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1. ABSTRACT

The development of artificial metalloenzymes is an expanding field, involving various protein
scaffolds and incorporating a wide range of transition-metal catalysts. Due to its pH-
dependent disassembling properties, apoferritin has been used extensively for various
purposes. However, very few studies reported its use as a scaffold for the design of artificial

metalloenzymes.

This study investigated the development of an apoferritin-based artificial metalloenzyme,
based on covalent conjugation with a manganese-salen complex, applied to the catalysis of

sulphide oxidation.

A mouse recombinant heavy-chain apoferritin mutant, containing a unique and reactive
cysteine, in position 68, pointing towards its hollow core, was expressed and purified. A
manganese-salen bearing a maleimide linker was synthesised and covalently linked to

apoferritin’s cysteine 68, via a Michael addition reaction.

The catalytic activity towards the enantioselective oxidation of thioanisole was assessed in
both organic and aqueous media and has resulted in pH-dependent activity and
enantioselectivity, with up to 69 % conversion and 17 % ee, due to the reassembling of the

conjugated apoferritin nanocapsule.

However, background reactions exhibited high yields in certain conditions and the stability of
the apoferritin-based artificial metalloenzyme was extremely relative at pH ranges where
native apoferritin was supposed to be stable. Therefore, further research is recommended to

improve three key features of this catalyst: stability, enantioselectivity and reactivity.
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4. INTRODUCTION

4.1 Artificial metalloenzymes

4.1.1 General concept

The term “enzyme” was coined in 1876 by Wilhelm Friedrich Kiihne’%, At the time, enzymes
were thought to be a class of non-living organisms participating in chemical reactions, notably
in the process of fermentation. Since then, the real characteristics, biological roles and
structures of enzymes have been intensively studied. It is now understood that enzymes are
protein biopolymers with a significant role in the catalysis of key reactions essential to create
and sustain life. Despite the large scope of reactions enzymes are known to catalyse, many
valuable catalytic transformations discovered by chemists are not covered by any known
enzymes 81, On the other hand, homogenous catalysis, based on transition-metal catalysts,
has developed extensively in the past century, as an efficient approach to perform a wide
range of synthetic reactions with high rates and selectivity. Similarly, the field of enzymatic
catalysis has also progressed in the past two decades, albeit with a narrower application scope
than organometallics catalysts. The two catalysis fields combined in recent years, leading to

the creation of the field of artificial metalloenzymes.

Organometallic catalysts usually use a transition metal as catalyst, surrounded by an organic
ligand which tune the rate of conversion and selectivity of the reaction catalysed. Transition
metal catalysis covers a broad range of reactions and substrates thanks to the large variety of
metal and ligands now available!*!], However, many of these reactions are performed in harsh
conditions, often using non-sustainable organic solvents, which become less acceptable as
the industry is increasingly following the path of a more sustainable society*?. Nevertheless,
exploring the versatility of organometallic catalysts towards more efficient reactions and
environmentally friendly conditions has always been a driving force in the field. It is common
to swap a transition metal for another, as well as to modify a ligand to tune the electronic
configuration or the steric hindrance of a catalyst and thus enhance the selectivity of the
reaction catalysed. However, given the relatively small size of ligands, only a limited amount
of modification can be made. Moreover, these modifications were substrate-dependent and
similar for a range of different transformations. This means that the range of modification

available to improve activity and selectivity is relatively limited.



As opposed to organometallic catalysts, enzymes have evolved towards the catalysis of
specific reactions. This evolution led to high conversions and high selectivity, but limited
synthetic scope!3l. It is estimated that up to half of the known enzymes require a metal to
catalyse reactions, although the range of transition metals utilized by enzymes is narrower
than that of synthetic catalysts, as it is based on the abundance and availability of metal ions
in biological environments!*l, Enzymes possess an active site which binds the substrate,
modifies it according to the reaction process and then releases the product. This active site
consists of a complex three dimensional environment made by the arrangement of residues,
often from different chains and secondary structures, all precisely oriented via hydrogen
bonds, hydrophobic and electrostatic interactions as well as steric hindrance, in order to bind
a narrow range of substrate, as well as stabilizing the rate determining the transition state of
the reaction catalysed(*®]. As a result, the control over the reaction outcome is very tight. The
downside of this scaffold is that enzymes are difficult to modify, as even a single mutation can
lead to the partial or complete loss of protein structure and function. Furthermore,
redesigning an enzyme to catalyse a reaction that is not naturally performed has often proven

a massive challenge.

The concept of artificial metalloenzymes aims to “bring the best of two worlds”: the high
specificity and high selectivity of enzymes with the large scope of substrate and reactions

covered by organometallic catalysts!1l,

The two main components of an artificial metalloenzyme scaffold are the first and second
coordination sphere (Scheme 1). The first coordination sphere is composed of the atoms
bound to the transition metal centrel’”l. Depending on the scaffold, the first coordination
sphere can be made of amino acid side chains from the apoenzyme, synthetic ligands, or
solvent molecules. The first coordination sphere is responsible for the reactivity of the
transition metal centre for a specific substrate and reaction, regardless the conditions of
reactions!’®l. A change in the atoms coordinated with the metal will tune its electronic
properties, and thus will impact the activity and, on a lesser extent, the selectivity of a

reaction.

The second coordination sphere defines the components of the ligands and any

functionalities that interacts with the first coordination sphere and, preferentially, with the



\ 2" coordination sphere

M <= transition metal centre

\ 1% coordination sphere

Scheme 1: Graphic representation of an artificial metalloenzyme. The transition-metal centre is directly
coordinated with the first coordination sphere which tunes the metal reactivity. The second coordination sphere
envelops the first and has a key role in the specificity and orientation of substrates, thus the selectivity of a
reaction.

substrate rather than directly with the metal®®!. Second coordination sphere components can
be different substituents of a ligand or additives and solvents present in the reaction, which
will influence the selectivity of a reaction due to their tailoring of the spatial and functional
arrangement around the catalytic site. In the case of artificial metalloenzymes, the second
coordination sphere is provided by the protein scaffold surrounding the metal and ligand. The
role of a protein scaffold as a second coordination sphere will be to create an environment
which favours the reactivity of the transition-metal centre by controlling the hydrophobicity
of the environment as well as orienting the substrate in the best way that would increase the
reaction selectivity[!”). Protein active sites are highly interesting as second coordination
spheres given the three-dimensional structure that characterizes them. With the assistance
of structural knowledge, protein active sites can be modified to bind specific substrates and

provide enantioselectivity to a specific range of reactions through mutagenesis.2%,

4.1.2 Types of second coordination spheres
To build artificial metalloenzymes, the first consideration is the selection of the biomolecular
scaffold to use as a second coordination sphere. Generally, two types of scaffold have been

used, either a protein or a nucleotide scaffold, the so-called “DNA-zymes” 18],
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4.1.2.1 Oligonucleotides as second coordination sphere

Oligonucleotides are an attractive biomolecule for the building of artificial metalloenzymes.
The deoxyribose-phosphate backbone is chiral and therefore brings selectivity to the reaction.
Moreover, as DNA is composed of only four different nucleotides, engineering
oligonucleotides has revealed to be less of a challenge than for proteins!? and can mimic a
protein active site. One of the primary examples was given by Roelfes et al. in 2005[*) where
a salmon testes DNA strand was assembled with a non-chiral bidentate ligand coordinated to
a Cu?* centre to catalyse the Diels-Alder cycloaddition between azachalone and
cyclopentadiene (Scheme 2). The enantioselectivity depended on the substrate but reached

up to 90 % ee.

