroquinone) O2 was reduced to O2
¶ï. The O2

¶ï was proposed to react with the 

MnII
2 core yielding a MnIIMnIII-peroxide entity.[4] Subsequent cleavage of the OïO bond to 

generate a MnIII(µ-OH)(µ-O)MnIV species that oxidizes tyrosine was also proposed.[1] EPR 

spectroscopy supported the formation of a MnIIIMnIV intermediate, but no insight into the initial 

species was obtained.[1] 

Synthetic Mn2 model complexes that mimic some of the intermediates in class Ib Mn RNRs 

have been prepared.[5, 6] A series of mononuclear MnIII-peroxide and -hydroperoxide species 

have been reported.[7-17] These species were generated by treating mononuclear MnII precursors 

with a variety of oxidants including O2,
[16, 17] O2

¶ï,[10, 13] and H2O2.
[7-12, 14] To the best of our 

knowledge, however, a MnIIMnIII-peroxide complex has not been previously reported. 

Furthermore, no investigations into the reaction between MnII
2 complexes and O2

¶ï have been 

reported. In order to probe the above mechanistic postulates, herein we explore the interaction 

between a synthetic MnII
2 complex and O2

¶ï. 

2.2 Synthesis and characterisation of a biomimetic MnII 2 complex 

  

[Mn2(O2CCH3)(N-Et-HPTB)](ClO4)2 (1, N-Et-HPTB = N,N,Nô,Nô-tetrakis(2-(1-

ethylbenzimidazolyl))-2-hydroxy-1,3-diaminopropane[18, 19]) was synthesised using a slight 

modification of the procedure reported for the preparation of [Mn2(O2CCH3)(HPTB)](ClO4)2 

(3, HPTB = N,N,Nô,Nô-tetrakis(2-(benzimidazolyl))-2-hydroxy-1,3-diaminopropane).[20] 

Elemental analysis and matrix assisted laser desorption ionisation time of flight (MALDI-ToF) 

mass spectrometry confirmed the elemental composition of 1. The electron paramagnetic 


















































































































































































































































































































