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Summary

An importa n t di scovery i n cl ass | b ri bonucl eot

identification of a M, active sitethat required a superoxide ani@{ ), rather than dioxygen
(Oy), to access a highalent Mrl'; oxidant. Many synthetic mononuclear Mn mbdemplexes
have been prepared to mimic the structures and reactivity ehdtalloenzymes. However,
the reactivity of a M, model complex wittO," has never been investigated and this was the
main objective bthis thesis. The main topics of the worsdribed in this thesis are the study
of O, reactivity of Mrl', complexes, preparation and characterisation of intermediates, to
mimic the active postulated intermediates observed in class #0RMRs. In chamr 2, we
describe our initial discovery thabmplex [Mr'2(O-CCHs)(N-Et-HPTB)](ClOs)2 (1) could be
reacted with O a't | ow t e m40e PQ),t tor orm (th® metastable
[Mn"Mn""'(O2)(0.CCHs)(N-Et-HPTB)]* (2). This species was characterised ddgctronic
absorption spectroscopy, showing featuresrae= 460, 610 nm, typical of a Mperoxide
species. EPR spectroscopyoéxhibited a 2dine signal characteristic of a MkIn"' entity.
Furthermore, XANES suggested a formal oxidation state ehahiin'z in 1 to Mn'Mn"" for

2. Moreover ESIMS suwygested a MhVIn''-peroxide complex. Upon activation with proton
donors, the MAMn'"-peroxide 2) was capable of oxidising ferrocene and weaki ®onds.
These findings provided support for the postulated mechani€a¥ aictivation at class Ib Mn
RNRs

In successive work, we were interested in mimicking the othemiiémmediates observed in
the catalytic cycle of class Ib RNRs. This involved the preparation of anothéMmh-
peroxide complex, investigation and characterisation of the speciesdarpon activation of

the peroxide complex with proton donors. Therefore the reactivity of complex
[Mn"2(02CCHg)2(BPMP)](CIQy) (4) with O at | ow t e-B8Q°€)rwas axploeed, ( O
resulting in formation of a metastable specis Adduct5 was characterised by electronic
absorption and EPR spectroscopies, -BS), displaying features of a MNIn"'-peroxide
complex b). Unlike adduc®, whose MiMn'"-core proved to be unreactive-40 °C, species

5 proved to be a nucleophilic oxidant in aldehyde deformylation. The preparation of a
nucleophilic perog-Mn"Mn"" oxidant ) was reported in chagt 3. Next, the reactivity of the
Mn"Mn"'-peroxide b) towards acids was investigated. This involved the screening of different
reaction conditions as well as different sources of proton donors. ABidvaed susceptible to
acids at | ows0tCe Mhe additoh af streng acid<YHCIGHBF) to 5 resulted

in the formation of a metastable addudt Adduct7 exhibited electronic absorption features
[



typical of a mixed valent Mivn"!

complex. Urortunately, the EPR spectrum @fwas
saturated by signal typical of a Mhspecies. Upon addition of strong acid&tte formation

of a M'Mn'" species ) was postulated. The reactivity 6fwas also investigated towards
weaker acids. Interestinglthe addition opTsOH(1 or 2 equivalentgp 5 exhibited electronic
absorption features and an EPR signal typical of & Mm" species. Thus, by probing the
reaction of peroxo addué& with acids of different strength, distinct adducts formed. Upon
addition of a strong acitb 5, a Mr'Mn"' species was postulated while for reactiorb efith

low equivalents ofa weak acid the formation of a mixed valent 'Mvin" species was
proposed. The evidence obtained for formation of mixed valertivil and Mn"'Mn'v
species was iportant, as such species have been postulated as intermeditesatalytic

cycle ofclass Ib Ma RNRs.

The preparation of perox@n"Mn'" species upon reaction of Mncomplexes withO,™ was
achieved in chapters 2 and 3. Besides, proof for formatiomafd valentMn"Mn"" andhigh

valent M"Mn"' species was observed in chapter 4. Such adducts were postulated as
intermediates in class Ib MIRNRs. We tried to synthesise another'Mloomplex supported

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

by the HPTP ligand was performed in air, a mixed valent Elmmplex was obtained.
Nevertheless, the synthesis of a'lMilnomplex bridged by HPP, two perchlorate anions and

two acetonitrile solvent molecules was achieved (@04 )2(CH:CN)(HPTP)](CIQy), 1)

under anaerobic conditions. Further studies on the reactivity of this complexaVitivill

provide further insight into the catalytic cycle of class Il,RRNRS.

Besides the RNRs, we maintain a keen interest in the analogous catechol oxidase enzymes.
These enzymes catalyse the oxidation-dfphenols (catechols) to the correspondingones

and contain a Gicore. In the last chapter (chapter 6) of this thesis, we explored synthétic Cu

and Mrl'2 complexes as model systems for catechol enzymese\@ti, complexes have been
widely investigated as catechol oxidase mimics, the caleckidase reactivity of Mt
complexes has been less explorederies of M, and Cll, complexes supported by the same
poly-benzimidazole ligand framewonkere synthesisedThe catecholase activity of these
complexes in acetonitrile medium using -8ji&ert-butylcatechol (3, DTBC) as a substrate

was investigated. The €ucomplexes provetb be better catechol oxidase mimiksivalues

~45 ht) when compared to Ma complexesKzatvalues ~840 h1).
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Chapter 1
Introducti on






1.1 Metals in biology

Metalloproteingontaining different metal centres such as iron, copper and manganese perform
a variety of functions in biological systems. Nature developed iron metalloproteemsyitat

use dioxygert! For example, hemerythrin, a carboxykatédged diiron (Fg protein found in
marine nvertebrates, is a dioxygen carrier protéirviethane monooxygenase is a widely
investigated Femetalloenzyme that uses dioxygen to catalyse the oxidation of methane to
methanol® Copper proteins that activate dioxygen also perform a variety of biological
functions. These include dioxygen transport (hemocyanin), aromatic ring oxidations
(tyrosinase, cathechol oxidase) and methaneativial (particulate methane monooxygenéte).
Manganese is anothdransition metal used in nature to promatevariety of oxidative
transformations. Manganese containing-heme metalloenzymes that react with oxygen and

its reduced derivativesO¢™, H,O., H,0) play important roles in biological systems. For
example, manganeseiperoxide dismutag®dn-SOD) and manganesatalases (MnCat) act

as defence systems against reactive oxygen species (ROS) by their reaction with superoxide
and hydrogen pexide, respectively’ ® Manganese dioxygena$e8 and oxalate oxidasés
perform substrate oxidations by reacting with molecular oxygen. Finally, ribonucleotide
reductases (RNRs) are essential enzymes, which convertucieotides into their
corresponding deoxyribonucleotides, providing the precanequired for DNA synthesis and

repair in all organismg%12!

1.1.1 Q-activating Fe; metalloenzymes

Dinuclear iron (F® metalbenzymes have beeaxtensively studied by thescientific
community!®® 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 jrortant targets for pharmaceutical applicagisnch as antiviral and
anticancer agents. Moreover, in chemistry, the development of environmentally friendly
oxidation catalysts is essentidl. The most studied of these enzymes is methane
monooxygenasé*1” This enzyme can convert methane into methanol and exits in two forms:
a particulate formgMMO), which contains a Gusite, and a soluble formsifiMO) that
contains Fgatoms in its active site. Other Fenzymesvhose mechanisms have been widely
investigated are toluene monooxygen&8astearoyA C P °- dpsaturasé??y and RNR?? In

the mechanisms of all these enzymes, dioxygéine active oxidant and a perekd'"; adduct

has been proposed to be a key intermediate (Scheme 1.1). Furthermore, depending on the

3



enzyme, the peroxBe', intermediate was found to either reacthwit substrate or progress
toward the formation of high-valent Feoxo specie§! The reactivity of Q activatng Fe
enzymes depended on the stability and gegmetrthe peroxo intermediates. However,
whereas perox&€e', and high valent iron oxo species have been extensively studied, less

attention has been paid to Mn enzymes.

MmN+ MmN+ + 02 —_— M(n+1)+-OéjMn+ ]
Superoxo
/O\
M2+ \p(n+2)+ - M(n+1)+_022-_|\/|(n+1)+ S
\O/
Oxo Peroxo

Scheme 1.1Dioxygen activation bginuclear 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 lastfew decade&? 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/2* 2! These enzymes include MBOD!?® 271 MnCat!® RNRs[?® and the oxygen
evolving complex (OEC) of photosystem[}. 3% A characteristic of this broad class of
metdloenzymes is that upon the reaction with dioxygen amdeiduced specie©f", H.O;,

H20), reactive Mroxygen species such as Moperoxo-peroxo andoxo intermediates are
proposed to form (Scheme 1.1). There are, however, very fevchaathcterised biological and
syntheticmodelsof Mn-enzymes when compared to the Fe enzyfgsexploring themodel

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

mechanisms by which they are formed.



1.2 Ribonucleotide reductases (RNRS)

Life in all organisms is maintained by a pool of DNA building bloakpfocesses such as cell
division and DNA damage repéit! This pool is maintained by the enzymatic machine
ribonucleotide reductase. RNRs are essential enzymes, that convert ribonuleptideir
corresponding deoxyribonucleotides, providing the precursors required for DNA synthesis and
repair in all organiss!!® 32 The production of a balanced supply of deoxyribonucleotides is
requiredfor cdlular 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 syst&r.

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 anslartiers inEscherichia col(E. coli).3*

31 They observed a reaction involving rinecleotides, where a carbon bound-@téup could

be exchanged by a hydrogen atom (Scheme 1.2). Since then, many new crystal structures have
been obtained of the prate subunits of RNRs, that are collected in a database, the
ribonucleotide reductase databa(RNRdb}*®! The main role of this archive is gupply a
resource for RNR diversity and distribution in nature. The key role of RNR eszynizNA
synthesis and repair is a very important target for anticancer, antibacterial or antiviral agents.
In recent years novel and crucial developments have ecturthe RNR field, such as several

RNR inhibitors have entered clinical trials, new 3iustures of diMin/Fe RNRs have been

reported, and structural developments of human and yeast RNR ad{&ri¢éd.

RNRsare structurally complex molecular machines that require a protein radical for activity.
They use a free radical mechanism to convert-@8 b o nd -@ositiont ohthe riBoée

moiety to a GH bond (Scheme 1.2). All RNRs share a common catalytic mechamislving

the activation of the ri-bydrogercdtom oftidiritbse bpay a b
transient thiyl radical of the enzyrfé.“ RNRs have been divided into three classes (I, Il and

[II) based on differences in their metal cofactors, their interaction with oxygen and the way in
which they generate their thiyl radicaf: 4> 42 Class | RNRs use iron and oxygen for their
tyrosyl radical generatiorglass Il require a radical of the cobalamin cofactor witaB12)

while anaerobic class Il forms a stable glycyl radical by means of arsidfur clustef?? 4%

42 The radicals are important in the reactinachanism as they airevolved inthe conversion

of ribonucleotides to deoxyribonucleotides.



0-P-07_o RNR 0-P-0—7_o
O 3 2 - O 3 2!
OH OH OH H
Ribonucleotides Deoxyribonucleotides

Scheme 1.2Reduction of ribonucleotides to their corresponalagxyribonucleotide8?

In summary, major advances in recgears 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 thatma the active sites of the enzymes have been
reported. Thus, weare 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 gan below.

1.2.1 Class | RNRs

Class | RNRs are strictly aerobic enasn They are the bekhown and mosstudied of the

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

and bacteriophagé¥! Class | has been furthdivided into three subclasses la, Ib and Ic, based

on the type of metal centre required for the protein radical (Table 1.1). Class la uses a Fe
metallocofactoin vivg class Ib a Mpor a Fe cofactor and class Ic uses a #a cofactof*!!

Class la exists in eukaryotes, paojotes, viruses and bacteriophages, while classes Ib and Ic

have only been found in prokaryotes. All three class | subclasses contain two homodimeric
subunR1)ys d&nd b (R2). T h esulwmitt whichyharlboars teeuattiven i t i
site for nweleotide reduction and two allosteric sites, for substrate specificity and general
enzyme agtvi t y . The b subunit cont aimdanutldotele cof act

reduction*!]



Table 1.1 Overview of the three classes of RKR.