62’

up to 90 % ee

Scheme 2: Copper(ll) DNA-based catalyst for the asymmetric Diels-Alder reaction as demonstrated by Roelfes
etal.ll

This work was later extended to several other asymmetric reactions, such as Michael
addition[?Z, Friedel-crafts alkylation!?3! and syn hydration?*.. Since then, the design of artificial
metalloenzymes based on DNA scaffolds has become a growing field in biocatalysis!?®.. Many
examples can be cited, such as the incorporation of a bipyridine-Cu?* catalyst in a DNA
quadruplex scaffold for the asymmetric oxidation of sulfides[?®l. A recent study described the
incorporation of a heterobimetallic complex coordinated to Pt?* and Cu?* centres for the
catalysed 1,3-dipolar cyclopropanation of azomethine ylides and maleimides!?’!. DNA-based
helical nanotubes coordinating various metals were shown to catalyse asymmetric Diels-Alder
reaction, with high enantioselectivity (up to 91 % enantiomeric excess) 28, These examples
have proven that the enantioselectivity can be efficiently brought by a DNA strand, from

single fragment to a helical nanotube. Whilst oligonucleotide-based artificial metalloenzymes
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are out of the scope of this thesis, they are interesting competitors to protein-based artificial

metalloenzymes, and an expanding fields, as RNA-zymes have also been reported!(??],

4.1.2.2 Peptides and proteins as second coordination sphere

Peptides have also been used as a chassis for the creation of artificial metalloenzymes.
Hayashi et al. reported the design of a diphosphine moiety bound to a single modified leucine
to obtain a chiral palladium-diphosphine ligand for the catalysed asymmetric allylation of 2-

acetylcyclohexanone, yielding an enantioselectivity of up to 52 % eel3%,

Since then, longer peptides have been used to bind transition-metal catalysts, mainly
pioneered by Gilbertson’s group B4, which exploits the different characteristics of protein
secondary structure to create a three-dimensional environment, favouring selectivity and
reactivity of the transition-metal centre, supplementing the chiral-inducing effect of residues.
These were applied to the catalysis of asymmetric hydrogenation' and allylic

substitution31P! (Scheme 3).

A CO,Me B OAC

L") R NHAc @
-/
Asymmetric Asymmetric
2 Hydrogenation Allylic
\@ } Substitution
s COzMe

Nu

R NHAc N up to 95% ee
up to 18% ee

Scheme 3: Design of peptide-based organometallic catalyst. A. Use of an a-helix structure of the peptide to build
a rhodiume-artificial metalloenzymes for asymmetric hydrogenation. B. Two B-sheet serve as scaffold for the
coordination of a palladium artificial metalloenzyme for asymmetric allylic substitution. Reproduced from Deuss
et al.® with permission of the rightsholders (See Appendix 17 for permission of reproduction notice).

To address the challenges in the field of catalysis, the most used scaffold for the design of
artificial metalloenzymes are proteinsi?9. Proteins, notably enzymes, offer a wide range of
binding pockets which can be used to orient the substrate and enhance the selectivity of the
reaction. This can be improved or totally replaced by a synthetic or semi-synthetic active site
which will host a metal-ligand complex as well as the substrate. Enzymes are also able to
operate under mild and aqueous conditions, which makes them interesting candidates for the

design of novel catalysts. This literature review will describe some of the most studied

12



proteins used to build artificial metalloenzymes, with the aim to give an idea of the current

state of the field.

A representative example is the research of Arnold’s group, which focuses on redesigning the
function of cytochrome P450s. These are part of a well-known family of haem-dependent
enzymes, involved in a wide range of oxidation reactions with dioxygen as terminal oxidant
and NADPH as electron sourcel®?. Cytochrome P450s are present in almost every living
organisms, usually in several different forms across different tissues of a same complex
organism. For instance, the hydroxylation of naphthalene using a cytochrome P450 variant,
P450cm from Pseudomonas putida, was proven!33]. This work was then applied to linear
alkanes using another family member, P450 BM3 from Bacillus megaterium, with

enantioselectivity, up to 55 % ee, and high rate of conversion, up to 400 min-34,

Cytochrome P450s have also been used for diverse other reactions,*! such as carbene and
nitrene transfers,3¢ applied to olefin cyclopropanation!®’l. Hartwig’s group has focused on
building artificial metalloenzymes with cytochrome P450!38], For instance, the catalysis of the
intramolecular amination of a C-H bond from a sulfonyl azide by a cytochrome P450 CYP119

provided up to 98 % yield and 95 % eel®?!,

Metal-porphyrinoids have been used with proteins other than haem-binding ones. For
example, the ability of serum albumins to bind organic molecules in their hydrophobic
pockets was exploited by Reetz et al., who used BSA to bind Cu'-phthalocyanine, a porphyrin-
like derivative, to catalyse the Diels-Alder reaction between azachalone and cyclopentadiene.
This scaffold yielded a high conversion rate, up to 80 % and high enantioselectivity, up to 93
% ee. Another study showed a multi-vanadium complex inserted within the BSA’s binding
pocket, to catalyse the oxidation of sulfides with excellent asymmetric catalytic properties
with up to 93 % conversion and 98 % eel*?. It was also reported that the insertion of a
manganese(lll) salophen complex within bovine serum albumin turned the protein into a
superoxide dismutase with higher rates than the metal complex alonel*Y, This was due to the
hydrophobicity of the protein’s binding pocket which promoted higher reactivity of the metal-

complex than an aqueous environment.
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Streptavidin, and the well-studied biotin-streptavidin complex have also been used as scaffold
for the design of artificial metalloenzymes, due to the excellent affinity of streptavidin for
biotin (Figure 1). A biotinylated rhodium-based catalyst for the catalytic hydrogenation of
acetamidoacrylic acid was developed, with enantioselectivity up to 96 % ee, thanks to the
chirality brought by residues’ side chains and the steric hindrance given by streptavidin’s
binding pocket!®?. This system has also been designed for direct coordination with vanadium

oxidel*3 or the incorporation of manganese-salens!** for the catalysis of sulfide oxidation.

L

Figure 1: Artificial metalloenzymes based on streptavidin-biotin system. A linker is bound to biotin, which leads
to a metal and its ligand, exploiting streptavidin binding pocket to bring selectivity to the reaction catalysed.

Another scaffold used frequently is carbonic anhydrase, which is a zinc metalloenzyme
catalysing the hydration of carbon dioxide to yield bicarbonate. Substituting the zinc by a
manganese led to peroxidase activity*®!. This scaffold catalysed the oxidation of o-dianisidine
in mild conditions, as well as the asymmetric epoxidation of p-chlorostyrene with good

enantioselectivity, 67 % ee. However, in both cases, the conversion and rates were low.

zZn2* Zn?* M )

Carbonic anhydrase M = Rh, Co, Cd, Mn

Scheme 4: Metal-substitution in carbonic anhydrase. This changes the range of reaction catalysed as well as
the selectivity and reactivity of the whole scaffold, turning the carbonic anhydrase into an artificial
metalloenzyme.

