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Abstract

The synthesis of sulfoxides represents an ongoing challenge for the scientific community
as these molecules find many applications in chemistry, varying from organic synthesis
to medicinal chemistry. With the aim of providing a solution to the toxic and hazardous
methods classically used for the synthesis of sulfoxides, biocatalysis has emerged in the
past several decades as an alternative green and sustainable strategy to obtain both
racemic and enantiopure sulfoxides. However, the use of enzymes still has some
drawbacks, especially in terms of industrial applicability, as they often work on laboratory
scale only, may lead to the production of other oxidative side products, or require the use
of expensive cofactors and effective oxygenation.

In this thesis, three different biocatalytic approaches for the synthesis of sulfoxides
applicable in both academic and industrial settings are illustrated. First, the immobilised
enzyme Candida antarctica lipase B (CALB) was exploited to develop a mild,
chemoselective and sustainable biocatalytic method, suitable for industrial use, for the
preparation of sulfoxides from sulfides. Second, Baeyer-Viliger and flavine
monooxygenases (BVMOs and FMOs respectively) were investigated for the production
of enantiopure sulfoxides that display multiple functional groups. Lastly, the reductive
enzyme methionine sulfoxide reductase A (MsrA) from Saccharomyces cerevisiae was
employed for the kinetic resolution (KR) of racemic sulfoxides using the inexpensive
recycling co-substrate dithiothreitol and a total of 23 (R)-sulfoxides were obtained with
excellent enantiomeric excess and yields. Additionally, the catalytic mechanism of the
enzyme was investigated in depth via structural biology, mutagenesis, and in silico
studies, whichalso led to the development of a new engineered MsrA biocatalyst capable

of reducing bulky substrates.
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Impact statement

With this research the authors intended to achieve a slowly growing and long-lasting
impact on the scientific society, showcasing alternative biocatalytic routes for the
synthesis of essential chemical functional groups. In fact, there is a global urge to find
greener routes for chemical transformations that have a milder impact on the
environment. Being based on the use of biodegradable and non-toxic enzymes,
biocatalysis offers substantial benefits from an environmental point of view compared to
the traditional methods that are generally more toxic, hazardous and based on the use

of fossil fuel derived materials.

Therefore, in this thesis, three novel biocatalytic methodologies are reported for the
synthesis of sulfoxides, organosulfur compounds that find application in many areas of

chemistry and are also common in active pharmaceutical ingredients.

The impact of the research carried out in this thesis has so far been documented in a
research paper on the use of immobilised CALB for the synthesis of racemic sulfoxides,
a methodology developed in an academic environment but that has the potential of being
applied in industry too. This work, which s illustrated in Chapter 1, has a positive impact
on the environment and human health because, among its benefits, it avoids the use of
stoichiometric amounts of explosive oxidants, such as mCPBA.

The research showed in Chapter 3 on the identification of new monooxygenase enzymes
that carry out chemo- and stereoselective sulfoxidations on multifunctional substrates
was instead predicted to have an impact especially in the broader context of research.
In particular, it would allow the scientific community to expand the knowledge on this
class of biocatalysts and consecutively develop novel enzymes for the production of
complex chiral sulfoxides.

Lastly, with the development of a methodology for the enantioselective production of (R)-
sulfoxides explained in Chapter 4, we aimed at impacting the scientific society by adding
knowledge to and expanding the toolbox of the field of biocatalysis. The reductive
enzymes utilised in this chapter require dithiothreitol as an inexpensive recycling
sacrificial co-substrate, an advantage compared to enzymes that instead need
expensive cofactors and their relative recycling systems. This therefore has a positive
economic impact on the cost of the reaction process. Additionally, more awareness was
brought to the potential of reductive enzymes for the synthesis of enantiopure sulfoxides

in a review paper.
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Chapter 1. General introduction

The development of green and sustainable methodologies for the synthesis of fine
chemicals remains one of the major challenges in modern scientific research. There is
an ever more pressing need to find alternative solutions that do not rely on fossil fuel and
that have the smallest possible carbon footprint and impact on global pollution. In recent
years, biocatalysis has emerged as a promising solution to this problem as it provides a
much safer and generally more environmentally friendly alternative to traditional
synthetic methods. Therefore, this thesis will focus on the development of new and
unconventional biocatalytic strategies specifically for the synthesis of sulfoxides, a class
of fine chemicalsthat find many applications in chemistry, varying from organic synthesis

to medicinal chemistry.