Class la Class Ib Class k& Class Il Class Il
Subunit . _ . . . .
b2 Wb, b2 U oer U b,
structure
4Fe4S,S
) Deoxyadenosyl o
Metal site Fe Mn; or Fe MnFe . adenosylmethioni
Cobalamin
ne
Radicals Mn-Fe,
. . . Tyrosyl, . .
involved in  Tyrosyl, Cysteinyl Cvsteiny FeVFe", Cysteinyl Glycyl, Cysteinyl
stein
turnover Y Y Cysteinyl
Oxygen . . . .
Aerobic Aerobic Aerobic No dependency Anaerobic
dependence
Eukaryotes, .
] Archaebacteria,
Prokaryotes, ) ) Archaebacteria, _
Occurrence ) Eubacteria Eubacteria ) Eubacteria,
Bacteriophages, Eubacteria )
) Bacteriophages
Viruses

1.2.2 Class Il RNRs

Class Il RNRs are found in bacimnd archaea. This class is oxygen independent and these
enzymes can fugtion under both aerobic and anaerobic conditions. Class Il RNRs contain a
single subunit and have been isolated either as monomers or dimers. A characteristic feature of
class Il RNRis the requirement for adenosylcobalamin, a vitamiudBrivative, as a cofactor

(Table 1.1)?2 This cofactor interets directly with an active site cysteine to form the cysteine

radical, used for ribonucleotide reductiéf.

1.2.3 Class lll RNRs

Class lll RNRs are found in anaerobic bacteria and some bacteriophages. Unlike class | and
class Il RNRs, these enzymes are anaeyabid they are inhibited by oxygen (Table 1.1). They
consst of two subunits; two dimeric proteins are required for activity. This class contains a
redoxactive [4Fe4S] centre, which together with-&lenosylmethionine and reduced
flavodoxin generates a afile oxygersensitive glycyl radicdf! This radical helps in
generating a cystne radical, which it is required for conversion of ribonucleotides to

deoxyribonucleotides.



1.3 Catalytic cycle class | RNRs
1.3.1 Catalytic cycle class la RNRs

As discussed above, RNRs catalyse thelmatiting step in DNA biosynthesis in atirganisms
(reduction of ribonucleotides to their corresponding deoxyribonucleotides). RNRs use a free
radical mechanism for initiation of ribonucleotide reduction. In class | RNRs the radical needed
for the reduabn of ribonucleotides is stored on the tgin 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 toac€mtrel*!! Class la RNRs are found in all
eukaryotes and some prokaryotes, suckasdi. The first crystal structure of a class la RNR
was theE. coli R2 published by Nordlunét. alin 1990 with some refinements in 9844

The crystal structure obtained frdin coli confirmed that two Fe atoms were found in the R2

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

Escherichia coli

Tyrqzs

Figure 1.1 Metallocofactor structure found in class la RNFEircoli.*

The protein b s -helicdllstructure and each of the:Eentres is coordinated by one aspartate

(Aspes4), two histidines (Hisis and Hiss1) and three glutamate residues (fzduGluzos and

Glug),t hat are brought t og-elixibendle Thexygeh activationsi de of
of the Fe centrein vivois poorly understood and little data is available. However, in the purified

E. coli samplesjn vitro Oz incorporationhas been studied in detail in a process called the
reconstitution reactioli>*° The Fe centre and the tyrosyl radical were formed when molecular

oxygen reacted with the FR subunit (Scheme 1.8



____________________________________

| o |ﬂo\ W
' Reduced Fe Fe' X Fel _Fe
e H,0O, H*
‘Mixed Valence Fe!l Fe”'j

________________________________________________________________________

Scheme 1.3Proposed @activation pathway in Fe-Y T cofactor of class la RNR i&. coli (Y

= tyrosire, X = intermediatg!*?!

Four electrons are required for the reduction of dioxygen into water. A postulated reaction
pathway forthe generation of tgsyl radical in class I&. coliR2 has been proposed (Scheme
1.3). The Fe cofactor reacted with £xo form intermediate X. Intermediate X has been
characterised by a series of spectroscopic techniques: electronic absorption sgBGtrosc
Mossbauer, eleain paramagnetic resonance (EPR), extendedyXabsorption fine structure
spectroscopyEXAFS) and magnetic circular dichroism (MCBJ%8 Based on these structural
studies, adduct X was sia to have a FéFeY centre with at least one oswidge. In the
F'FeV core, the F¥ centre was at #hdistal position to the tyrosine residue, which was
oxidised by X to generate the tyrosine radical. The-figlent intermediate X then abstracted

a hydrogen atom from a nearby tyrosine. The newly formed tyrosyl radical then transferred the
resulting eletron hole over ~35 A by a series of hdlepping and/or proteooupled electron
transfer (PCET) steps, ultimately leading to the initiation of satesteduction by abstraction

of t-H.dn s@mnary, the oxidation of Eeto Fe'; generated two electns, while the
oxidation of a tyrosine residue {¥) to the tyrosyl radical (¥.) active metal site provided the
third electron. The last electicwould come from an external reductant, but the exact source is

still uncertain.

These investigations praiéd fundamental insight into the-@ctivation mechanism of the 'Fe
site and how the tyrosine radical is generated. Nonetheless, there aomsélins whether the



oxo bridge is protonatdef: 5" °ITherefore efforts are still ongoing to trap and characterise the

intermediates formed in classHa coliRNR subunit.

1.3.2 Catalytic cycle of class Ic RNRs

Class Ic RNR fromChlamydia trachomati¢C. trachomatiy uses a Mn/Fe heterobinuclear
cofactor, rather than a Fe/Fe cofactor found in the R2 subunit of class la RNR enzymes, to react
with 0.1 Also, the positionoccupied by the tyrosine residueig) in class la is instead

occupied by a phenylalanine (RheFigure 1.2), which does nptoduce a radical.

Chlamydia trachomatis

Glu
/© G|U89 120

0
Pherer %O O/A‘k >‘G|U193
o = = O

Figure 1.2 Metallocofactor structure in class Ic RNR = solvent)©

Based on many studies of class Ic RNRs, a metal centre with tN&drredox state was
found responsible for the radical initiation. The reaction of théRdhsite with Q generated

the oxidised cofactor. The reaction proceeded through"aRdh intermediate, that underwent
one electron reducti#i to form the catalytically active MAF€" site (Schemd..4)[62 The
structure of this cofactor has not yet been crystallographically established, but a series of
spectroscopic techniques such as Mossbauer, EXAFS aag diffraction crysallography
have been used to study the cofactor&it¥! Based on th atomic distances a structure with
oxo, hydroxo bridges wafavoured and the Mn was observed in the metal site 1, close to
Pha27.1%%¢7 The four oxidising equivalents required to form the"\F&" intermediate from
Mn"Fé' could also be provided by two equivalents eD:iand astepwise mechanism. The
first equivalent oxidised the MR€' cluster b the Mi'Fé'" state. The MNFéV state formed
upon reaction of the MtFe'" state with a second equivalent of®4. As with G-activation,

the MrVFeV state was reduced to thetime MnVFe'" cofactort3 However, the geometric and
electronic structure of the MiF" adduct and how the transport mechanism relates to the

analogues processes in the tyrogiagical dependent class la stéimains unclear.
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The proteirC. trachomatigjenerated a radical equivalent ¥fRe" oxidation state of the metal
sitel®® 5 as opposed to the thiyl radical generated by the other subclasses. X
crystallography was used to show that the Mn ion waseglrposition 1 in this cofactét!
This is the position proximal to the hiradical site in the other proteifS! Thus, it had been

postulated that the high valent Mspecies acts as a direct sulsétfor the tyrosyl radical.

H,O

2e’

Scheme 1.4 Proposed catalytic cycle for class Ic MnFe RNR€ ittrachomatig®¢"]

1.4 Structural d escription of class Ib Mn. RNRs

Class la RNR uses a Feofactor for catalytic activity, class Ic uses a MnFe cofactor and class
Ib RNRs can use either a Mor a Fe centre for formation of the protein radical. Class Ib RNRs
have identical metabindingresidues to class la RNR and class Ib RNR, which hase lbag
assumed to contain only 'Y cofactors. It was not until 2010, when the Stubbe group
provided evidence that class Ib RNR can also have %M cofactor, as well as a Heg-Y"

cofactori®@

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

and numerous pathogens such @phylococcus aureus (S. aureud)ycobacterium
tuberculosis (M. tuberculosis), Bacillus anthracis (B. anthraé&iskoli, C. ammonigenesand

Bacillus subtilis (B. subtilis)Clas s | b RNR compri ses of two sub
that are structurally homologous to class la subunits having almost identicalbmdiag

residues, with subtle differences in the second cooidmaphere. The catalytic subunit is the
11



U-sutunit, which harbours the active site for nuatide reduction and two allosteric sites, for
Substrate specificity and gener al enzyme act.i
for initiation of nudeotide reductioff® Class Ib RNRs have structural similarities to class la

RNRs. We will mainly focus on description Bf coli, C. ammoniageneandB. subtilis as the

structure of the active si$ of these metalloenzymes was of interest to us.

The crystal structure reported®f coliMn,"-NrdF revealed the presence of two fully occupied
Mn: sites??®! The Mn---Mn distance was 3.7 A atite two Mn centres were bridged by three
glutamate residues: Gl Gluissand Glug2(Figure 1.3). While one of the Mn centres was also
coordinated by Higi, Aspszand a HO molecule, the second Mn atom wamidinated by

Hisi4s and a terminal kD molecle. Each M was sixcoordinate and it has been proposed
that ligand reorganisation or dissociation efCHmolecules was necessary for reaction of the

oxidant with the cluster.

The crystal structure d. subtilisMn,'-NrdF has also been reported, beiiiierent from that
of E. coliMn2"-NrdFwith a fully ordered and occupied Msite!”® The results obtained prove
that diverse coordination geometries can serve as a starting point for gleyWicofactor
assembly in class Ib RNRs. The distance between the two metal $esuhbtilisMn,"' was
3.9 A the two Mn centres being further apart than the on&s oli Mn2"-Nrdl. While both
Mn ions were bridged by residues &land Glues, one of theévin centres was also coordinated
by Hiso1, Gluiss (as a bidentate ligand) and a weakly boun@® Irholecule(Figure 1.3). Thus,
one of the Mn centres was coordinatively saturated, as the &heati. However, the second

Mn was fivecoordinate, bridged biisio: and Aspein a bidentate mode.

A crystal structure for the Mn dimer of theRsubunit of the ribonucleotide reductase€of
ammoniagenebas also been report€d. X-ray crystallography showed that the active site of

C. ammoniagenesontains an oxo/hydxo-bridged Mn dimer, near a tyrosine residuai6Y

Figure 1.3). While one of the Mrentres was proximal to the tyrosine residue, the second Mn
centre was distal. The distance between the Mn centres was 3.3 A. A glutamic acid as well as a
histidine reside coordinated the two Mn centresGn ammoniagene®n aspartate residue
coordinatel one of the Mn centres, while the second Mn centre was bridged by two glutamic
acidst™ A Mn-OoxohydroxeMn angle of ~120 was observed in this enzyme. In addition to the
oxo/hydroxo oxygen, an asymmetric oxygen has also been obser€edmmoniagene®ne

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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Salmonella typhimurium Corynebacterium ammoniagenes
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Figure 1.3 Metallocofactors structures found in class Ib RNRg%72

All three class Ib MpRNRs E. coli, B. subtilisandC. ammoniagengslescribed above were
structurally similar. The two metal centres of all three bacteria were either filearadinae

(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 ofC. ammoniagenesasshorterthan the one faud in E. coi Mn2'-NrdF subunit, 3.7

A and B. subtilisMn'2, 3.9 A. Whereas both Mn centres @ ammoniagenewere in an
oxidation state of +3, a longer Mn---Mn separation would be expected in the reduted Mn
form of the enzyme, as observed in Mn tadas,T. thermophiliusandL. plantarum Another
difference consisted in the number and bridging modes of xggte groups that coordinate

to the metal centres of these bacteria.
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Table 1.2 Comparison of structural propertiestfcoli, B. subtilis C. ammoniagenesndS.

typhimuriumof class Ib RNR (M = metal).