Mutagenesis of the key residues present in the metal binding site yielded an even lower
catalytic activity, as well as poor binding of the metal, showing once more the importance of
the design of the protein active site when building an artificial metalloenzyme. Ever since,
much attention was given to the substitution of the natural zinc with several other metals,
such as copper, cobalt, cadmium and rhodium each changing the kinetic and selectivity of the

reactions catalysed (Scheme 4)16l,
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Building an exhaustive list of the proteins used as scaffolds for the design of artificial
metalloenzymes is beyond the scope of this literature review. Nonetheless, very interesting
reviews by key leaders the field have been recently published and offer a more detailed

insight into the field 47,

4.1.3 Strategies for the design of artificial metalloenzymes

Three strategies were developed for the anchoring of a transition metal centre into a
biological scaffold (Figure 2). The non-covalent approaches are composed of dative anchoring
and supramolecular anchoring. For both, the key parameter is a high affinity of the biological
scaffold’s binding site with the ligand or the metal. These approaches have an advantage over
the third approach, the covalent conjugation, as protein and substrate can be simply mixed
to complex them together, without the need of undergoing supplementary reactive steps as

needed for covalent conjugation 8,

A
Legend
B (i biological scaffold
R residue
ligand
C g
M transition metal centre

Figure 2: Graphic representation of the three strategies for anchoring a metal complex into a biological scaffold.
A. Covalent approach, one or several residues covalently bind to the ligand which coordinates to the metal
centre. B. Supramolecular interactions, the ligand has a high affinity for its host through hydrogen bond,
electrostatic and hydrophobic interaction and is coordinated to the metal centre. C. Dative anchoring, the metal
centre is directly coordinated with its biological host, via the residues’ side chains.

4.1.3.1 Dative anchoring

Dative anchoring involves the direct coordination of the transition metal centre to its host.
Taking the case of a protein scaffold as the main example, residues’ side chains would directly
bind the transition metal (Figure 2C). This approach stemmed from Kaiser’s group’s work,

when the zinc centre, contained within a carboxypeptidase A was replaced by a copper(ll)
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centrel*8l, Whilst the native protein displayed peptidase and esterase activity, the Cu(ll)-
modified protein was found to catalyse the oxidation of ascorbic acid. Dative anchoring was,
for example, used by Kazlauskas, to insert a rhodium into carbonic anhydrase (Scheme 4)3,
This work showed that metal substitution could drastically change an enzyme role, however,
utmost care must be taken with the modification of the binding site. The rhodium-carbonic
anhydrase was able to catalyse the epoxidation of activated olefins with low
enantioselectivity, up to 12 %. The selectivity of the reaction was decreased by mutating key

residues in the binding site[**],

This led to researchers inserting transition-metal centres within proteins which do not possess
a binding site for metals. For instance, a rhodium complex was inserted within human serum
albumin(® and with papain®® resulting in catalytic hydroformylation of styrene and 1-octene.
Whilst the hydroformylation of 1-octene exhibited a yield close to none, the same reaction

with styrene was performed with very high conversion, up to 98 % with the modified albumin.

4.1.3.2 Supramolecular anchoring

Supramolecular anchoring is based on the non-covalent interaction of the ligand with its
biological host through hydrogen bonds as well as electrostatic and hydrophobic interactions
(Figure 2B). One of the most known examples is the biotin-streptavidin complex, as described
previously (Figure 1). Streptavidin possesses an extremely high affinity for biotin (Ka = 10 M-
1) and their association is considered as irreversible 1. Wilson and Whitesides were the first
to report the modification of biotin with a rhodium-diphosphine ligand and its incorporation
into streptavidin for the catalysed asymmetric transfer hydrogenation of amino acid
precursors with excellent enantioselectivity, up to 98 % eel>!l. Other examples account for the
incorporation of manganese-porphyrin derivatives within human serum albumin binding
pocket for the asymmetric oxidation of thioanisole®?. Modifications of the porphyrin’s
substituents made it more hydrophilic which increased its affinity for its host binding pocket,
resulting in an enantioselective reaction displaying up to 74 % ee®3. Supramolecular
anchoring gives the opportunity to optimize the binding sites by simply mutating few residues

without needing a supplementary step for the anchoring of the ligand.

4.1.3.3 Covalent conjugation
Covalent conjugation is based on the covalent binding of the metal complex to the biological
host (Figure 2A). When proteins are used, one or two key nucleophilic residues will bind to

16



the ligand coordinating with the metal through an electrophilic reaction partner. The main
advantage of using covalent conjugation is that only one or two residues need to be mutated
to offer an anchoring point to the ligand, decreasing the probability of harming the protein’s
and the binding site’s structure than redesigning an entire binding pocket. Nonetheless,
covalent conjugation requires an extra step to be performed in order to covalently attach the
ligand to the protein, this also needs specific conditions which can be limited by the protein
and the ligands resistance to temperature and pH as well as solubility in specific buffer. Adding

an extra step also limits the preparation of such artificial metalloenzyme on large scales.

As an example, phosphinate-based platinum complexes were covalently conjugated with a
cutinase, a serine esterase, through binding with its Ser120 residuel®¥. The binding was made
through an ester coupling reaction between the terminal carboxylic acid of the ligand and the
hydroxyl group from Ser120. Successful binding was shown and complete inhibition of the
natural activity of the cutinase was measured. The same work was then extended to other
serine hydrolases, such as lipase, although this time some metal complex were replaced by

fluorescent probes to measure the kinetics and efficiency of the binding of the ligand®>!.

Lysine, via its terminal primary amine, has also been used as a covalent conjugation point.
Escherichia coli tryptophan gene repressor’s DNA-binding domain was modified for covalent
conjugation®, A 1,10-phenanthroline-copper complex was bound to the protein using an
iminothiolane as linker, which binds to lysine residues. This operation led to a change in the

protein’s role, which became an endonuclease.

Another example used lysine and cysteine to bind an iron-complex to a ¢’° protein, a
transcription initiation factor. Through nucleophilic substitution, the thiol from the cysteine
and the primary amine from the lysine from o7 protein managed to covalently bind the iron

complex!®71,

The most used covalent conjugation method to date, when proteins are used as biological
scaffolds, is cysteine modification. Displaying a terminal thiol on its side chain, cysteine
possesses unique abilities to covalently bind to electrophilic moieties (Scheme 5). Thiols are
mostly nucleophile between pH 7 and 8.5°8] where amines are still in their ammonium form,
this avoids undesired covalent conjugation with residues bearing amines on their side chains,

such as lysine and arginine.
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Cysteine O:; R'

Scheme 5: The different methods of cysteine covalent modifications.

The first method is by nucleophilic substitution, when the ligand bears a halogenic compound
such as bromine or iodine (Scheme 5). Using this feature, a copper-phenanthroline complex
was covalently conjugated to the hydrophobic binding pocket of LmrR, a transcription
factorl?l, In that purpose, a cysteine was mutated in position 89, to give M89C, in order to
avoid disruption of the binding pocket structure as well as disruption of the protein’s natural
function. This scaffold catalysed the asymmetric hydration of a,B-unsaturated-2-acylpyridine

with conversion and enantioselectivity rising up to 80 % and 84 % ee, respectively.