1.1 Sulfoxides

Sulfoxides are organosulfur compounds with an R1SOR2 motif that have been known
since the origins of modern organic chemistry. In sulfoxides, the sulfur atom is bonded
to an oxygen atom through a polarised double-dative hybrid bond and the sulfur lone pair
forcesthe geometrical arrangement of the atoms around the sulfur centre into a distorted
tetrahedral shape (Figure 1.1). Sulfoxides are configurationally stable and, depending on
the identity of the R groups, can be non-chiral when Ri1=Rz, or chiral when R1#Rz (Figure
1.1). The strong polarisation of the S-O bond is responsible for the unique and prominent
reactivity of these organosulfur molecules. Among the numerous chemical
transformations developed through the years that involve a sulfoxide moiety, it is possible
to name the Pummerer rearrangement,>* the Mislow—Braverman—Evans
rearrangement® and the Johnson—-Corey—Chaykovsky epoxidation and cyclo-
propanation.®’ For instance, in 2018 Lin et al. used a Pummerer reaction to synthesise
the uracil functionalised thioribose intermediate 2 from sulfoxide 1 in the total synthesis
of the promising natural antibacterial albomycins (Scheme 1.1).8

Geometrical arrangement Chirality in sulfoxides

Oc o |9 o ;1 9
/S\ /S\ | S. —_— /St | /St
R{ R, R{ R, . R{% Ry R™ Ry 1 Ry Ry
distored | ifR#R, 4

tetrahedral |

Figure 1.1. Resonance structure displaying the distorted tetrahedral arrangement of
substituents around the sulfur atom and chiral sulfoxides.
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Scheme 1.1. Pummerer reaction of sulfoxide 1 to obtain the uracil functionalised thioribose
intermediate 2 in the DIPEA-catalysed total synthesis of albomycins by Lin et al..8

In this synthetic route, trimethylsilyl trifluoromethanesulfonate (TMSOTf) wasused as the
sulfoxide activator, while the bulky base N,N-diisopropylethylamine (DIPEA)was chosen
to avoid competitive nucleophilic addition, observed when using smaller bases, such as
triethylamine. Achiral and enantiopure sulfoxides have also been used as ligands®° and
auxiliaries.** For example, Lang et al. in 2010 reported the catalytic asymmetric 1,4-
addition of arylboronic acids 3 to electron-deficient olefins 4 in enantiomeric excesses
(ees) up to 98% and yields up to 99% using a rhodium-based catalyst and the chiral
sulfoxide ligand 6 (Scheme 1.2).2

© [RhCI(CoHy)sl o \i/
( N B(OH), ligand 6 ( S«
+ R~ P ~ (0]
KOH, toluene N
3 4

° . | +R | MeO PPh,
Ar, 40 °C, 30 min Pz OMe
n=0,1,2 5
R=F, Cl, Me, sulfoxide ligand
OMe, t-Bu 17 examples 6

ees up to 98%
yields up to 99%

Scheme 1.2. Synthesis of asymmetric ketones 5 using a Rh-based catalyst and the chiral
sulfoxide ligand 6 by Lang et al..12



Another important area of research in both academia and industry where sulfoxides have
received a lot of attention is medicinal chemistry. Indeed, the healing properties of sulfur
containing compounds have been known since ancient times and their importance has
been proven with their recurrence as active functional groups in modern pharmaceutical
agents.® The importance of sulfur in drugs is now well-established and there are 288
FDA approved drugs that contain a sulfur moiety (Figure 1.2), of which twelve are
sulfoxide-containing active pharmaceutical ingredients (API).22 Five sulfoxide-containing
APIs are sold as the pure enantiomer while the remaining seven as the racemate (Figure
1.3). The first sulfoxide-containing drug to be approved by the FDA was sulfinpyrazone
in 1959.1% It was marketed as an antiplatelet agent with the sulfoxide reducing the anti-
inflammatory side effects.
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Figure 1.2. FDA approved sulfide containing drugs. Courtesy of Topics in Current Chemistry,
Springer.13