Class Ib RNRs

E. coli - I C. ammoniagenes S. typhimurium
(Mn” 2) B Suth|IS (Mn 2) (Mn”l 2) (Fe“l 2)
Mnl Mn2 Mn1l Mn2 Mn1l Mn2 Fel Fe2
Coordination 6 6 6 5 6 5 6 6
Number
M---M (A) 3.7 3.9 3.3 3.3

All the above class Ib RNRs used aMnetallocofactor for catalytic activity. However, class

Ib could also use a Feentre and one example waalmonella typhimuriur(S. typhimurium

The two Fe atoms @&. typhimuriunwere ligated by two higlines, three glutamates and one
aspartate (Figer1.3)["? The two ferric ions were bridged by one of the glutamate residues and
anGion. The FeTTTFe bondswhs33Aa(Tablel.2h sbitheeen t he
distances between the*@n and the Fe centres were 1.8 A. The coordination environment of
both Fe ions was octahedral, as indicated in Figure 1.3. The-metal bond distance i8.
typhimuriumwas the same as the ooleserved irC. ammoniagerse Even though they had a
different metal in the active site (Mn f@. ammoniageneand Fe forS. typhimuriury they

had the same oxidation state so similarly bond lengths would be expected. Also, the
coordination of Fgin S. yphimuriumwas identical téhat in class I&. coliR2 structure (Figure

1.1 from class la).

Therefore, class Ib RNRs had either a'"Mwor a Fé, metallocofactor, and they were
structurally similar (Table 1.2), the metal centres were either B-coordinate. The metal
metal bad distance was longer iB. coli and B. subtilis as they had a Macore and as
expected a shorter metaletal distancevas observed i€. ammoniageneandsS. typhimurium
where the metal centres are in ac3dation state. Additionally, the catalytigcle ofE. coli,

C. ammoniagenandB. subtiliswill be described below.
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1.4.1 Class la and Ib RNRs

As seen abovésection 1.3), in class la RNRs; ®@as the active oxidant. The metallocofactor
responsible for the conversion of tyrosine to tyrosyl radies a high valent Eespecies. The

high valent FEF€Y intermediate abstracted a hydrogen atom from the tyrosine residue forming
the tyrosyl radicaf® This radical was responsibl@rf conversion of ribonucleotides to
deoxyribonucleotides. In contrast, in class Ib RNRs, the proposed oxidant wasOefthar

H20- (see below)

1.4.2 E. coli catalytic cycle

Class IbE. coliRNR was expressed under-kaited and oxidatively stressed conditions. In
the first step of the catalytic cycle Nkglivas proposed to reduce © H.O. (Scheme 1.5). The
oxidant travelledo the metal site and it was proposed to bind terminally to érleeoMn
centred*®l”3 A second equivalent of #, was needed to generate thg¥econd step, catalytic
cycle in Scheme 1.5). A mixed valent MMn" intermediate formed, that abstracted a
hydrogen atom from the tyrosine residue forming the tyrosyl radit&l. This was also

observed irthe mechanistic pathway of class la RNRY #¢" cofactor assembly® 7 &0

1.4.3 C. ammoniagenesatalytic cycle

The structure o€. ammoniagenelR2F, 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 thelbter

was oxidisedd the Mr",-Y T species (Scheme 1.8).%8 71 8lThese were based on structural

data, modesystems and the mechanism of MnCaf?

2 202 Oz Hzoz /_®>OH /_©>O
/ < > / < > + H*
Hzo HZO o
il \Mn”' ) PO Syt

|
Mn” Mn” Mn'V Mnlll/

Intermediate X Mn'""Mn"l.y*

Scheme 1.5Proposed catalytic cycle for class Ib MMNRs n E. coliandC. ammoniagened®
68, 71, 81]
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In the first step, the MiMn" cluster was oxidised through a twtectron oxidation to
Mn"Mn". The second step involved aopo bridged MA'Mn"' species that generated
Aintermedi at e KXioterfheSliatdhadrsafficient dxiylising gotver to extract both
one electron and a proton (i.e. a hydrogen atom) from the tyré%ifte®® 71 72 8lrherefore,
Aintermedi ate X0 ext rthetybssme iiareshltyngin thegfamatioat o m
of the MA"Mn""-YT cofactor. In summary the same catalytic cycle was proposed for cE&ss Ib

coli andC. ammoniageneRNRs, where B, was the active oxidant.

1.4.4 B. subtiliscatalytic cycle

B. subtilisis another class Ib RNR, that contains a'Mmetallocofactor. As itthe case oE.

coli andC. ammoniagene# was difficult to determine whether the active oxidant @gls or
H.0,. The previous results of Stubbe andvwearkers showed that the Ma-Y" cofactor
assembly reconstitution required the presence ofMD; and Nrdhg. In comparison td.
subtilis, studies of MH,-Y T assembly irE. colisuggested that Nrdl (flavodoxin) reacted with
O to generate an oxidant capable to oxidise théMnster®® Nrdl can generateither HO,

or O™ as oxidantUntil 2013, the proposed biosynthetic pathway for the metallocofactor of
class Ib RNRs is shown below (Figuré&)1.The mechanism A (Scheme 1.6) was originally
proposed in which Nrdl acts as a source of:HH@he mechanisnB (Scheme 1.6) is an
alternative route in which Nrdl acts as a source gf.@oth pathways resulted in generation
of a mixed valent MAMn" intermediate, that can abstract a hydrogen atom from tyrosine,
resulting in the formation of a tyrosyl radicdJp until 2013 experirents were unable to
distinguishwhether the oxidant ifB. subtilisclass Ib Ma-RNRswas HO, or Off 31 €8]
Recently, Stubbe and colleagues demonstrated that thedefiactor showed no retion with

Oz, the active oxidant wa®,". A detailed description of the catalytic cycle of classIb

subtiliswill be given below.
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Scheme 1.6Two proposed mechanisms for MY T cofactor assembly in class Ib MIRNRs

(Nrdl = flavodoxin protein}3!: 68l

1.4.5 Superoxide inB. subtilisclass Ib Mn-RNRs

Many studies on class Ib MinRNRs have been carried dt#t.”> 81 8n 2013, Stubbe and €o
workers made a very importagiiscovery, demonstrating the active oxidanBirsubtilisclass
Ib Mn2-RNRs wa0,™ (Scheme 1.7)We became interested in the roléhafsuperoxide anion.
Stubbe and colleagues demonstrated that the ddfactor showed no reaction with.&’!
However, in the presence of a flavodoxin protein (Ngydlavodoxin hydroquinone) £was
reduced tdD,. TheO.™ was proposed to react with the Mrtore,by inner oroutersphere
electron transfer, possibly coupled with proton transfer. Tife v@as suggested to bind the
Mn'"' metal site farthest away from the tyrosine residue in the protonated forsf) (Rus, the
initial formation of a MAMn'"'-peroxide or a MhMn"'-hydroperoxide was propos&d.Rapid
freeze quench (RFQ) EPR studies revealed no evidence of'BMiVinintermediate. The
oxidation of the e 2 Mnt' to generate a MiMn"" intermediate was expected to be very fast,
similar to the analogous reaction in SOD (reaction rate consteditM s for Mn"-SOD?®4).
The inability to detect this intermediate watrihuted to the fact that all steps betweest O

production and formation of MHVIn" species (see below) were Friteited by a
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conformational change correlated with"Qeaching the metal sif) Subsequent cleavage of
the O O bond to generate a Mu-OH)(u-O)Mn" species, that oxidises tyrosine was also
proposed®! RFQ-EPR measurements of the mixed valent'"m'"V species exhibed a 16
line signal at 10 K. These features were very similar to those of mixed valémivhdimers.
The Md"Mn" species was the first example of a'Win' dimer in biology and the atogue

to Intermediate X in F&,-YT cofactor assembly.

Nrdlpg Nrdlgq Nrdlg
OH o, | OH e . oH o
Mn' Mn'l Mn' M | Mn' M0
} o
T Nrdlq
| . OH
© H,0 ' H 3 3 HO.5
- - :
Mall Ml Mn'”/ \an | : Mn"! I\‘/InIII
\O/ \O/ ! Nrd!sq }

______________________________________________________________________________

Scheme 1.7 Proposed catalytic cycle for class lb MRNRs inB. subtilis(Nrdlhq = Flavodoxin
hydroquinone, Nrdh= Flavodoxin semiquinoné3 6% &l

Based on the above catalytigctesof class | RNRs the active oxidant was either(@ass la

and Ic) orO." /H.02 (class Ib). The process catalyzed by bimetallic active sites in class'b Mn
RNRs inB. subtiliscould be divided into two steps: binding of the oxidant to the metal atoms,
followed by cleavage of the -O bond. InB. subtilis a Md'Mn'"-peroxide species was
postulated to form after binding of superoxide, that converted to '"4(MOH)(u-O)MnY
speies after cleavage of the-Q bond. The high valent species oxidised tyredm tyrosyl
radical that was involved in ribonucleotide reduction. In class | RNR, various medailgen
intermediates have been identified or proposed duringettadytic cycle. The presence of these
intermediates in the catalytic cycle of RNRs hagered the study of related model complexes.
More importantly, mimicking of class Ib MiRNRs, where the postulated oxidant «ia€ by
using synthetic Mty model ®mplexes an@," is essential. The reactivity of biomimetic K4n
complexes an@," hasnot been investigated before. Moreover, this would help provide further

support for the postulated mechanism ef @ctivation at class Ib MIRNRSs.
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1.5Model complexes

In biological systems, there are examples of Mn containingheome metalloenzymes that
react with molecular oxygen or one of its reduced derivatives (i.e., superoxide, hydrogen
peroxide and watefy. 8! These enzymes catalyse processes crucial to health and the
environment. For example, MBOD?% 8¢land MnCdf! are involved in detoxification of ROS
(superoxde and hydrogen peroxide respectively). Substrate oxidatiom performed by Mn
dependent dioxygenase$§” and oxalate oxida8&in their reaction with molecular oxygen.

The oxidation of water to dioxygen is carried outly tetramanganese cofactor in the OEC of
photosystem % 88 Finally, as desibed above (section 1.1), MInRNRs convert
ribonucleotides to their corresponding deoxyribonucleotides, that are involved in DNA

synthesig®® 81 89

Regardless of the diversity in structures and aegitee function,some ofthe proposed
mechanisms of the redeactive Mn enzymes involvederoxaintermediates. Spectroscopic
evidence for MESOD®® Y and Mnh homoprotocatechuate 2iBoxygenase (MiHPCDY'! for

a peroxeintermediate was obtained. The majority of perdko' intermediates were
postulated based on reactichemistry and were supported by computational stlfdi¥s.
Moreover as seen in section B4in the catalytic cycle of class Ib MRNRs, a (hydro)peroxo
Mn"Mn"" intermediate was proposed prior to the fotiora of a bis(ihydroxo)Mn''Mn'Y
intermediatd®® Additionally, pepxo-Mn"" adducts were proposed as key intermediates in
water oxidation by the OEE2 % %6ITherefore, MAenzymes reacted via peroxo/hydroxo/bis(u
ox0) Mnrintermediates. Preparation of model complexes of tmegalloenzymes helps us gain

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

In the last four decades, investigations of metalloenzymes have long benedited f
complementary studies of synthetic models thamhimistructural, spectroscopic and reactivity
studies. Examination of the spectroscopic properties and reactivity -pfClee and Mn
containing model complexes have played a prominent role in advanainmaerstanding of
these metalloenzymes. Many syntbehodel complexes have been prepared that model the
active site and reactivity of these enzymes. For a complete understandingeoiziyines, an
examination of structures, spectroscopic properties aactivey of Mn-containing model
complexes is criticalThe next section describes progress towards understanding the structure
and reactivity of peroxéin'"', mixed valent MBMn"" and bis(oxo)Mn'""Mn"Y adducts using

synthetic model systems.Attention & focussed on peroXdn" and bis(u
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oxahydroxgMn'""Mn"V adducts as these have been postulated as intermediates in clags Ib Mn
RNRs.