Cysteines can also bind to thiosulfonate by elimination of the sulfone and forming a disulfide
bridge with the remaining sulfide. This method was used for the dual-anchoring of a
manganese salen complex within apomyoglobin binding pocket through alkylation of two
specifically mutated cysteines(®. However, the downside of forming a disulfide bridges is that
they can easily be reduced by reducing agents, often used in buffers, such as dithiothreitol,

B-mercaptoethanol and TCEP, or undergo thiol exchange.

Nucleophilic addition of a cysteine with a carbonyldiimidazole was showed for the first time
by Kamer’s group(®l. At pH 8.0, thiols are highly nucleophilic, more than amines. Therefore,
after reduction of the photoactive yellow protein Cys69 by DTT, the thiol bound to the
carbonyl linking with a palladium-phosphine ligand. This scaffold was applied to the
asymmetric allylic substitution of 1,3-diphenyl-2-propenyl acetate with benzylamine with a
conversion up to 90 %. However, the enantioselectivity of the reaction was not reported. It
was stated that previous attempt at covalently conjugate phosphines ligands have led to poor

enantioselectivity 62,
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Maleimides are Michael acceptors, which, when reacting with thiols, form a thiosuccinimide
bond (Scheme 5). The first example of a cysteine-maleimide reaction was published in 1956
by Moore and Ward, where they demonstrated the cross-linking of two proteins!®3l. Ever
since, the method has been extensively studied and used for diverse purposes!®¥. Maleimide-
thiol coupling is now one of the most used techniques for chemical modifications of a protein
as it occurs in very mild conditions such as physiological pH and room temperature in water.
This method has been used for the covalent binding of antibody-drug conjugates!®®,
modification of peptide for the building of peptide-based artificial metalloenzymes!®®! as well

as the PEGylation of bovine serum albumin®7l,

Thiosuccinimide bonds are highly stable, thanks to the succinimide ring opening upon thiol
addition (Scheme 6)%8], which prevents any thiol exchange. This ring opening was accelerated
when N-substituents had electron-withdrawing properties, making them more prone to react

with water(®9,

~~
IN»:O ring opening RS
o) ) / - o NH

H,0 R

Scheme 6: Ring opening hydrolysis of thiosuccinimide once the Michael addition of cysteine’s thiol on a
maleimide has occurred. This process is accelerated when N-substituents are electron-withdrawing
components.

Reetz’s group showed the covalent conjugation of a manganese-salen complex through
Michael addition of papain’s cysteine on the maleimide moiety added to the metal-complex
salen and reported its use on the epoxidation of olefins’%. Maleimide-based covalent
conjugation to papain was studied 71, A rhodium-bipyridine ligand bearing a maleimide linker
was successfully conjugated with papain. This led to the inhibition of papain natural activity
and the scaffold was assessed for the catalytic asymmetric hydrogenation of

trifluoroacetophenone. However, yields and enantioselectivity remained very low.

In the same spirit, a manganese-terpyridine complex bearing a maleimide linker was
covalently conjugated with tHisF, an imidazole glycerol phosphate synthetase involved in the
endogenous synthesis of histidine, and apo-nitrobindin, a haem-protein involved in nitric

oxide transportl’2l. As less than half of tHisF was conjugated, the researchers carried on
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working with the apo-nitrobindin conjugate and subjected to the catalytic oxidation of diverse

benzylic substrates with a conversion up to 99 %.

The covalent conjugation of rhodium-phosphine and ruthenium-phenanthroline complexes
to a photoactive yellow protein and ALB protein, BSA’s precursor, through Michael addition
with a cysteine residue using a maleimide linker, were investigated by Kamer et al. I3, Whilst
the catalytic activity of these constructs was not reported, much attention was given to
structural characterisation to prove the conjugation indeed happened in both cases. This
work was further developed to optimize and standardize the covalent conjugation of metal-
phosphine complexes through Michael addition of a protein’s cysteine on a maleimide-
linker’4. These examples proved that maleimide is a valuable linker for the covalent

conjugation of a biological host with an organometallic complex.
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4.2 Apoferritin

4.2.1 Biological role and characteristics

Ferritin is a spherical-shell shaped protein displaying an important role in the long-term
storage of iron ions. Without iron stored within the protein, ferritin is named apoferritin. It is
expressed in all eukaryotic and prokaryotic organisms. In most of them, several copies of the
gene coding for apoferritin are present across the genome to maintain a steady level of

expression.

Figure 3: A. Three-dimensional structure of human H-ferritin 24 sub-units reassembled as apoferritin
capsule; PDB 3AJO™. B. Three-dimensional structure of human H-chain with one iron atom (orange sphere)
bound in the 4-helixes channel; PDB 1FHA)UL. C. Three-dimensional structure of human L-chain; PDB 2FG4).

Apoferritin is composed of 24 sub-units forming a spherical nanocapsule of 12 nm outer
diameter and an 8 nm diameter hollow core hosting up to 4000 iron atoms (Figure 3A). The
protein is composed of two different sub-units, the heavy (H) and the light (L) chains (Figure
3B-C) possessing the same secondary structure distribution. The main differences between
the two chains are their role and their sturdiness. Whilst heavy chains display a ferroxidase
activity, involved in Ferritin’s natural role of iron-storage, light chains mediate the electron
transfer necessary for the ferroxidase activity of the protein!’>l. In terms of sturdiness, light
chains are composed of more hydrophilic residues along their channels than heavy-chains, as
well as being more resistant to thermal denaturation and to pH, due to a salt bridge between
two residues of a same sub-unit but different secondary structure, Lys62 and Glu107 78], Most
of the residue of both chain types are involved in a 5 a-helixes pattern, 4 antiparallel forming
a 4-fold channel and one short helix sitting at a 60 ° angle from the 4-fold channel””!. Upon
reassembly of the apoferritin nanocapsule, sub-units tend to dimerizel’8l. Dimers are the first
step of reassembly and are known to be very stable in solution. Along with an increase in pH,
apoferritin reassemble until each sub-units interacts with five others, through interactions

between their respective a-helixes, in order to form the fully reassembled nanocapsule!”?!.
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The iron storage by apoferritin is considered as a two steps process . Firstly, Fe" diffuses
inside the protein through either a 4-fold channel or a 3-fold channel. Whilst the 4-fold
channel is mainly made of leucine, rendering it hydrophobic, the 3-fold channel is mainly
composed of glutamate and aspartate residues, making it more hydrophilic than the former,
leading to a faster diffusion of Fe'", taking less than 3 ms[®%, It is important to note that these
channels only let molecules less than a diameter of 6 A8 pass through, roughly the size of
sucrose, which means that iron cannot diffuse through apoferritin’s pores if complexed with

most natural chelators.