In 1989 instead, the blockbuster drug omeprazole was approved as a proton pump
inhibitor (PPI) for the treatment of gastroesophageal reflux diseases well as duodenal
and gastric ulcers.'* Omeprazole was the first drug in the PPI series to make it to market,
while in 2001 esomeprazole, the (S)-form of omeprazole, was the first sulfoxide drug to
be sold as a pure enantiomer. Another drug that experienced chiral switching through
the years is modafinil, a dopamine reuptake inhibitor used to treat sleeping disorders.
Initially approved in 1998 as the racemate, it was relaunched in the market in 2007 as
armodafinil, the (R)-enantiomer. These are some examples of FDA approved sulfoxide
containing APIs. However, there are more than twelve sulfoxides that have shown

promising activity against diseases.
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Figure 1.3. FDA approved sulfoxide containing drugs. Stereochemistry indicated for the
sulfoxides sold as the single enantiomer drug.



For instance, in 2010 Prachayasittikul et al. reported a novel sulfoxide analogue 7 of the
bioactive tetrahydropyridine family that possessed antiviral activity against Moraxella
catarrhalis and Streptococcus pyogenes (Figure 1.4).2> This was an example where the
sulfoxide moiety was directly responsible for antimicrobial activity as the sulfide

derivatives 8 and 9 were found to be inactive.
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Figure 1.4. Structure of the novel sulfoxide tetrahydropyridine analogue 7, active against M.
catarrhalis and S. pyogenes by Prachayasittikul et al..15

Due to the outstanding applications that sulfoxides find in both academia and industry, it
is not surprising that, over the years an abundance of methodologies for the synthesis of
sulfoxide moieties as racemates and as enantiopure compounds have emerged in the
literature.’®* Among these, in the last three decades biocatalysis, the branch of (green)
chemistry that studies the use of enzymes as reaction catalysts, has been the centre of
attention of many research groups as an alternative strategy to develop greener and
more sustainable sulfoxidation protocols.'’” In fact, biocatalysis allows researchers to
control the impact that the chemical industry has on the environment and human health.
The use of enzymes also presents considerable advantages over traditional methods
due to their intrinsic chemo-, regio- and stereoselectivity that arose from millions of years

of evolution.

1.2 Green chemistry

1.2.1 The environmental movement

Whether it is air, land or water, pollution has become a global issue that if left untreated
will change life on Earth as we know it.1®1° Pollution can be defined as the release of
harmful materials and chemicals into the environment and, for this reason, in the past
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century the chemical industry has often been the target of criticisms and allegations for
inadequate regulations to prevent or minimise pollution.?® A turning point for the
awareness of the damage that the uncontained release of harmful chemicals into the
environment can cause was 1962, when Rachel Carson published Silent Spring,?* a
book where the author documented the detrimental effects of the uncontrolled use of
pesticides, especially DDT, on the flora and fauna in the affected areas. This initiated the
environmental movement, which gradually pushed for new laws and regulations such as
the Pollution Prevention Act passed in 1990 by the US government,?? stating that
pollution needs to be prevented and limited at the source where possible. Therefore,
pushed by these new regulations and by a sense of responsibility towards the
preservation of the environment, a new chemical discipline started to arise from the late
1980’s, where research groups investigated the environmental impact and safety of
chemicalprocesses. This is knowntoday as Green chemistry, defined as the sustainable
design of synthetic and manufacturing processes for the production of chemicals that

aims to minimise any negative environmental effects.??

1.2.2 The 12 Principles of Green Chemistry

In 1998, the pioneers of this relatively modern field of chemistry, Paul T. Anastas and
John C. Warner, developed a set of twelve rules, the 12 Principles of Green Chemistry.%
For the last 25 years, these principles functioned as a guideline for the design of more

sustainable and green chemical processes:

1. Prevention 7. Use of renewable feedstocks
2. Atom economy 8. Reduce derivatives
3. Less hazardous chemical 9. Catalysis

syntheses

10. Design for degradation

4. Designing safer chemicals _ _ _
11. Real-time analysis for pollution

5. Safer solvents and auxiliaries prevention

6. Design for energy efficiency 12. Inherently safer chemistry for
accident prevention

These 12 Principles outline that for a synthetic process to be green there is the need for
waste prevention and minimisation, reduction of the overall toxicity of the process and
use of renewable feedstock where possible. In some cases, such as replacing a highly
toxic reagent for an equivalent safer one, the changes to increase the “grenness” of a

reaction can be straightforward and easily implemented. However, improving the
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“grenness” of overall synthetic processes can be complicated, especially at an industrial
scale. Therefore, green chemistry metrics,?*#% a collection of mathematical equations
established to help quantify the environmental performance of chemical processes, can
be a useful tool to identify where change is needed. For instance, in 1991 the concept of
atom economy (AE) was presented by Barry Trost,?62” who defined it as the ratio
expressed as a percentage of the mass of the desired product over the overall mass of
all the products (Equation (1)). A large AE value indicates that most of the mass of the
reactants was incorporated in the products, hence causing little waste.

molecular weight of desired product
molecular weight of all products

Atom economy (AE) = x 100% 1)

Another important metric was introduced by Roger Sheldon in 1992, who described the
environmental factor (E-factor) as a measure for the assessment of the environmental
impact of a chemical process based on the mass of waste.?-*° This differs from AE
because it is calculated by taking the mass of all waste produced in a process and
dividing it by the mass of the final product (Equation (2)).

mass of total waste
E-factor = (2)
mass of product

Ideally, E-factors should have values of zero and the larger the value the less
environmentally benign the process is. The typical E-factors of chemical industries are
illustrated in Table 1.1,3! showing that production of pharmaceuticals and fine chemicals

are the processes that causes the most waste.

Table 1.1. Typical E-factors for the chemical industry sectors as of 2015.

E-factor (kg waste

Sector Product tonnage per kg product)
Oil refining 106-108 <0.1
Bulk chemicals 10%-108 <0.1-5
Fine chemicals 10%-10? 5->50
Pharmaceuticals 10-102 25 ->100

While an E-factor provides a fast indication of how wasteful a chemical process, one of
its shortcomings is that all types of waste are assigned the same weighting regardless
of their toxicity. The E-factor can consequently be misleading as a measure of “grenness”

of a process as, for example, one kilogram of sodium chloride does not have the same



environmental impact as one kilogram of dichloromethane. Therefore, in an attempt at
guantifying the toxicity of waste, the environmental quotient (EQ) was introduced,*® and
it is obtained by multiplying the E-factor (E) by an arbitrary multiplier for the unfriendliness
or weighting of each kind of waste (Q) (Equation (3)). Different Q values are

independently set by each company and can vary from process to process.

Environmental quotient (EQ) = E-factor x Q 3

1.2.3 Biocatalysis as a green solution

One considerable source of waste in chemical processes is the use of stoichiometric
reagents that do not contribute to the mass of the final product. In fact, principle no. 9
clearly states that ‘Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents’ as at the end-of-life of a chemical reaction, catalysts will
contribute to a much lower percentage of waste compared to stoichiometric reagents.
Traditionally, transition metal-based catalysts have been one of the most popular choices
for catalysed chemical transformations.?® However, while the use of these catalysts is
still preferred over the use of stoichiometric reagents, transition metals come with a lot
of disadvantages. The most apparent one is that transition metal catalysts are generally
prohibitively expensive to purchase due to their mining and production costs and
because some elements, including Ag, Ru, Rh, and Ir, are increasingly becoming more
endangered, with a real threat to their future supply.®? Additionally, metal-based catalysts
may require specific reaction conditions, such as water and oxygen-free environment
and difficult storage conditions, which result in the need of (costly) specialist apparatus
to guarantee safe and effective handling. Lastly, traces of metal catalysts require tedious
and expensive protocols to be removed to non-toxic ppm levels when used in later stage
reactions in the production of pharmaceuticals, food, and cosmetic additives and
therefore their use is often limited to transformations only in early stages of synthetic
routes.?® An answer to this problem has been provided by the ever-growing field of
biocatalysis, which is the use of enzymes, nature’s (bio)catalysts, for organic synthesis
purposes. Because of their nature, enzymes are inherently biocompatible,
biodegradable, essentially non-hazardous, non-toxic and they also avoid the use of
scarce precious metals. Indeed, biocatalysis fits well with the 12 principles of green
chemistry (Table 1.2) and its implementation in chemical processes, especially at

industrial level, is key to achieve green processes with maximum source utilisation and



Table 1.2. Biocatalysis and the 12 Principles of Green Chemistry.