1.5.1 PeroxeMn"' complexes

The first crystallographically characterised perd#n" complex[Mn"' (O2)(TPP)] (TPP =
5,10,15,2aetraphenylporphyrin) was reported i88F by VanAttaet all®”! In the 31 years
since that report, only seven peredm"' compkexes have been structurally characteri€&d.
1041 The lack of these structures could be attributed to the low stability of pdto¥species.
However, there are many other pesavin"' compounds, whose structures were supported by
many techniques such as magectrometry orother spectroscopic techniques and
computational studig?® 101 103, 10310 Firstly  the methods by which the perekn'
complexes were prepared will be described, followed by theirtatalcand vibratioal

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

The first structurally characterised pereMn'"' complex, [Md! (O)(TPP)J was formed using
potassium superoxide (Figure 1%}. The synthesis of this complex was carried out as
described below. The [MHTPP)CI] complex was reduced with zinc amalgam in toluene. This
metathesigeactionhelped remove the chloride ion fnosolution. The zinc amalgam was
removed by filtration, while toluene was removed by vacuum distillation. Next, tHa& R
complex was dissolved in THF with an excess cryptand (K222) and small pieces.ofFH€O
reaction was left stirring for a few daySreen crystals of [Mh(O2)(TPP)][K(K222)] were
obtained®”! Additionally, the large size of K222 made it a damunterion for crystallisation

of the pophyrin anion ([Mit'(O2)(TPP)]). The O™ oxidant has also been used to generate a
number of peroxavn'' adducts, from Mh precursors supported by pentadentasel NN ,- N 6
bis(2pyridylmethyl)}N-bis(2pyridyl)methylamine (= N4py) and dhethytN , N &tris(-6
pyridylmethyl)ethanel ,2-diamine (= mis?)),[% tetradentate N(1,4-bis(2pyridylmethyl)
1,4diazepane (= py.") and related)® 97 1%lgnd macrocylic ligands (4,3dimethyk
1,4,8,11tetraazabicyd[6.6.2]hexadecane (=Me;EBC)) (Figure 1.4§*'?1 Superoxide

presumaly acts as a onelectron oxidant of the Mncentre.

On the other hand, perodn" complexes supported by hydre(,5-diisopropykil-

pyrazolyl)borate (= TF)%® % and 1,4,8,1%etramethyil,4,8,11tetraazacyclotetradecane

(=TMC-ligands}§®® 1°have been generated using aqueosB:KFigure 1.4). The mechanism

for formation of peroxevin complexes using 0. has not been established. In some cases, a

large excess of #D, was needeff® % 113. 114\l the addition of a base such as triethylamine
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(EtsN) was required for generation of the perdwn"' complexeB00: 101,103, 10809 o anhydrous

H202-urea was needétf> 106 113l

PeroxeMn"adducts are most commonl y0°Gf*¥p'Beé&d at
but there are a few examples at higher temperaturés° 1%l The yields of the peroxo

Mn'" complexes are usually low to moderate and this has pesiéneir characterisation by

Mn K-edge %ray absorption spectroscopy. Higher yields of peshd' adducts have been
obtained fromMn" precursors supported bysKpentadentate amino pyridine and imidazole)
ligands using electrochemically genera@sl .9 The three complexes used for this study
were [Mr'(imLs?)(ClO4)](ClIO4) (where imls? =  N-methykN, N &ttis{{1émethyk4-
imidazolyl)methyl)ethand.,2-diamine), [Mr'(mLs?)(OH2)](BPhs)2.2H,0 (where nis?> = N-
methytN , N 6tris(@-pyridylmethyl)ethanel,2-diamine) and  [MH(N4py)(OTf)](OTf)
(where OTf = trifluoromethanesulfonai&}® Bulk electrolysis {1.2 V vs SCE) of air saturated
DMF solutions conténing 1 mM of the MH complexes supported by ingd, mLs?> and N4py
resulted in reduction of dissolved @ O™ . Air saturated DMF solutions were prepared by
bubbling with dried air for 10 minutes before electrolysisitu, the Q' wasproposed to react
with the solvated MH complexes to generate the corresponding peMrd complexes. At

233 K, UV-Vis spectroelectrochemical experiments using a Pt grid working electrode in a thin
layer spectroelectrochemical cell confirmed the foramabf peroxeMn!' complexes. Intense
bands developed in the WVis absorption spectra upon application of the reductive
poential™> Ab s or pt i 0 mx=H42n585andabl7 na corresponded to theéion

of [Mn" (O2)(imLs3)]*, [Mn"'(O2)(mLs3)]* and [Mri”(Oz)(N4py)]+.[1°6' 111,113]

Importantly, higher extinctionoefficients were obtained for the peredm'" complexes using
electrochemically generated, from those obtained for the same perspecies prepared
chemically by HO, or KO,.11% 111 118IThe QT anion formed at the electrodie situ was
proposed to readhstantly with the excess of Mrcomplexes. Additionally, as the product
diffused away from the electrode, side reactions were unfavorable. Therefore, higheofyields
peroxeMn"" complexes were obtained. Hopefully this will help improveay absorption

spectroscopy studies.
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L’py,": Ry =R, =R3=H
L7py,5Me or L7py,Me0: R, =
Me or MeO; R, =R3=H
L"py,>®" Ry =Ry =H; R, =Br
L"py,*Me or L7py,“: Ry = R,
= H; R3 = Me or CI

AR M N'/\fb
N—Mng N= N

[Mn"(0,)(Lpy,")]* [Mn"(0,)(L7iso-q2)]* [Mn"'(0;)(L7q2)1*
NG Io\—/o j 50 /?
| \/ /N N—Mn"‘NN \/ N
N Mn =N | > YN\ @' Mn
LN’I\IV\) /,{l N~
A N; l
/ \
I =
[Mn"(0,)(mL:2)]* [Mn"(0,)(imL;2)]* [Mn"'(0,)(N4Py)]*
o—o /Bu o o
:(tBu AN o gy [; B o
e Mn " o] HN NH
N N -0
C \/Q L Okﬂ/"\—NLN)QO N ke )
N—Mn J - \N
N P C@M
[Mn"(12-TMC)(0,)]* [Mn"(0,)(H;bupa)]* [Mn"(0,)(H,bppa)]

Figure 1.4 Structures of peroxMn"" compounds:®

Two peroxeMn"' complexe8!* 18 and one binuclear Mperoxo compleX'’! have been

prepared using dioxygen. Treatment of the precursof (Nibupa] complex with Q at room
temperature resulted in formation of [M{O.)(Hsbupa)] (where Hbupa = -teb-i s[ ( NO
butylurealy}N-ethyl]-(6-pivalamido2-pyridylmettyl)amine, Figure 1.4) in 50% vyielt\®!

Hobupa is a trianionic tripodal ligand that contains a hydrdgerding cavity around the
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dioxygenbinding site. When the oxygenation reaction was performed in the presence of 0.5
equivalents of diphenylhydrazine (DPH), the reaction increased from 30 nii@snbins and

the yield of [Mr"(O)(Hsbupa)] increased to 80%'% A mechanism was proposed involving
the formation of a sugroxoMn"" intermediate, that reacted with solvent or DPH (generating
azobenzene)yia a Hatom abstraction process to initially produce a hydropehdnd
complex. Additiondl it was proposed that DPH stabilised the intermediate formed, increasing
therate and yield of the product form&¢f! Likewise the [Mr(Hzbpaa)] (where kbpaa = N
[bis(6-pivalamide2-p y r i d y | m-éubrbppdnylchrifadadylmethyl)amine) complex
reacted with @in the presence of hydroga&tom donors (DPH, indene and fluorene) to form
[Mn'"'(Oz)(Hzbpaa)]it'4 It was suggested that the Mprecursors reacted with dioxygen to
form superoxeMn'' species, that abstracted a hydrogen atom to give hydropstoXo
adducts. Subsequent deprotonation or intramolecular proton transfer wastedgg account
for the for mat f peroxedi" complexeso The fiest exaengle ofa binuclear
Mn-peroxo derived from ©was reported by Kovacs and-smrkersi!'”l Treatment of the
[Mn''(SMe2N4(6-Me-DPEN))](BR)  (where 6-Me-DPEN =  N,Nbis(6-methyk2-
pyridilmethyl)ethane€l,2-diamine) with dioxygen at low temperature resulted in the formation
of {{Mn""'(S\e2N,(6-Me-DPEN))b(transp-1,2-0,)} >* (Figure 1.5), which was characterised
crystallographically. The peroxadduct cowerted to a binuclear monroxo-bridged

{IMn "' (SMe2N4(6-Me-DPEN))b(u-0)}?* within minutes at40 °C. Thus, this represented the
first characterised example of a binuclear"Mperoxo which subsequently, converted to a

binuclear poxo bridged product des@d from Q.

"
P
iPr— | o R g
N/N\.P <j[N/ /—N/\(\N/—‘_\<\N©
iPr/j//\/f’I "L /NN O LANA
_N-N—Mn- MR MnN
HB /O v 4
NN 40‘0(\3
pr S iPr he
[Mn"™(0,)(TpP")(L)] [Mn"Mn'"(0,)(0,CCH3;) {IMn"(sMe2N,,(6-Me-
L = pz""'H, 2-Melm ((N-Et-HPTB)]"* DPEN)],(trans-u-1,2-0),}%*

Figure 1.5 Structures of a peroxdn'' complex, a peroxain'Mn'"' complex and a binuclear

peroxeMn"; complex (from left to right}?® 99 116, 124]
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1.5.1.1 Structural properties of peroxeMn'' complexes

Chemdraw representations ofrdy crystal structures of peroan'

TPPET  TpPw8 91 and N macrocyclic (TMC, 1,4,7,Xetramethyl,4,7,10
tetraazacyclotridecane (= IVC) and 1,4,7,1Qetramethy1,4,7,10tetraazacyclododecane

complexes supported by

(= 122TMC))[100. 1@, 103l jigands are shown above (Figutet). All complexes displayed six
coordinate M ¢ e n t r e %speraxo ligands.EThe M@ bond lengths of these complexes
ranged from 1.838 to 1.901 A, while the@bond lengths ranged from 1.402 to 1.43 A. Altnos
all the s é-peexeaMn"' complexes had symmetric MB bonds, with the bond distances
differing by less than 0.015 A. The perekn" complex [MA"(O2)(Tp™)(Melm)] (where
Melm = methylimidazole) displayed a more asymmetric-®ltbbond due to intermolatar
hydrogen bonds between Melm and peroxo ligands of adjacent mol&8ukes.additional
peroxeMn"" complex ([MA"(O2)(TpPd)(pz"?)], where pZ'? = 3,5diisopropylpyrazole) was
first prepared at20 °C using HO> as oxidant. Interestingly, it was observed that the\l%/
spectrum of a toluene solution of the perdn complex at78 °C, exhibited @max= 583 nm,
which uponwarminga2 0 AC r ev e al gag~ 560 ns’f Bha theineochroiam of o
the peroxeMn" complex [Mn(Q)(Tp™)(pz"?)] was reflected in its isomers where upon
cooling from-20 to-78°C, a brown to blue conversion was observed (Figure 1-8ay)crystal
structures were obtained for both isomers. Similarly to the"[(@a)(Tp™)(Melm)] complex
(see above), the [MHO2)(TpP(pZ"”?)] (where pZ™ = 3,5diisopropylpyrazole) compk
also had asymmetric M® bonds in its blue form that distinguish it from the brown isdffier.
The N(p#™ to O(peroxo) bond lengths in the blue isomer were 2.82(2) and 2.99(2) A while
in the brown isomer were 3.298(&jd 3.083(3) A (Figure 1.6, Table 1.3). Thus, shorter
N(pz"?) to O(peroxo) distances suggested that the slight asymmetry in theObmit it was
due to intramolecular hydrogen bonds.

Naz
/ k \ H

N

N4 /k\‘lzk\H

\ - Nip o W

\ ‘\ ‘
N31\ %02 N31\\ \ 02

| /
N11/Mn\01 N11/Mnﬂol1

N1 N4

Figure 1.6 Structure of the ge of the brown (left) and blue isomers (right) of the
[MNn(O2)(Tp™(pz"?)] complex!®®
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The coordination geometryoftheMoent r e can be g¢parhnetedassguam® u S |
pyr ami0dto trigothl bipyramn d asl= @ J . >-peFaxaMn"Ecomplexes supported

by the TF"?ligandwerevey cl ose to a tr i go#s=dl)witblarge gxiala mi d ¢
bond elongations. For the TM@xrived complexes, as the ring sizes decreased, the geometries
become cleer to square pyramidal. The first crystal structure of a pesddged Md!

compex was that of [MH3(cisp-1,2-0)(us-O)(u-OAc)(dien)]®* (where dien =
diethylenetriamine). The complex was formed by refluxind"NM®Ac)s and dien in methanol,
afterwhich the mixture was cooled under @if! Large uncertainties in theetric parameters

were observed due to the inability to define the structure because of its high symmetry. The
only highresolution structure of a bridged Mp species ws obtained from the

{IMn "' (SMe2N4(6-Me-DPEN))p(transp-1,2-02)} 2" complext*'”! This complex had a peroxo

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

O bond distances of 1.832(3)/A7 Comparable @ (1.46(3) A) and MrD (1.83(2) A) bond

lengths have been observed in a 'Nincomplex supported by a ejs1,2-peroxo bridge and

two oxo bridges!!® Similar O-O bond lengths of ~1.41 A weabserved in peroxbridges

Fe', species when compared to {[M(S8"2N4(6-Me-DPEN))b(transp-1,2-Oy)}2* 120

However, peroxdridged Ctl. spedes exhibited @0 bond distances ranging from 1.368(9) to
1.540(5) Alt2t.122]

Table 1.3 Selected bond lengths for pereim'' complexes fronX-ray crystallography.