Secondly, Fe' reaches the ferroxidase site, only presents in H-chain sub-units. This site is
composed of several glutamate (E27, E58, E103) and histidine (H54, H61) residues which
coordinates with two iron ions, stabilized by one to three water molecules!®3. In addition to
Fe' 0, and H,0; could diffuse as well and would act as oxidant within the ferroxidase site to
form Fe". This is called the mineralization process and justifies apoferritin’s place in the
enzyme classification as an oxidoreductase [EC 1.16.3.1](84 (Scheme 7). In presence of water
and dioxygen, Fe' will form a hydrated diferric-oxo complex, thus releasing hydrogen
peroxide in the process. The hydrolysis of such complex will lead to the formation of ferric-
peroxo complex [ which is released within the nanocage and is easily stored with little

leakage due to is poor water solubility!®,

H,0, H,0

Ferritin + 2 Fe>' + O, + 3H,0 J‘V Ferritin-[Fe,O(OH),)* ;—b Ferritin + 2 FeOOH + 2 H

Scheme 7: Iron oxidation pathway for uptake into ferritin. First, Fe" enters H-chain of Ferritin to bind
glutamate and glutamine residues and then undergoes oxidation leading to its complexation into
ferroxidase complex and binding to H-chain. The ferroxidase complex undergoes hydrolysis and is
released into Ferritin’s core as FeOOH.
The more hydrophilic residue composition of L-chains and their lack of ferroxidase site render
the binding of iron slower but promote the nucleation and long-term storage of Fe'' through
a more impermeable structure. Moreover, L-chain rich ferritins are known to be structurally
more stable against chemical and heat denaturation, up to pH 8.5-9 and 85 °C making them
more suitable for long-term and safe storage of iron in cells ], H-chain are involved in iron

uptake and oxidation to promote its mineralization and, ultimately, its storage.
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When iron release is needed for sustaining metabolic pathways, ferritin associates with
membrane-bound ferric reductase [EC 1.16.1.7] to reduce Fe" to Fe' for porphyrin-
complexation or exocytosis via transferrin, leaving ferritin as apoferritin, which will bind to

the cell membrane for uptake of more iron!®7l,

One of the most interesting features of apoferritin is its pH-dependent assembling. Between
pH 6 and pH 10.6, apoferritin is fully folded as a 24-mer stable nanocapsule whilst it slowly
disassembles from pH 6 to pH 3, releasing sub-units!®8l. Above pH 10.6 and under pH 2.8, the
sub-units tend to aggregate 8%, Whilst this process has not much use for biological purpose,
as the protein will be fully reassembled at physiological pH, it has been widely used to enlarge

the scope of application for apoferritin, notably in the field of nanomedicine [°1,

4.2.2 Targeted drug delivery and biocompatibility

One of the most known application of apoferritin is its pH-dependent reassembling which
made apoferritin an attractive delivery system for various compounds (Figure 4), notably for
drugs %, It was shown that disassembling the protein at pH 2-3 and then reassembling it at
pH 7-8 in solution with a water-soluble drug would encapsulate several copies of the

corresponding drugs®.The aim for encapsulating drugs was to improve their therapeutic

@ H-subunit
L-subunit
Z o? o
pH below 2 O 9
Disassociation Oe 6 ? B ‘
Contrast agents ’ G r.
Antisense oligonucleotides ‘
Therapeutic agents N Addition of
Photosensitizers ‘@ required
Resulting APO/TM Genes molecule
complex
©
Increased pH > 7 T E’ o
Reconstitution Q .
[

Figure 4: Model encapsulation of diverse compounds of medical interest within apoferritin hollow
core through pH-dependent reconstitution. Reproduced from Heger et al., 20145 with permission of

the rightsholders (See Appendix 17 for permission of reproduction notice).
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index as well as mitigating undesirable toxic effects, as the capsule would protect the drug
from unwanted interactions with non-targeted tissues, but would also enhance the solubility
of several drugs in the plasma. It was also shown that small hydrophobic drugs, such as
Gefitinib®, could be encapsulated by diffusion through the hydrophobic channels®?. Several
other kind of drugs were encapsulated within apoferritin such as cisplatin and carboplatin,

which helped reducing their non-specific toxicity®3l.

Ever since, the concept of drug encapsulation was improved through biochemical and
chemical modifications of apoferritin. The genetic fusion of apoferritin’s coding gene with a
gene coding for a 40 to 75 residues peptide, rich in proline, alanine and serine, showed
reduced leakage as well as improvement of the half-life of apoferritin-doxorubicin complex’s
half-life in the bloodstream®. The same concept was developed using RGD4C peptides

genetically fused to the surface of the protein to enhance its circulation half-life!l,

Most of the development has been directed towards targeting of apoferritin to specific
tissues, which allows the delivery of drugs to various tissues[®®, besides apoferritin natural
targeting to Tfrl, Transferrin 1, the most favoured receptor involved in iron homeostasis
across living organisms and displays a high affinity for ferritin!®”}, and Scara5, a scavenger
receptor involved in the non-transferrin iron-uptake pathway which binds preferentially L-

chain rich ferritin[®8l,

Apoferritin was covalently conjugated with antibodies for targeted delivery of doxorubicin to
prostate cancer cells with high specificity of targeting as well as up to 90 % cytotoxicity on the
targeted cells!®l. It was also shown that the RGD4C peptide had targeting properties to
specifically bind integrins which are upregulated on tumour vasculature, leading to better
tumour growth inhibition in C32 melanoma cells in vitro/1%!, Apoferritin was also modified
through a biotin-streptavidin system to conjugate with magnetic particles on its surface,

leading to transport mediated by a magnetic field (101,

Whilst biocompatibility of apoferritin has been demonstrated1%Z, the use of horse spleen
apoferritin has been criticized for its potential risk on humans, due to the difference of
glycosylation which could potentially trigger an immune reaction upon release in the human

system(103],
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4.2.3 Application in nanotechnologies

Besides drug encapsulation, the apoferritin capsule, possessing targeting moieties, has been
applied to numerous purposes. For example, it was used for the encapsulation and targeting
of magnetic resonance imaging (MRI) contrast agents. Gadolinium (lll), as one of them, was
encapsulated into apoferritin to obtain higher relaxation of water protons within the protein
cavity 194, Apoferritin was also modified on its surface to enhance bloodstream half-life and
to be targeted to tumours. Storage of gadolinium in its inner cavity allowed to achieve
efficient detection without causing any serious side effect!'%l. Manganese (ll)-loaded
apoferritin was used for the same purpose. With around 1000 manganese atoms
encapsulated, apoferritin was targeted to hepatoma cells and taken up through its natural
receptor Scara5 for visualization of lesions which were not always visible with gadolinium-
loaded apoferritin[1%l, This study was successful on different cancer cell lines as well[197],
Photodynamic therapy is another example where apoferritin was used as a delivery vector for
encapsulated quantum dots. Lead-sulfur-based quantum dots were synthesized within the
protein cavity!'%! and such scaffold was found to induce low toxicity to cells when inactivated,
whilst activation of the quantum dots lead to high cytotoxic effects on carcinoma cell lines
with a cellular uptake mediated by TfR1, apoferritin natural receptor’®?. Up to 1 mg/mL of
apoferritin-PbS nanoparticle concentration, it was also demonstrated that non-tumorigenic
cells were not altered whilst breast cancer cell lines suffered apoptotic cell death in the same
conditions, rendering this scaffold safe for medical and in vivo imaging applications1%,
Apoferritin has also been developed as a probe. Apoferritin nanocapsule was genetically
fused to S175C GFP, rendering it fluorescent, which allowed chemical conjugation to DNA
aptamer through GFP’s cysteine. Such DNA-aptamers allowed the nanoparticle to bind cancer
markers in phosphate buffer and diluted human serum. The DNA-GFP-apoferritin scaffold
displayed enhanced sensitivity to cancer markers compared to the DNA-GFP scaffold [, This
work was inspired by the encapsulation of iron marker hexacyanoferrate(lll) and of the
fluorescent marker fluorescein within apoferritin’s cavity, whilst targeting was insured by a
chemical modification on the protein’s surface with DNA probe!!ll, |t was shown that the
limit of detection of this scaffold was directly correlated with the quantity of marker
molecules loaded inside apoferritin{112],

Besides its applications to the medical field, apoferritin has been used as an immobilization
biomaterial to mimic silica beads due to the protein’s capsule shape. Apoferritin has been
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chemically modified to immobilize glucose oxidase at its surface, leading to a more active
glucose oxidase compared to free and biotinylated glucose oxidase, mainly due to its
enhanced resistance to high temperatures and extreme pH, whilst exhibiting a relatively high
detection limit for glucose of 3 nM[*13], Antibodies were also attached to apoferritin’s surface
for immunodetection of organophosphorylated acetylcholinesterase adduct, with the aim to
detect organophosphatepesticides and nerve agents. The use of apoferritin loaded with
magnetic particles allowed extraction by the application of a magnetic field, once the
antibody had bound to its target. This method showed great reproducibility as well as an
enhanced detection limit compared to traditional methods*14l,

Apoferritin was also used as nanoarchitecture for photo energy conversion. Non-water-
soluble metal oxides were encapsulated within apoferritin cavity, rendering possible the
dispersion of the metal oxides in solution. The electron-transfer within the cavity was
performed by ferritin-mediated UV-catalysed photoreduction of Fe'' and release of Fe', as an
artificial demineralization process*®l. Similar reduction of Cu'" and Cr¥' was achieved within
the apoferritin cavity by its ferrhydrite centre low degradation of apoferritin during the
process 118, The redox reaction was used in energy conversion, by encapsulating semi-
conductor nanocrystals within the protein cavity, to stabilize them. Precise band gaps

measurement lead to a maximal sunlight conversion efficiency increased by ca. 40 % 1171,

4.2.4 Bioconjugation of apoferritin and application in catalysis

One of the most interesting application of apoferritin is its use as a catalytic nanoreactor!8l,
The first example of such scaffold demonstrated the encapsulation of Pd" ions, by diffusion of
[PdCl4]? through apoferritin’s 3-fold channels, and their consecutive reduction with NaBH4 in
situ to form Pd° clusters without modifying the structure or the biological properties of the
protein in agueous medium. This scaffold was applied on the catalysed hydrogenation of
activated olefins (Scheme 8)M. Without disassembling the Pd-apoferritin, only small
substrates could diffuse through the protein’s pores. Various compounds were assessed,
molecular modelling studies predicted that positively charged compounds were diffusing

faster through the negatively charged 3-fold channel of apoferritin, which was confirmed by

/\rrR Pd®-apo-Fr /\(R

O 0]

Scheme 8: Model hydrogenation reaction catalysed by zero-valent Pd cluster-containing apoferritin

as demonstrated by Ueno et al., 20041,
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measuring higher turnover frequencies, up to a TOF of 72 with 30 uM of Pd, when catalysing
the hydrogenation of positively charged olefins. The turnover frequency was also enhanced

in the Pd-apoferritin scaffold compared to Pd° clusters in solution.

To improve the catalytic activity of this scaffold, a bimetallic Au®/Pd° alloy-loaded apoferritin
was designed 1191, Binding of both metals was mediated by coordination with several residues
at the inner surface of the protein cavity. Gold ions were coordinating with C48, H49, M96,
H114 and C126 whilst the palladium ions were coordinating with E53, R52, E45 and H173. As
opposed to the previous scaffold, here the metal ions were directly coordinated with residues
rather than being encapsulated. This permitted the production of apoferritin nanoparticles
pre-treated with Au3*, and then treated with Pd?*. The subsequent NaBH4reduction led to the
formation of an alloy, whilst reducing gold ions prior to adding the palladium ions would lead
to shelling the gold core with palladium. It was demonstrated that the palladium-shelled gold
core-loaded apoferritin nanoparticle was more effective than any other palladium-based
scaffold described previously for the hydrogenation of alkenes, with a turnover frequency

increased by 2 to 4 times.

Palladium-loaded apoferritin was applied as a catalyst to other chemical reactions. Palladium
nanoclusters loaded into apoferritin from hyperthermophiles Pyrococcus furiosus to oxidize
secondary alcohols in water, using dioxygen as oxidant, were reported (Scheme 9)C

However, yields were quite modest, up to 67 %.

/Cl)\H Pd%-apo-Fr j)L
R™ "R ; : REOR]
0, H,0

Scheme 9: Model oxidation of alcohols by zero-valent Pd cluster-containing apoferritin as

demonstrated by Kanbak-Aksu et al., 20121,
Platinum and platinum-ferric apoferritin nanoparticles based on apoferritin were shown to
have catalase and peroxidase activities. Monometallic platinum-based nanoparticles were
made through the previously described method of encapsulating the metal ion, before
reduction with NaBH, for clustering the metal. The bimetallic nanoparticles were synthesized
by adding platinum to iron-containing ferritin (129, The same study showed that such second-

metal loading process could be performed with several other transition metals such as
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palladium or rhodium. These protein nanoparticles were used for the oxidation of
tetramethylbenzidine using hydrogen peroxide as oxidant in water. Whilst the monometallic
scaffold displayed modest enzymatic constant, such as high Ku for both reactions, the
bimetallic scaffold revealed to be more efficient than the naturally occurring horseradish

peroxidase.

Besides the encapsulation of metal clusters, apoferritin was also used to incorporate
organometallic catalysts within the protein cavity. An organometallic [Pd"(allyl)Cl2] complex
was incorporated by diffusion through the 3-fold channel of apoferritin (Figure 5)®. Two
binding domains for the Pd-complex were determined from crystallographic studies on the
Pd(allyl)apoferritin complex*?, The Pd-complex could coordinate with C48 in the cavity, and
C126 in the 3-fold channel. This coordination maintained the disulfide bridges which the two

cysteines were involved into.

R ER - ) (B R
KA R

Apo-Fr Pd(allyl)-apo-Fr
Figure 5: Coordination of Pd"(allyl) complex with apoferritin’s residue within the protein inner cavity.

The palladium complex was either coordinated in the cavity to C48, or in the 3-fold channel to C126.
Reproduced from Abe et al., 2008!®! with permission of rightsholders (See Appendix 17 for permission
of reproduction notice).

This biocatalyst was applied to Suzuki-Miyaura cross-coupling reaction of 4-iodoaniline with
phenylboronic acid (Scheme 10). A high turnover frequency of ca. 3500 h"! was measured. As
the coordination with apoferritin’s residue provided a second coordination sphere to the Pd-
complex and promoted enantioselectivity as well as activity to the reaction catalysed, several
apoferritin mutants were designed. The residues mutated were H49 and H114, as histidines
were coordinating directly with the metal, whilst the cysteines were mutated as well. For
instance, the H49A-apoferritin led to the conservation of the Pd(allyl) complex structure and
an equivalent turnover frequency as with native Pd-complex apoferritin nanoparticle.
However, H114A-apoferritin led to the formation of a trinuclear cluster of palladium in the 3-
fold channel which led to a 75 % decrease of the turnover frequency for the same reaction,
as the bulkiness of such trinuclear cluster at the entry of the 3-fold channel decreased the

speed of substrate diffusion through the channel. Other mutants, such as C48A/H49A- and
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C126A-apoferritin removed the coordination sites and led to an Pd(allyl) complex
encapsulated within the protein cavity without coordination to the protein’s residues!'?2l,
However, without proper binding of the organometallic complex, the turnover frequency

decreased by 1.8- and 4-times respectively.