Selected Bond lengths (A)

Complexes Mn-O 0-0 Ref

[Mn(O 2)(TPP)] 1.888, 1.901 1.421 [©7]

[Mn" (O2)(Tp™P?)(pZP?)]-brown 1.85,1.851 1.428 [98]
[Mn " (O2)(Tp*2)(pzP2)]-blue 1.841, 1.878 1.420 (98]
[Mn'" (O2)(TpP2)(Me-Im)] 1.838, 1.872 1.420 (9]
[MNn(O 2)(TMC)] * 1.884, 1.884 1.402 [100]
[MNn(O2)(13-TMC)] * 1.855, 1.863 1.410 [1o1]
[Mn(O 2)(12-TMC)] * 1.853 1.408 [103]

1.5.1.2 Vibrational properties

Up to now resonance Raman é&-peproMn''medactsfailed n mo
because of laser irradiation causing sample degrad&folt!! Thus, little vibrational data is

av ai | abdhave enly deersobserved for six complexes using IR measurefi@hts?

116, 1231 One example includes an Mrperoxide complex supported by a tetraamido

macrocyclic ligand (TAML) recently reported by Nam anevwoarkers*?® T h e.o stretching
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vibration of the M# -peroxide complex was fodrin the IR spectrum at 905 cinthat shifted

to 860 cm' on substitution of®0, with 2¥0,.'IMn-O st r et c hi mg) havebhot at i ons
been identified. Thus, t hv.ea e dimio)sfor mondnucleak o f v
peroxeMn'"'c omp |l exes. The f e wovaluesaveiwithinshe yarroweapger t e d =
of 875896 cm' (Table 1.4). In contrast, the binuclear perd#n complex {{Mn" (S¥e2N4(6-
Me-DPEN))k(transp-1,2-0,)}2* exhibited a dwere n e r qpyband at 819 crh on the

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

spectroscopy of Muglioxygen adducts.
1.5.1.3 Electronic absorption spectroscopy

E-peroxeMn"' complexes exhibit weak absorptiombd s i n t he nwwiE416600 e regi «
nm; U= 60-490 Mlcm?) that arise from a combination of peroxitemetal charge transfer and

d-d transitiond!® 197. 191 The wellcharacterised perox@n" complexes[Mn" (O2)(12-

TMC)]*,12%31 [Mn"(02)(13-TMC)]**24 and [MA"(O2)(14-TMC)]**?4 displayed an intense

absorption at less than 460 nm and @aber band in the 58890 nm range. These spectral

features were also resembled by perdkd' complexes supported by polydentate amine

ligands (IMA'(O2)(L1)]* ( wher e L Dbis(ZpyridN2-ykhéthyl)-1,4-diazepane) and
[Mn"'(O2)(L2)]* (where L2 = N(6-methylpyrid2-yimethyl}N &pyrid-2-yimethyl)-1,4-
diazepanelf®Tabl e 1. 4), exhi bimnk¥43@50ampndaweakerdand band
a t max 3 550600 nm. Additionally, theelectronic absorption spectrum of a perd#n'

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

0., displayed weak absorbance featuresnat = 438 and 617 nfi?! Moreover, the first

exampe of a mixed valent MiMn" -peroxide ([MAMn"'(O2)(N-Et-HPTB)]**, where NEt-

HPTB = N ;teiakis(? (1-&ttdylbenzimidazolyl))-2-hydroxy-tgiaminopropane)
species displayed | ow paptd4éand 619 ndidlikewisdp) ance b
reaction of the ([Mnx(O.CCHs)(BPMP)](CIQ:) (HBPMP = 2 6bis[bis(2

pyridylmethyl)aminomethyf4-methylphenol; comple4, chapter 3yvith O." formed a second
peroxeMn"Mn'"' complex b). The electronic absorption spectrumflisplayed two low
intensity features amax = 440 and 590 nm (chapter 3). These features were characteristic of
Mn'""-peroxide complexes. In summary, all the previously reported pévioXb complexes
exhibited omparable electronic absorption features.
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Table 1.4 E X p e r donfrequenaels(cm?) |, el ectronic aRsmr pti
extinction coefficientst) for peroxeMn'' complexes.

Complex 30-0( D) Bmax in M (0in M 1cm?) Ref
[Mn " (O2)(N4py)]* - 438 (22800), 617 (16200) 1251

280 (2600), 455 (250), 620

[Mn "' (O2)(12-TMC)] * - (200) (03]

288 (2400), 452 (390), 615
[Mn" (02)(13TMC)] * - (190) (24]
[Mn'" (02)(14TMC)] * - 453 (490), 630 (120) (24
[Mn" (O2)(L1)]* - 448 (197), 556 (42) 0]
[Mn" (O2)(L2)]* - 440 (175), 597 (41) 0]
[Mn " (O2)(Tp™P"2)(pz"2)]-brown 892 (51) 561 (50) (98]
[Mn " (O2)(Tp™2)(pz"'2)]-blue 892 (51) 583 (60) (98]
[Mn " (O2)(Tp™P'2)(Me-Im)] 896 () 381 (314), 478 (173) [99]
[Mn " (O2)(Hsbupa)] 885 (48) 660 (300), 490 (NA) [116]
[Mn " (O2)(H2bppa)] 891 (52) 590 (58) [114]
[Mn " (O2)(TPP)] 983 (50) NA e
[Mn"Mn'" (O2)(N-Et-HPTB)]2* - 460 (), 610 ¢) (126l
{IMn """ (SMe2N4(6-Me-DPEN))]2(trans- 819 (47) 640 (830) (17

p-1,2-02)}2

[Mn 'V (O2)(TAML)] 905 (45) 600 (720) [123]
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1.5.1.4 Chemi GpetoxoiMa'aadductsy i ty of E
A
_ 0 .
O\_O_I 9 /OJ\Ph heterolysis (”)
Mnlt cc. —— O — MnY *+  PhCOO
L |\\I/|n||| L
L
L = TMP (tetramesitylporphyrin)
B H,0,, 25 °C, CH,CN
O‘o
@le\tlln'l ~
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Nln
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y ¢
orf ] N X N
D o0 o i
9\(\1/‘ N\\\ 40 °C or DY N—Mn—O |, N
A = 1*  OTf \/| AP
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e LY
[Mn"(OTH)(Ndpy)I*(1%) : 4 [Mn""Mn"V(0,)(N4py)]>* (3)
oy
[Mn"{(0,)(N4py)I* (2)
C

SR )
P . i .,
[Mn"Ly O)LH .

(@)

L = L8py,", Hibupa?, Hybppa’,
TMC, 13-TMC
Scheme 1.8 Structural representations of chemical reactivity of pefdrd complexes
(L®py' = 1,4bis(2pyridylmethyl)}1,4-diazepane; kb u p a = -teb-busyllirgaly}d-
ethyl]-(6-pivalamide2-pyridylmethyl)amine; Hbpaa = N[bis(6-pivalamido2-
pyr i dyl méuorbphdnylchrfaddylmethyl)amine; TMC = tetramethylcyclam; 13
TMC = 1,4,7,16tetramethy}1,4,7,16tetraazacyclotridecan&y?: 101 103, 108, 113, 1183, 125,126]

E-PeroxoMn'" complexes were found to react with aldehydes, protons, acid chlorides and
anhydrides and thus t he ypepoxehn"morghyrie ammpdiekesi ¢. Fo
reacted with benzoyl chloride or benzoyl anhydride to give acylpevtiXt species. These
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undergo GO heterolysis to produce the corresponding-bkt’ complexes (Scheme 1.8
A)_[127-129]

Treatment of the [MH(O,)(mLs?)]*" complex with acids generatedpgridinecarboxylate by
oxidative degradation of the ligand (ret). Jackson and eworkers recently reported the
formation of a bis(ppxo)Mn""Mn" species usingd.™ asoxidant from mononuclear Mn
precursors (Scheme 1.8 .B¥! Initially a mononuclear groxaMn" adduct formed, which
subsequently reacted with the mononucleat' Mrecursor forming the bis¢pxo)Mn"'Mn'v
species(Scheme 1.8 B). This conversion mimics the currently proposedanestn for
assembly of the MKMn"“ cofactor in Mn ribonucleotide reductd&8. The bis(u
oxo)Mn"Mn" species could also be formed directly by reaction of thé pecursor complex
with H2O». The reaction mechanism of this step is still not fully undexkstUpon reaction of
[Mn'"'(N4py)(OTH)]* with H20,, a Mrl"-O, addict was postulated as one of the intermediates
on the way to formation of the bis@xo)Mn"Mn" complex. While there are many reports on
the formation of oxebridged Mn compounds by reaichn of a Mr' species with K0, 85 88
1241the exact mechanism by which the dimeric species are obtained is not well established. For
example, a peroxbridged Mz intermediate ([MH 2(u-O2)(mLs?)]**) was postulated to form
upon reaction of [MH(O2)(mLs?)]* with [Mn"'(OHz)(mLs?)]%* in a bag aqueous mediuft3

The formation of the dinuclear perckoidged adduct was proposed by Grenial as an
intermediate towals formation of the b{g-oxo)Mn"Mn" product (MA"Mn" (u-
O2)(mLs?)]%* 1123 |n the literature, there are few examples of perosdged Mn compleses.

To the best of our knowledge, the only wetlaracterised example of $ua complex was
reported by Coggingt al The {{Mn"'(SMe2N,(6-Me-DPEN))k(transp-1,2-02)}2* complex
revealed two MH ions bridged by a peroxo ligatd’”! A peraco-Mn"'; [Mn3(dienk(OAC)z(p-
O2)CI)(ClO4)**8 (dien = diethyknetriamine) and a bis{@xo)Mn"Mn" with a cisp-1,2-
peroxo bridge [EMnz(p-O)2(U-02)](Cl04)2 (L = 1,4, #trimethyk1,4, Ztriazacyclononan&)
have also been reported. Furthermore, mononucledsOzwand NI'-O, complexes also
performed this type of reactivity, by reacting with a second metal complex to form

heterodinuclear and homodinuclear coexgs with bis(Hoxo) or prperoxo corgt301321

E-peroxeMn"" complexes also displayed a nucleophilic character and were shown to be
capable of aldehyde deformyl ation.2pdidxé s t vy
Mn'" complexes suppatl by Hbupa % Hibpaa'¥l TMC-derived® 0% 103 gnd
Lpy-"(1%8 ligands (Figure 1.8 C). A series of [M(O,)(13-TMC)(X)] (where X = CN, NCS
, CRCOy, N3) complexes were investigated in cyclohexanecarboxaldehyde (CCA)
deformylation activity. The product obtained from this oxidation reaction was cyeobee
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(Scheme 1.8, C). It was reported that the rate for this aldehyde deformylation increaised wit
the electrordonating ability of the axial ligand trans to the per8%8.Notably, it was found

that complex [M# (O2)(13-TMC)(N3)] was involved in CCA deformylation with a rate of*10
times large than that of [MH (O2)(13-TMC)]*. Thus, the nucleophilicity of the MRO; unit

was enhanced by the strongly electron donating ligand, possibly a meos etdicture was
favoured. The deformylation activity of perereetal complexes ([M(O2)(TMC)]*, M = Fe,

Mn and Co) supported by the TMC ligand was also rep&t€drhe Mn and Ciwcomplexes
supported by the TMC ligand exhibited similar reaction rates aeg wWere an order of
magnitude faster than the Fe complex ([f@,)(TMC)]*).13]