/©/NH2 ©/B(OH)2 Pd(allyl)-AFt O
| ®

Scheme 10: Suzuki-Miyaura reaction of 4-iodoaniline with phenylboronic acid catalysed by Pd(allyl)

NH,

complex coordinated inside apoferritin cavity as shown by Abe et al., 2008!®,

Following these studies, the same method was applied to the incorporation of rhodium(l)
norbornadiene (nbd) catalyst complexes, Rh'(nbd), into the apoferritin cavityBl. Similar
crystallographic studies of the Rh'(nbd)-apoferritin complex were performed to determine
the coordination points of the organometallic complex to apoferritin. These studies revealed

that one rhodium atom was coordinated to H114 in the 3-fold channel, whilst a second atom

\ n
\\© Rh(nbd)-Aft =

Scheme 11: Polymerization of phenylacetylene by Rh(nbd)-Aft within the protein cavity as described

by Abe et al., 20093,

was found coordinated to H49. Interestingly, a third rhodium atom was coordinated with G45
single hydrogen side chain and C48, where iron naturally accumulates. Its position was also
coordinated to three water molecules, which stabilized the rhodium complex, as well as to
another norbornadiene ligand, forming a cross-link rarely described in the literature(23l. The
Rh'(nbd)-apoferritin was then applied on the catalysis of phenylacetylene polymerization

within the protein cavity (Scheme 11).

After 12 h, the polymerization stopped as the protein cavity was saturated with
polyphenylacetylene of a number-average molecular weight of ca. 13 kDa. It was observed
that the [Rh'(nbd)Clz] free organometallic complex led to the polymerization of heavier
products, with a number-average molecular weight of ca. 63 kDa, however, these were not

water soluble. On the contrary, the apoferritin itself did not display any catalytic activity which
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proved the beneficial effect of Rh(nbd) coordination within apoferritin cavity and 3-fold

channel in the synthesis of water-soluble polymers.

Covalent conjugation to apoferritin has been studied as well(*2*l, An iron(lll)-enterobacterin
analogue, bearing a maleimide linker, was synthesized. The maleimide linker allowed covalent
conjugation to a cysteine residue. The already present cysteine was mutated to alanine,
C126A, to avoid unfavourable conjugation, whilst a cysteine was inserted by mutation A119C,
at the intersection of three sub-units, allowing three cysteines to be present. Hence, three
ligands were conjugated and coordinated to one Fe'' ion, without disrupting the protein’s
guaternary structure. Whilst the catalytic activity of this scaffold was not assessed, this study

has pioneered the use of apoferritin for covalent conjugation of chemical catalysts!1?°],
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4.3 Catalysts for the enantioselective oxidation of sulfides

Enantiopure sulfoxides are of significant interest because many of these compounds are used
as auxiliaries for several reactions such as Diels-Alder cycloaddition as well as carbon-carbon
and carbon-oxygen bond formation %61, Enantiopure sulfoxides are of great interest in the
pharmaceutical industry as well (Scheme 12). Omeprazole® 1 and its derivatives (2-4) are a
famous family of sulfoxide-based drugs used in the treatment of gastric acidity and peptic
ulcers which act by inhibiting proton efflux pumps, thus leading to the suppression of stomach
acid secretion. This family of drugs is amongst the most prescribed drugs worldwide. Other
examples exist, such as Modafinil® 5 and Sulindac® 6, prescribed to treat narcolepsy and
inflammation, respectively. Therefore, the synthesis of biologically active sulfoxides is a timely
and relevant research area [1?7], Whilst enantiopure sulfoxides are of great interest, many
sulfoxidation catalysis systems often lead to overoxidation of the product and formation of
sulfones. These are treated as contaminants, especially when synthesizing an active
pharmaceutical ingredient, and need to be removed from the product. Thus, catalysis systems
need to control the reaction to offer the best yield and enantioselectivity, without formation

of sulfones.

Scheme 12: Sulfoxide-based drugs. Omeprazole®-based drugs are known gastric acidity inhibitor whilst
Madafinil® and Sulindac® treat narcolepsy and inflammation, respectively.
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4.3.1 Transition-metal catalysts for enantioselective sulfoxidation
Sulfoxides can be obtained by two main methods: nucleophilic substitution or oxidation. The
latter is the most popular due to the large scope of existing redox metal-catalysts. First, the

effect of ligands on catalytic activity and selectivity will be studied.

4.3.1.1 Development of catalysts
In the development of transition-metal catalysts for enantioselective sulfoxidation, a set of

several ligands has drawn most of the attention.

Binaphthols (binols) are a group of bidentate ligands widely used for oxidation, notably with
a titanium centre (Scheme 13). The chirality induced during catalysis comes from the
arrangement of the aryl substituents around an axis, and their restricted rotation. Titanium-
binaphthol catalyst 7 was used for the oxidation of p-tolyl methyl sulfide with 73 %
enantiomeric excess, however the yield remained moderate, around 40 % (Table 1) 28], This
asymmetric catalysis was one of the first in vitro sulfoxidation reported. Interestingly, whilst
the presence of water deactivated this catalyst for the epoxidation of alkenes, it promoted
sulfoxidation for this specific substrate. Later studies showed that a too high or too low
guantity of water had an impeding effect on catalysis, hence the quantity of water had to be
finely tuned?. Several studies using modified Ti'V-binaphthol reported improved
enantioselectivity. Titanium fluorinated-BINOL 8 was reported to yield 80 % eel'3%, whilst
equilenin-based Ti"V-binaphthol 9 displayed an enantiomeric excess up to 92 % with a yield of
76 %131, Complex oxido-vanadium binaphthol nanocages were also reported for the
sulfoxidation of thioanisole 10. Such molecular cages were based on a hemicryptophane
complex, added to a cyclotriveratrylene moiety and three binol complexes. A vanadium-oxide

complex was added to this ligand, which led to 97 % enantiomeric excess and 93 % vyield.

Conversion
Ligand Metal Solvent Oxidant Substrate (%) ee (%)
Binol 7 TiV toluene TBHP methyl p-tolyl sulphide 40 73
Fluorinated-binol 8 Tiv toluene TBHP methyl p-tolyl sulphide 55 80
Equilenin-based binol
9 Tiv toluene TBHP methyl p-tolyl sulphide 76 92
Binol cage VY water CHP thioanisole 93 97

Table 1: Catalytic activity and selectivity of Binol ligands for the oxidation of aryl sulfides.
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Such rates were obtained by the hydrophobic cage formed by the assembly of moieties,

making it of a suitable size to accommodate and convert aryl sulfides substrates 132,
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Scheme 13: Binaphthol ligands used with titanium and vanadium metal centres for the oxidation of sulfide 10

Porphyrins, a second group of well-known ligands is notably recognized for their natural role
as precursor to haem (Fe'-porphyrin), contained in several redox proteins. Whilst iron-
porphyrin incorporated to myoglobin is known to fix and transport oxygen throughout living
organisms, iron-porphyrins incorporated into cytochrome P450s and horseradish peroxidase
was shown to play an important role in redox-based metabolic pathways. When incorporated
into cytochrome P450s, Fe-porphyrin was oxidized by oxygen and regenerated by reduction
with NADP(H)™33], However, in horseradish peroxidase, the Fe-porphyrin was shown to use a
range of oxidant such as hydrogen peroxide and sodium chlorite, which did not need
regeneration via a cofactor, this was called peroxidase shunt*34. In both case, iron-porphyrin
was shown to catalyse a wide-range of C-H, N-H and S-H oxidation. Iron-porphyrins have been
used for the oxidation of sulfides as well. An interesting study on the oxidation of several
sulfides demonstrated excellent yields, up to 95 % with aryl sulfides, in each case when using
Fe-tetrakis(pentafluorophenyl) porphyrin 12 as catalyst (Scheme 14)133 However, no
enantioselectivity could be obtained with these planar catalysts, as in redox biocatalysis, the
three-dimensional environment of the proteins iron-porphyrins were incorporated into

provided selectivity.
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In the race to improve transition-metal catalysts, manganese-porphyrins were developed in
the 1980s, as a replacement for iron-porphyrins, these were less susceptible to ligand
degradation® and could be used to widen the scope of oxidations catalysed®3’],

Manganese-porphyrins were shown by Groves’s group to catalyse the oxidation of C-H bond

CH3CH,0H, H,0, S\
rt B
R

yield
R=H 94 %
R =CN 90 %
R=N(CHs); 93 %
R=CH,OH g5 9,

Scheme 14: Fluorinated iron-porphyrin 12, applied on the oxidation of substituted thioanisole with hydrogen
peroxide in ethanol, yields were high (up to 95 %) but the planar ligand did not bring enantioselectivity.

on a range of substituted cyclohexyls, using iodosylbenzene as oxidant in dichloromethane,
with a yield up to 70 % when using cyclohexyl chloride, which was better than iron and
chromium porphyrins, at the time of publishing!*38l. Manganese-porphyrins were also applied
on the catalysis of epoxidation of olefins, on cis- and trans-B-methylstyrene, using meta-
chloroperoxybenzoic acid as oxidant!*3®), Such reaction resulted in yields up to 99 % with 9.6
cis/trans ratio. However, these reactions were not enantioselective due to the planar
structure of the ligands. These studies investigated the mechanism of action of manganese-

porphyrins, here shown for epoxidation of olefins (Scheme 15). The Mn""

was oxidized by m-
CPBA, yielding MnY, which subsequently transferred its oxygen onto its substrate, which

regenerated the catalyst.

i m-CPBA
r\lfln
L
T
V
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ﬁ L
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Scheme 15: Mechanism of the epoxidation of olefins by Mn"-porphyrin
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The enantioselective oxidation of thioanisole using hydrogen peroxide as terminal oxidant
and manganese porphyrin 13 as catalyst was studied in a 3/1 ratio of methanol/phosphate
buffer solution (Scheme 16). Whilst yield ranged from 61 to 95 %, attempt to vary the pH, the
equivalence of oxidant and axial ligands did not improve the enantioselectivity of the reaction
which reached its highest at 57 % (S) [3°1. However, when applied to the asymmetric synthesis
of Sulindac 6, the yield was optimised to 100 % and the enantiomeric excess reached 82 % on

a quantitative scale. Interestingly, the same ligand bearing an Fe'

centre was previously
reported to catalyse the oxidation of a large range of sulfides with moderate to good

enantioselectivity (34 — 87 % ee) in the same methanol/phosphate buffer solution[14%,

o]
\
S\g3 CH;OH/PBS £S s
H,0,,25C, 2 h .
R1 R2 R R2
yield ee

R'=R2=H;R3=CH; 74% 34 % (S)
R'=H:R?=Br;R%®=CH, 61% 28%(S)

R'=CH;0-:R?=H: R®=CH; 95% 16%(S)
R'=NO,;R?=H;R®=CH, 93% 57 % (S)
R'=Br;R?2=H;R®=CH; 93% 32%(S)
R'=H;R?=H;R3=benzyl 57% 7%(S)
R'=CH;;R%2=H;R®=CH, 62% 24 % (S)

Scheme 16: Manganese-porphyrin used as catalyst for the asymmetric oxidation of phenyl sulfides.

Schiff bases are a group of bidentate, tridentate and tetradentate ligands that are prepared
by condensation of a primary amine with an aldehyde or a ketone to form an imine, which
will coordinate with the metal centre. Schiff bases are also used as ligands for oxidation
reactions. A titanium-Schiff base derivative 14 was used for the oxidation of benzyl phenyl
sulfide (Scheme 17) 1. The conversion reached 96 %, the enantioselectivity was modest
with 60 % ee. Schiff bases have also been widely used with vanadium as a metal centre. The
first vanadium-Schiff base published, substituted either by methoxy, ethoxy and tert-butyl
groups, was shown to catalyst sulfoxidations and reported poor enantioselectivity (14 to 40
% ee)l1*2] showing that the presence of electron-donating groups was improving the
enantioselectivity. This was later improved through further investigations of the ligand’s

substituent effect on catalysis (Scheme 17)%3]. The ligand 15, substituted by a nitroxy group

35



and a tert-butyl group on its cyclic moiety, was reported to give 70 % ee and 76 % ee for the
oxidation of thioanisole and 1,3-dithiane respectively. Ligand 16, substituted by two tert-butyl
groups on its cyclic moiety, afforded 59 % ee and 85 % ee for the same reactions, respectively.
Therefore, it was concluded the ideal ligand depended on the structure of the substrate to be
oxidized*4. More investigation on the ligand’s substituents led to the conclusion that a tert-
butyl group was necessary in Rs position for the ligand to achieve high enantioselectivity due
to this substituent’s bulkiness. However, the substituent at position R; did not play any steric
role. Nevertheless, its electronic role was deemed important, as inducing and resonance
effect in the ligand tunes the activity of the transition-metal it is coordinated to. Lastly, the
substituent in position R1 did play a critical role in the steric hindrance necessary to achieve

high enantioselective catalytic oxidation of sulfides with such bidentate ligands 1431,

|
OH N |

N
14 HO ]’
ee

15: Ry = j-Pr, R;: NO,, R:: -Bu 70 %
16: Ry = j-Pr, R, = Rs= t-Bu 59 %

17: Ry =j-Pr,R, =R; =1 81 %
18: Ry =/-Pr,R, =R3=Br 88 %
o®
v
S

: S._ CHyCl, H,0, ®S_

Scheme 17: Schiff base used as ligands for titanium and vanadium-based catalyst, notably for the oxidation of
thioanisole using hydrogen peroxide an oxidant.

Interestingly, when R, and R3 substituents were replaced by iodine (17) or bromine (18), the
enantioselectivity for the oxidation of thioanisole reached 81 % ee and 88 % ee, respectively.
This was supposedly due to the electronic effect of these halogen substituents rather than
steric hindrance™#°l. This was observed during oxidation of aryl alkyl sulfides by both titanium-
and vanadium-Schiff base complexes, substituted with iodine on Rz and Rs positions. As
expected, the yield and enantioselectivity was highly substrate-dependent, however, a
maximum of 98 % ee was reached with 86 % yield using hydrogen peroxide as terminal
oxidant and phenyl propyl sulfide as substrate in chloroform471,
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Salens are a tetradentate group of Schiff base ligands, which are prepared by the
condensation of a diamine and with an aldehyde o