Thereactivity of nosp o r p h3peroxaMn'Ecomplexes towards electrophilic substrates is
scarce. However the-O bond in [M'(Oz)(Hsbupa)] was activated by treatment with a
hydrogeratom donor. [MH(Hzbupa)] was used in the catalytic reduction of © HO with

either DPH or hydrazine as the reduct&ift. T h e-pedxo-Mn"' [Mn"' (O2)(Hsbupa)] was
formed from the precursor [M(H2bupa)]j, O> and 0.5 equivalents of DPH. Then an additional
equivalent of DPH gave the Mrperoxo unit with two hydrogen atoms. The resulting species
underwent QO cleavageorming a Mr' adduct (MA'-O and MA'-OH hybrid) and HO.
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"(Hzbupa)l and a seond HO moleculd® This type of reactivity of the
[Mn"'(O2)(Hsbupa)]” complex was interesting as the perds@' complex ([F&'(O2)(EDTA)]*
(where EDTA = ethylenediaminetetraacetate) was unreactive towaresemte®n and two
electron reductants such as;B#sand NaBH.[*3%

In summary, many peroxin'' complexes have been prepared using eithe©gy' or HO;

as oxidant. Most of the peroxdn"' complexes were relatively unstable at room temperature
and were thus prepared at low temperaturés®®). While few of the peroxtn'' complexes
were crystlographically characterized, only one crystalsture of a binuclear Mperoxide
was previously reported. Furthermore, little vibrational data for mononuclegpekrxide
complexes is available because of laser irradiation producing sample degradatentheless,

previously reported peroxwin'

compl exes displayed charagterist.i
= 410460 nm (assigned to peroxoMn'"c har ge tr ansf em=5%50670nsi t i on)
(assigned tal-d transitions). Additionally, many of the peroktn"' species proved to be good

nucleopilic oxidants in their reaction with aldehydes. Therefore, the most widely used
spectroscopic techniques for characterization of previously reported pdrdkacomplexes

were electronic absorption spectroscopy, IR ar@ycrystallography.
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In the pastll years many reports on peredm'"' complexes have been published. Crystal
structures of several peroddn"' adducts have been repoff&d® and even some of the more
unstable complexes can now be generatedhigher yields, allowing their structure and
reactivity studie$:'® Even though advances have been made, trapping of Mn intermediates
involved in the catalytic cycles remains a challenge. For examplectivation of @by Mn;
centre8'% has been achieved Wwitrapping of key intermediaté¥’ but few studiedn this area

have been done. Nevertheless, the studies done in the field of {dnaxmdel complexes are
coupled with the advances in understanding the mechanisms-dépimdent enzymeghus,
studies of enzymes and model complexes are very importaahfanderstanding of Mn in

biology.

Aside from synthesis of peroxdn'' synthetic model complexes for Mn enzymes, mixed
valent MA"Mn" and Md'Mn"' complexes have also been prepamdnimic some of the
intermediates observed in the catalytic cycld#s Mn enzymes. A description of the

characteristic features of these mixed valent complexes is given below.

1.5.2 Bis(poxo)Mn'"" Mn'V complexes

A series of bis(ppxo)Mn"Mn" complexes have been synthesised and characterised either as
mimics of the catlytic cycle of class Ib RNRs described ab8%# as mimics of the OEC of
photosystem 136! for water oxidation catalydis™*4 or as model complexes of Mat!t?4

1411 While the Xray crystal structures of many bisgxo)Mn""Mn" complexes have been
reported (Figure 1.7, Table 183> 187, 139, 140, 14851] they have o been characterised by

electronic absorption, EPR and IR spectroscopies (Table 1.5), and mass spectrometry.
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Figure 1.7. Selected structures efnthesised bisgaxo)Mn"Mn" complexeg!?3: 135 151, 154,
155]

The maprity of mixed valent bis(ppxo)Mn""Mn'Y complexes have been prepared by reaction
of the precursor Mhcomplex either with KMn@*3"1 oxonel**® H,0O, as an oxidaf': 146:

150, 152lor py electrochemical oxidatidH:’!

All mixed valent bis(doxo)Mn"Mn" complexes exhibited slight differences in the electronic
absorption spectra in the visible region, giving a charatieabsorption band between 520
570 nm assigned todad transition band while bands between 58D nm could be attributed
to a O to Mn charge transfer band (Table £48)142 153 15460 exception was the [Mu-
O)a(bpyR(Ar9C)2](CIOs) compl e x ( w-hypindime ancpAP'CGs = 2,6-dEpd
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tolyl)benzoag)*>! This was the first examptef 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 shortestMn distance (2.505(1) A) and the smallest-Mn
O-Mn angles (average8.3 °) reported for any [Mu-O),] specied!®¥ The shortening of the
Mn-Mn bond length and the diminishment of the-KrMn angles could be due the presence
of the fourth bridging carboxylate group between the Mn ceRffésloreover, the electronic
absorption spectrum of this complex was remarkably different from that of any oth&MMn
(1-O)]** complexes, emphasizing its unusual etair properties. EPR displayed a-lirte
signal centred at g ~ 2 analogous to thasembed for all other [MH'" x(u-O),] species
discussed below. In addition, in IR spectra of bisgo)Mn'"Mn"Y complexes, the peak around
700 cm! was assigned to thsay mme t r i &9 obtherMa®-Mrhbond according to the
literature (Table 1.5)The MnO-Mn symmetric stretch has only been found in few bis(u
oxo)Mn"Mn"' complexes around 600 chi#® 5% Besides electmic absorption and IR
spedtroscopies, bis@Goxo)Mn"Mn"Y complexes have also been characterised bgayX
crystallography and EP8&pectroscopy
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Table 1.5 Electronic absorption and IR data for bisxo)Mn"Mn"Y complexes.

UV-Vis Data IR Data (Mn-O-Mn
Stretch)
S 3as(cnTd)
Complex & i nouinvinecm() 2 (o) Ref
525 (530), 555 (455), (153
[MnO 2(bpy)]2(ClO4)3 684 (561) ND
525 (509), 555 (427), [153]
[MnO 2(phen)]2(ClO4)3 684 (553) ND
443 (149), 561 (760), (154
[MnO 2(tmpa)]2(ClO4)3 658 (620) ND
. 433 (1080), 555 (511), [142]
[Mn 202(N,N-bispicen}](CIO 4)3 645 (450) ND
[Mn2(p-O)2(py- [140]
terpy)(OH 2)](NO3)2.8Hz0 552 (612), 655 (608) 700
[Mn 202(terpy) 2(OH2)2](NO3)3.6H20 553 (678), 654 (585) 706 [156]
[(pmap)Mn 2(L-O)2(pmap)](Cl04)3 556 (ND), 662 (ND) ND (157]
660 (500), 559 (621), 203
[Mn 2(O2)(tpa)2](ClO 4)3 505 (650), 439 (1250), 611 (143]
382 (1400)
640 (420), 545 (550), 697 w43]
[Mn 2(02)(bpg)z](CIO 4)s 434 (1250), 380 (1480) 605
590 (450), 537 (600), 694 143
{IMn 2(O2)(pda)z]Na(H20)s}n 413 (1550), 37%ND) 610
[Mn 2(cyclenk(u-0)2](ClO 4).4H.0 553 (ND), 644 (ND) 238 [155]
. 659 (458), 552 (480), (145
[Mn(O)(bispicMe 2en)2(ClO 4)3.H20 430 (1155), 380 (1472) ND
Mo 278 (31000), 324
R [148]
O)2(terpy)2(CF3C0O2)2](CF3C0O2).2H20 (25000)'(228)(25)’ 620 ND
[(phen)2Mn(p - 523 (580), 550 (460), 686 [158]
0)2Mn(phen)2](PFs)s.CHsCN 680 (550), 800 (ND)
[Mn 2(u-0)2(bpy)2(Ar ©'CO2)2](ClO 4) Shoulder at ~760 nm ND (151]
[(OH2)(R-terpy)Mn(u-O)2Mn(R -
terpy)(OH 2)](NO3)3
1 R=cCl 552 (610), 658 (603) 712
f R=H 551 (605), 655 (600) 698
1 R=MeS 552 (616), 655 (604) 700 s
1 R=Me 551 (619), 655 (608) 702
1 R=EtO 552 (620), 655 (598) 705
1 R=Pro 552 (610), 655 (603) 703
1 R=MeO 552(619), 655 (603) 703
1 R=BuO 551 (623), 650 (610) 704

(phen = 1,1phenanthroline; tmpa = tris{@yridylmethyl)amine; N,Noispicen =N,N-bis(2
pyridylmehyl}1,2-diaminoethane; py e r p y-(4-pyridy)-2 , 2 6 -teBpyridiBed @erpy =
2, 2 0 :t@piridikep pmap = bis[Z2-pyridyl)ethyl]-2-pyridylmethylamine; tpa = tris
picolylamine; bpg = bigpicolylglycylamine; (H)pda = picolyldiglycylamine; cyclen =
1,4,7,10tetraazacycledodecane; bispicMden = -biN(2pyradylmethyl}N , Mlidnethyt
1,2-ethanedimine).

Many bis(proxo)Mn""Mn"Y complexes have been crystallographically characterised. All-bis(u
oxo)Mn""Mn" complexes had similar MrMn bond length of ~2.7 A (Table 1.6). The Mn
bond lengths in these complexes were between 1.7 and 2 A, with thdrtwoetal centres

being relatively symmetric. The reported crystal structures of fuigs@Mn" Mn"V complexes
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showed that bét Mn centres were in an octahedral coordination environment, in comparison
to the peroxeMn'' complexes described above, where thetal centre was either square
pyramidal or trigonal bipyramidal. While the perekn"' complexes proved to be good
deformyating agents, the bis¢pxo)Mn""Mn"' complexes proved to be unreactive towards

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

Table 1.6 Selected bond lengths from-rdy crystallography for bisgaxo)Mn"'Mn'"V

complexes.
Bond Lengths (A)
Complex Mn2-
Mn1-Mn2 Mn1-O1 Mn1-O2 Mn2-O1 02(H,0) Ref
[Mn 202(N,N-bispicen}](CIO 4)3 2.646(2) 1.783(4) 1.788(4) 1.836(4) 1.838(4) [#A
[Mn2(p-O)2(py- ) [140]
terpy)(OH ) (NO s 8H:0 2.729(1)  1.821(2) 1.811(3)  2.009(3)
[Mn 202(terpy)2(OH2)2](NO3)s.6 i [156]
H,0 2.7315(12) 1.813(3) 1.812(3) 2.069(3)
[(OH2)(MeS-terpy)Mn(p -
0)2Mn(M eS 2.7183(8) 1.822(2) - 1.803(2) 2.043(2) 037
terpy)(OH 2)](NO3)3
[(OH2)(Me-terpy)Mn(pt - } [137]
O)Mn(Me-terpy)(OH2)J(NOg)s 2 23(1)  1.820(2) 1.817(2) 2.004(2)
[Mn 2(h- 1.7786(1 g
O):(terpy)o(CF:CO](CF:COz)  2.7265(5) 1.8517(16) 18508(17) 1.7786(17) ~'7)
.CHsCN

Another spectroscopic technique used in the literature for the characterisatios(ef b
oxo)Mn""Mn" complexes is EPR. The EPR spectra of these complexes showed a characteristic
16 line signal centred around g 1+%¥; 138 141, 151, 157, 15§ he 16line EPR signal corresponded

to a fingerprin of a mixed valent MAMn" dimeric complex in which the Mhard the MY

ions were antferromagnetically coupled with each other. Thelih® EPR spectral pattern
arise from the electrenuclear hyperfine interaction of tf&vin nuclei (nuclear spin,= 5/2)

in the paramagnetic MiVIn"V dimeric core (electron spirs = %2). Sometimes the Mmn'
complexes were supported byddntaining ligands. The interactions of the paramagnetic
Mn""Mn"' dimeric core with theé"N atoms (nuclear spin, | = 1) ohé respective ligands
coordinated to the Mn ions could have alsmtobuted to the 1#ine signal, resulting in
magnetic splitting. However, the line splitting that resulted fromt4Nenyperfine interactions
were usually weak. For example, the EPR spaan of [(pmap)MH'-(u-O)-

Mn" (pmap)](ClQ)s (Figure 1.7)measured at 100 K in -Methylformamide exhibited the
characteristic 14ine signal centred around g ~ 2.08%3! Similarly a frozen dichloromethane
solution of [Mre(u-O)2(bpy)k(Ar®'CO,)2](ClOs) at 4 K, also displayed a 16 line signal centred
at g ~ 215U This type of spectrum hasdreassigned to the S = % ground state of the complex
indicating antiferromagnetic coupling between two high spin'Mmd MY ions[*5t 1571
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Furthermore the EPR spectrum of [MH!" (tpdm)(u-O)(u-OAc)](ClO4)2 (where tpdm =
tris(2-pyridyl)methane) complex, that was oxidisgdctrochemically, also exhibited a 16 line
signal at g ~ 2 at 5 K3 Thus, until now bis(ppxo)Mn"Mn" complexes are known to give
rise to similar EPRectra. Moreover, the postulated bispl(OH)Mn""Mn" adduct obtained
in class IbB. subtilisMn", RNRs, was also characterisbgd EPR exhibiting a ine EPR
signal at 10 K&l Thus, EPR is a vg useful spectroscopic technique not only for

characterisation of model complexes but also for Mn enzymes.

Therefore synthée bis(i-oxo)Mn"'Mn'"Y complexes as models of RNRs, MnCat and the OEC

of photosystem Il have been prepared and characterisedetiyoaic absorption and IR
spectroscopies, mass spectrometry and EPR. The crystal structures of many of these bis(u
oxo)Mn""Mn" complexes have also been reported. We are mainly interested in mimicking the
catalytic cycle of class Ib RNRs and thus imppiag a bis(goxo)Mn"'Mn'V species as a model
complex for the catalytic cycle of class Ib RNRs. Another intermediate invisited catalytic

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

characterisation afynthetic mixed valent MiMn'"' complexes is given below.
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1.5.3 Mixed valent Md'Mn'" complexes
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Figure 1.8 Structures of selected mixed valent'Wm'"' complexeg’® 159163

Binuclear mixed valent MiMn'" species play an important role in biology as they have been
postulated as intermediates in the catalytic cycle of metalloenzymes, catalasegiinasé*!

and RNR<2%l Few synthetic mixed valent MMn" complexes have been prepared to mimic
the active sites of these metalloenzymes (Figure [2:8%°61 The main spectroscopic
techniques used for the characterisation of these complexes -eag ofystélography,

electronic absorption spectroscapyd EPR. Most of these mixed valent complexes have been
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prepared either starting from a Mrsalt[*>® 169 165y by electrochemical oxidation of Mn

precursorst®® Some of these binuclear mixed valent "Wm'" complexes have been
characterised crystallographically, having si
mixed valent MAMn"" complex (TEA)[Mn(2-OH(5-Cl-sal)pn}].CsHs.CHsOH (where (sal)pn

= 1,3bis(salicylideneamine®-propanol) Table 1.7) exhibit ed a shorter MNnNTTT
distance when compared to the other crystallographically characterisédnirtomplexes,

which could be dueto the ligah8lFur t her more t he MnTTT'™WNMN'pond | en
and MV, complexes spported by the (sal)pn ligand were 3.3, 3.36 and 3.25 A, differing by

only 0.11 A, showing that the basic core structure was highly invaffarfthus small
differences were observed in MmMfMn sdomdekeEMn di st

Table 1.7 Electronic absorption and-bay crystallography data for selected mixed valent

Mn'"Mn"' complexes.

UV-Vis Data Bond Length Ref
Amaxin nm (0in Mcm?®)  Mn-Mn (A)
[Mn 2(bpmp)(1-OAC)(CION2.2H0 430 (ND)’(;{IBS (ND), 620 5 44701) [260)
[Mn 2(bcmp)(-OAC)2](CIO 4)2.CH:Cla 450 (ND), 590 (ND) 3.422(3) [160]
380 (1270), 485 (960),

Complex

[Mn 2(L)(OAC) 2(H20)](CIO 4)2.H0 o 15501 3.497 159
(TEA)[Mn A2-OH(5-CI- ;
sal)pn)].CoHs. CHaOH 380 (1600) 3.360(7) =

[(TMTACN)M n-(u-OH)- 275 (11500), 420 (683), 4 40> w61
Mn(MST)|(OTf) 481 (490), 643 (616) 472(2)

[Mn 2(1-0) (-piv)2(Mestacn)](CIO 4) 486 (ND), 521 (ND) 3.084(3) 76, 162]

[Mn 2(BCPMP)(OAC)q] 270 (ND)'(,\:’;[%‘? (ND), 450 5473 67

(bpmp = 2,6bis[bis(2pyridylmethyl)aminomethyl4-methylphenol; bcmp = 2;6is(1,4,7
triazacyclononl-ylmethyl)}4-methylphenol; L = Zbis(2pyridylmethyl)aminomethys-((2-
pyridylmethyl)(benzyBaminomethy)4-methylphenol; TMTACN = Meatacn = 14,7

trimethyt1,4, #triazacyclononane; [MS?] = N, N, 2N o62oitrjlofi§(déihane2,1-
dyi]tris(2,4,6-trimethylbenzenesulfonamido); Piv = (&kCCOy; Ph = phenyl; Megalkox =
1,3-bis(4,#dimethyt 1,4, %trizacyclononyl)2-propanol; (BPCPMP) = 2,6

bis({(carboxymethyl([(3pyridyl)methylamino}methyB4-methylphenolato).

Previously reported MiMn'"" complexes have also been characterised by electronic absorption
spectroscopy (Table 1.7). These complexdsbited electroniabsorption bands between 360
400 nm, that have been assigned to pheidrt) ligand to metal charge transfer (LMCT) band
while electronic absorption bands between-4B0 nm and 5830 nm have been assigned to
d-d transitions of thétvin" ions (Table 1.5 % Another very useful spectroscopic technique
for characterisation of mixed valent M, complexes is EPR. %and EPR spectra of frozen
solutions of MAMN"" complexes have previously been reporfBue frozen glass spectra of
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these complexes exhibited-Bie Mn hyperfine features that associate with the g ~ 2 sitffial.
161,163, 168, 169%rhe 29line Mn hyperfine pattern resulted from molecules in the ground

state. For example, f@ binuclear complex with two equivalédn nuclei and an isotropic g
tensor for the S = % ground state, 11 Mn hyperfine lines were expected in the EPR spectrum.
If the Sr =% ground state of a mixed valent trapped Mn'"" complex had an isotropic grisor

then 36 ((21+1)(2+1) = 6*6 = 36) manganese hyperfine lines were expetfed®If the g

tensor for the S = % ground state was axial, then 72 Mn hyperfine lines \pe@ezkin the

EPR spectrum. Furthermorrhombic g tensor should form 108 hyperfine lii&8Previous
reports of EPR spectra of frozen solutions of mixed valerdt\itl' complexesexhibited ®

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 = %2 ground state of the complex,
consistent with weak antiferromagnetic coupling between the Mn idosreA15 K,a broad g

~ 4 signal was observed in the mixed valent'Mn"' complexes that was attributed to
complexes in the S = 3/2 state?: 160 185 Simuylation of these EPR spectra using different
computer programs haveeen very difficult. Only few simulations of EPR spectra of mixed
valent MA'Mn" complexes have been repaftén the literaturét®® 19 All of the EPR
measurements performed on binuclearoMomplexes had tde carried out at very low
temperatures (<15 K) in order to obtain wasolved Mn hyperfine featur&§>161. 168 170]

Thus, while synthetic mixed valent M>complexes have been characterisedgi8RR, he

mixed valent MAMn'"'-OOH intermediate postulated in the catalytic cycle of claBs $btilis

RNR has not been able to be trapped and characterised b§*ER®vever EPR of the mixed
valent bis(4O)(OH)Mn""Mn" adduct from class IB. subtilis RNR has been obtained,
exhibiting a 16line EPR signal descrideaboveln summary, the synthesis and characterisation

of synthetic mixed valent MiMn'"' 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 coxeslesuch as peroxdn', bis(x
oxo)Mn"Mn" and Md'Mn"' complexes have been pegpd, to model the active site and
mechanisms of Mnenzymes. Moreover, as mentioned above the chemistry of synthetic
peroxeFéd'', complexes capable of mimicking the aetigite of Fe enzymes has been
extensively studied over the last 40 years. A desanpf the characteristic features of peroxo

Fe'', complexes is given below.
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1.5.4 Fé' -peroxide model complexes

The most studied E@xygenases and whose mechanisage been widely investigated are the
methane monooxygenas&l’ toluene monooxygena$él stearoacy! carr% er prot
desaturasé??Y RNR?? and cyanobacterial aldehyde deformylase oxygefd$as outlined
above, class Ib incorporate a Mreofactor while class la RNRs contain d'feofador. As
described above (section 1.3), in the catalytideeyt class la RNRs, upon activation of the
Fé'; core with dioxygen, few Beenzymatic intermediates have been postulated. Interestingly,
while Mn-model complexes of class Ib RNRs have been peépaver the last two decades,

the generation of syntheticadel complexes of E@nzymes has been studied over the last four
decades. More importantly, dioxygen adducts of ¢eenplexes supported by benzimidazole
ligands (NEt-HPTB) have proved to be gobtbmimetic models of class la RNRs and methane
monooxygenas. The same benzimidazole ligands (HPTBEMNAPTB) were used for
preparation of Mpcomplexes as model systems for class Ib RNRs (see chapters 2 and 6).
Therefore, a description of how synthetiodels of Fe metalloenzymes are prepared, together
with thar characterisation (electronic absorption, IR anrth) 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 perekd' > complexes.

UV-Vis rRaman Bond Lengths (A)
Complex amaTvllr_]lsglgu N a0o( HO) Fe-Fe 0-0 Ref
[Fex(O2)(Mes-
16 (2 18 47 - - [272]
tpdp)(O2CPh)(H20)](BF4)2 616 (2000) 918 ¢47)

[Fex(Ph-BIMP)(O 2)(0O.CPh)J?* 500700 (~ 1700) - 3.328 1.426(6) [173]
[Fez(N-Et-HPTB)(O2)(02CPh)J?* 500 (~ 1500) 900 (50) - - [174-176]
[Fex(N-Et-HPTB)(O2)(OPPhs)2]>* - - 3.462(3) 1.416(7) 074

[Fex(Tp™2)(02)(02CCH2Ph)] 694 (2650) 888 (46) 4.004  1.406(8) 071

[Fex(TpP2)(02)(02CPh)] 682 (3450) 876 (48) - ; (178, 179]
[Fex(02)(Htppdo)(OCPh)](CIO%)s 610 (1700) 887 (48) ; ; [160]

[Fe2(6Me>-BPP)(02)(0)](OTf) 2 644 (3000) 896 (47) ] ] sy

[Fex(6Me2-BPP)(02)(0)](3-CIPh). 577 (1500) - 3.396(1) 1.396(5) 18Ul
[Fex(02)(LP™)(PhaCCO2)]?* 665 (~2300) 873 (50) 3.31 1.40 [182]

(Mes-t pdp = Netrdkis{R(6-math§lpyridyl)methyl}1,3-diaminoproparR-olate; Ph

BIMP = 2,6-bis[bis{2-(1-methy}4,5-diphenylimidazolyl)methyl}aminomethy}-
methylphenolate; N-EHPTB = N; N, NO, N¢
tetrakis(2-(1-ethylbezimidazolyl))-2-hydroxy-1,3dliaminopropane; 92 = tris(3,5
diisopropytl-pyrazolyl)borate Htppdo = N,N,N',Ntetrakis(6pivalamidae2-pyridylmethyl)
1,3-diaminopropafR-ol; 6Mex-BPP = N,Nbis(6-methyl2pyridylmethyl}3-aminopropionate;
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LPh4 = N, N&tétrakis[(Emethyt2-phenyt4-imidazolyl)methyl}1,3-diamino-2-
propanolate).

The interactiorof Fe enzymes with dioxygen results in the formation of key intermediates
such as perox&€" intermediates. However, there is a lack of crystal structureshése
enzymatic intermediates resulting in a difficult understanding of their catalytic msoha
Thus, numerous synthetic models ot Feermediates have been developed over the last 30
years. In 1983, the first Fenodel complexes as structural modefsFe enzymes were
prepared‘®3 However, only in 1996 the first crystal structure ofparoxeFe''; complex was
reported by Suzuket all*”®! The [Fé(Ph-BIMP)(O2CPh)](BFR)2 complex, when exposed to
dioxygen was found to form a -peroxeFe'; complex ([Féx(u-1,2-Oz)(Ph
BIMP)(O2CPh)](BR)2, Figure 1.9). This yperoxeFe'; complex was desibed as relatively
stable at room temperature and could bindr&ersibly at room temperature. Shortly after,
Que et al published the crystal structure of anotherpgroxoFé'"; specied!’¥
Triphenylphosphine oxide was used fbe tcrystallisation of the [(NEt-HPTB)Fé'2(u-1,2-
O2)(OPPHh)2](BF4)s complex (Figure 1.9), increasing the lifetime of thparoxeFée'", adduct
formed upon treatment of the 'Gecomplex ([(NEt-HPTB)Fé'2(OPPh);J(BF4). with
dioxygen. It was postulatetidt in the absence of triphenylphosphine, the peFaXe adduct
was not stable and it decomposed by homolyti© Gond cleavage, resulting in the formation
of a F&'; speciedt’ In the same yeathe third crystal structure offaperoxeFe' > complex
([Fex(Tp"™?)(u-1,2-02)(0.CCH:Ph)]) was reported by Lippard and-amrkerst’”! prepared in

a similar way as the above describeggroxeFe'"; adducts. The bulky TH? ligand stabilised
this intermediate. Since then, tmext crystal structure of a-peroxoFe', species was
published by Suzukét al in 200518 This adduct was formed differently to the ones above,
H.O, was added as an oxidant to d'Feomplex, [Fe(6Mex-BPP)(0)(OH)](OTf) at-80 °C

in methanolforming [Fe(6Mex-BPP)(u-1,2-02)(0)]B(3-CIPh)4 complex (Figure 1.9). From
the crystallographic data, the-@ bond length of the peroxo ligand of this complex was
1.396(5) A, which it was slightly shortened relative to the other three p&®xadducts
described above (1.406(8) to 1.426(6)Bf! More recently, in 2017 the-¥ay crystal structure

of a peroxeFe"; ([Fe"2(O2)(LP")(PRCCQ)]?*) complex was published by Suzuki and co
workers!'®! This complex was prepared by the reaction of the precursbr deenplex
([Fex(LP")(PheCCO)]?*) with dioxygen, as a functional meldor toluene monooxygenasé?l
Therefore, to date there are only five crystal structures of synthe@iecqxeFe', complexes
(Figure 1.9)173: 174,177,181, 183hne common feature of all these complexes is that they are highly
symmetrical (except the crystal structuféhe Fe complex supported by the 6MBPP 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 p&i@kocomplexes

previously publisheé3 174177, 181, 182]

Besides these five crystallised perefx@',; species, otr Fe complexes have been prepared,
which have bee characterised by a variety of spectroscopic techniques such as electronic
absorption, resonance Raman and Mdssbauer spectroscopy (Tabfe$8)\ spectrosopic
technique that has been widelsed for characterisation of synthetic peroxodifferic complexes

is electronic absorption spectroscopy (Table 1.8). These complexes exhibited atpdtdko
LMCT transition in the visible regiqrthat corresponded ta visible absorption maximum

ranging from 450 to 730 nm. Most of the synthetic complexes characterised so far adepted a
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1,2-peroxo binding mode and some of these complexes had an additioralqridge. These

two bridging units had characteristic absap bands at ~ 500 and ~ 666, that have been
assigned to oxto-Fe'' and peroxeto-Fe' LMCT transitions based on the excitation of their
resonance Raman baritfIn the resonance Raman spectrum excitation into the lower energy
LMCT band enhanced viations from the peroxo bridgevhich were found at ~ 850 chifor

t heo a 460 critf or of(Redd-F&) and at 520 cthf o r miF@0.-Be) mode.
Furthermore, excitation into the higher energy LMCT band gave rise to the oxo bridge with the
3ym(FEO-F e )  amFé-O-Be) nodes usually observed at 520 and 700" €§§ 871 Only

two of the five crystallised peroxee', complexes have been characterised by resonance
Raman vibration spectroscofy’ ¥ T h ereo gibrations of these complexes have been
assigned at 415 and 465 ¢while theso.o vibrations were found at 888 and 847 trithus,
resonance Raman spectroscopy is a very useful technique for tlaetehaation of FPé,-

peroxide intermediates.

Finally, MOssbauer spectroscopy is another technique used for the characteris&t®n of
complexes. It provides information about the spin state of the Fe ions and the geometry of the
coordination sphere. Bhisomer shifts, and the quadrupole splitting can be compared to those
of the enzyme intermediates. Thé'Hens in the Fé,-peroxde complexes were typically high

spin (S = 5/2) centres and they had isomer shifts that fall within the range -6f.6647%m/s!!*
185]

The above described 'Eeperoxde complexes have been capable of forming’Fexo
intermediates that are responsible for oxygen atom transfer. However, none of these
intermediates can performatalytic reactions for mimickopthe Q activating enzymes such as
cyanobacterial aldehyde deformylase oxygenase or the arylamine oxygenases. Thus, new
functional models are highly needed to understand the mechanisms afti@ating Fe

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 contagupgroxide dismutase,
extradiol catechol dioxygenases, MnCat and RNRs have been investi@tanne of these

Mn enzymes it has been proposed to feature peMixmtermediates in their catalytic cycles.
Recent efforts have been involved in mimicking these intermediates using synthetic model

complexes, providing insight into mechanistic studi&she enzymes. RNRs are a class of
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enzymes involved in DNA synthesis and repair. Class la RNRs containcafgetor 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 postathtrat the active oxidant in class Ib RERhat contain

a Mg cofactor was superoxid©4™). Stubbe and cworkers have shown that Mncofactor

of class Ib RNRs reacted wi" in the presence of a proton source to form a hydroperoxo
Mn''Mn"" and subsequently, a high valent Mvn" intermediate (Scheme 1.9)hile these
mechanistic pdslates are valid, little experimental support for them exists. We were
particularly intereted in the role &' plays. In order to attempt to verify the above mechanistic
postulates, using synthetic Mncomplexes we explored the interaction between'Mn

complexes and £5 .

,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

777777777777777777777777777777777777777777777777777777777777777777777777777777

OH : . OH
? H0 Ho 3 HO
- / 1 4f \
Mall Mt Mn!l! \Mnlv§ | Mn'' mn!t
o o Nrdlg

______________________________________________________________________________

Scheme 1.9Proposed catalytic cycle for class Ib MRNRs inB. subtilis(Nrdlng = Flavodoxin

hydroquinone, Nrdh= Flavodoxin semiquinond&3 6% &l

As seen above (Scheme 1.9)ptof the postulated active intermediates in this catalytic cycle
were a MHMN"'-OOH and a high valent MiMn" species. Moreover, a series of synthetic
model complexes such as pereMa'", bis(iroxo)Mn"Mn", and mixed valent Mivn'
complexes have beeeported. Howevero the best of our knowledge, before this project
nobody has isolated a NMkIn"'-peroxice 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 I.NRNRs by using
syntheticMn2 model complexes. It has recently been shown by Stubbe andrgers that
superoxide @), rather than dioxygen @) was the active oxidant in class Ib MrRNRs.
The O™ anion was proposed to react with the'lWioore of class Ib RNRs in the pesge of a
proton source yielding a MiMn"'-hydroperoxide intermediate. A Migu-OH)(pu-O)Mn'"Y
species was postulated to form after cleavage of t@f@nd®! The high valent species was
postulated to oxidise tyrosine. While the ¥vin"' intermediate was characterised by EPR
spectroscopy, no insight into the Mvin"'-hydroperoxide was obtainét! Thus, the central
focus is mimickingthis reaction by probing the reactivity of biomimetic Mecomplexes
towards O.". We are alsanterested in the protonation reaction to obtain a''mm'-
hydroperoxide adduct and subsequently a mixed valettNur\ species. This will allow us
to better understand the active site of'WIRNRs. While the reactivity of mononuclelsin
complexes witt0,™ has already been reported as described above, no studies on dinuclear Mn

complexes an®,"™ have previously been cduocted.

The first step in the investigation is the synthesis and characterisation of ligands. We chose to
employbuk y, pol ydent at eetrbkis(@(&ethyllsenzimitazdly )RHdydrdxy
1,3diaminopropane (= MNEt-HPTB), 2,6bis[(bis(2pyridylmethyl)amino)methyl}4-

met hyl phenol (= H B P Ne®gkis(2pwidyknethyl),3dvamiNo®-N 6
hydroxypropane (= HPH)) as shown below (Figure 1.10), as an ideal framework for the
preparation of Mp complexes. Once the ligands are prepared, the syntbesisuclear
complexes supported by these ligands will be carried out. Following that, the reaction of the
Mn, complexes withO" will be investigated. Metastable adducts can be prepared using low
temperature techniques and characterised by many spegitchniques such as electronic

absorption, resonance Raman, mass spectrometry, EXAFS, XANES and EPR spec#toscopie

N \
Q:N’(—N/\(\N D @f@\m (S o N//N’
Wy ¢

N-Et-HPTB HBPMP HPTP

Figure 1.1Q Ligands used in this project for synthesis of'Meomplexes.
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Aside from theirspectroscopic characterisation, we are also interested in the reactivity of these
adducts in oxidation reactions. Thus, byastigating the reactivity of the adducts formed in
the reaction of Mpcomplexes withO,", we will be able to determine whethéey have a
nucleophilic or electrophilic character. Previously reportedpgdroxide complexes showed to
have a nucleophilic character in aldehyde deformylation reactions. It would be interesting to

compare the reéwities of mononuclear peroxbln and per&o-Mn, complexes.
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Chapter 2

Mimicking class b Mn -
ribonucleotide reductase: a Mr>
complex and its reaction with
superoxide

The work described in this chapter has been previously published in an article in Angewandte
Chemie International EditioThe EPR measurements were performed by Dr Ang Zhou under
supervision of Prof. Lawrence Qgéniversity of Minnesota, USA); the XAS data collection

and analysis were done by Dr Eric R. Farquhar (Brookhaven National Laboratory, USA); the
DFT calculations wee performed by Prof. Max GarelMelchor (Trinity College Dublin)the

XRD data collectionand structure solutions and refinements were done by Dr Brendan

Twamley (Trinity College Dublin).

Reproduced in part with permission from: Magherusan, A. M.; ZAWouFarquhar, E. R;
GarciaMelchor, M.; Twamley, B.; Que, L., Jr.; McDonald, A. Raigew.Chem. Int. Ed2018
57, 918922.
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2.1 Introduction

As outlined in sections 15and 1.53, the spectroscopic features of many perbkd' and
bis(i-oxo)Mn""Mn"V 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 G or H.O> as oxidant. Many spectroscopic techniques suck-esy 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

peroo-Mn"Mn'"' complexes were known.

Inspired by a&cent study on class Ib dimanganese JMRNRs** we became interested in
the role of superoxide anio®£"). Stubbe and colleagues demonstrated that thecfactor
showed no reaction with £/ However, in the presence of a flavodoxin protein (Nydl
flavodoxin hydroquinone) ©was reduced t®,". The O, was proposed to react with the
Mn'"; core yielding a MiMn'"-peroxide entity?! Subsequent cleavage of thé @bond to
generate a Mh(u-OH)(u-O)Mn" species that oxidizes tyrosine was also prop8s&PR
spedroscopy supported the formation of a'Mvin'V intermedate, but no insight into the initial

species was obtainéd.

Syntheic Mn2 model complexes that mimic some of the intermediates in class Ib Mn RNRs
have been prepar&d® A series of mononuclear Miperoxide andhydroperoxide species

have been reportéd’ These species were generated by treating mononuclégsigltursors

with a variety of oxidants including £%#5 11 O, 1% ¥ and HO,"1? 1 To the best of our
knowledge, however, a MMn'"'-peroxide complex has not been previously reported.
Furthermore, no investigations intaetheaction between Macomplexes an®," have been
reported. In order to probe the above mechanistic postulates, herein we explore the interaction

between a synthetic Mpcomplex andD.".

2.2 Synthesis and characterisation of a biomimetic Mz complex

[MNn2(O2CCHg)(N-Et-HPTB)](CIOs)2 (1, N-EtHP T B = N steiakis(®(1- N 6
ethylbenzimidazolyl)2-hydroxy-1,3-diaminopropané® ®) was synthesised using a slight
modification of the procedure reported for threparation of [Ma(O2CCHs)(HPTB)](ClOs)2

(3, HPTB = N, N, Ntétraki$@(benzimidanlyl))-2-hydroxy-1,3-diaminopropanef®
Elemental analysis and matrix assisted laser desorption ionisation time of flight (MPRIE)I

mass spectrometry confirmed the elemental compositioh. dthe electron paramagnetic
55











































































































































































































































































































































































































































