Principles of Green Chemistry

Biocatalysis

Prevention

The use of enzymes significantly reduces
waste as the use of stoichiometric
reagents is avoided. E-factor values also
lowered as there is minimal use of
organic solvents

Atom economy

Enzymes can carry out
biotransformations in a more atom and
step economical way

Less hazardous chemical
syntheses

Enzymes are derived from renewable
resources and are bio-compatible,
biodegradable, essentially non-
hazardous and non-toxic

Designing safer chemicals

Highly reactive and unsafe products are
generally not compatible with biocatalysis
as the enzymes may be susceptible to
degradation by such species

Safer solvents and auxiliaries

Reaction often carried out in aqueous
media at physiological pH

Design for energy efficiency

Mild conditions and atmospheric
pressure require far less energy than
traditional organic synthesis

Use of renewable feedstocks

Precious scarce metals are not used in
biocatalysis. Enzymes are derived from
biomass (fermentation)

Reduce derivatives

Extra steps for protection and
deprotection of functional groups can be
bypassed due to the high regio- and
chemoselectivity of enzymes

Catalysis

Enzymes have developed through
millions of years to effortlessly catalyse
complex reactions

Design for degradation

Enzymes are proteins that can easily
degrade in the environment

Real-time analysis for pollution
prevention

Applicable to biocatalysis

Inherently safer chemistry for
accident prevention

The mild conditions required by
production or use of enzymes cause
negligible chances of chemical leakage,
thermal runways, and explosions




minimal waste production.®® In the early days of biocatalysis, this discipline was severely
limited by the availability and diversity of biocatalysts, which were mainly lipases and
hydrolases of animal origin, and hence was regarded as having niche applications of
primarily academic interest.>* However, in the second half on the 1980’s, two
concomitant events triggered a new wave of interest for the development of synthetic
routes based on the use of biocatalysts. Firstly, in 1984 Zaks and Klibanov published a
paper® in which it was reported that certain enzymatic reactions exhibited a much higher
stability in organic media, such as toluene, at higher temperatures than under
physiological conditions, leading to the realisation that biocatalysis had a much broader
scope in organic synthesis than anticipated. Secondly, at around the same time, the FDA
outlined a series of guidelines for the production of drugs with chiral centres, whereby
the enantiomers had to be tested individually regardless of the final marketing (single
enantiomers or racemates) to avoid unwanted side effects.?°2¢ Since then, the advances
of modern technologies such as DNA sequencing of genomes, enzyme engineering and
enzyme directed evolution, for which Prof Arnold won the Nobel prize in 2018,*" have
enabled scientists to develop novel, robust and stable enzymes with pre-defined

properties, such as activity, selectivity and substrate specificity.

Therefore, inthe last 30 years, biocatalysis has evolved from only a fascinating academic
interest to a valuable tool for the synthesis and manufacturing of fine chemicals and
pharmaceuticals at industrial level.2%333438-40  An outstanding example of how
biocatalysis replaced a traditional synthetic route for the synthesis of an APlwas reported
in 2008 by Martinez and colleagues at Pfizer, who introduced the use of Lipolase, an
economical lipase enzyme, for the manufacturing process for Pregabalin (Scheme 1.3),
a y-aminobutyric acid (GABA) analogue used to treat central nervous system disorders.**
The only steps shared between the first-generation classical route and the new
chemoenzymatic one were an initial Knoevenagel condensation of isovaleraldehyde and
diethyl malonate, followed by cyanation to give intermediate 10. After these two initial
steps, the team at Pfizer used the enzyme Lipolase to perform the kinetic resolution of
10 through a chemoselective hydrolysis to afford the chiral acid salt 11 leaving (R)-10
untouched. The conditions of this biocatalytic transformations were quite remarkable as
3 M 10 was quantitatively resolved by Lipolase at a concentration of 8% w/v enzyme.
The team also developed a method to racemise (R)-10 using EtONa in toluene under
reflux so that a deracemization system would be achieved and the overall yield increased
(Scheme 1.3). With 11 in hand, the team could then complete the manufacturing process
to Pregabalin by carrying out a heat induced decarboxylation followed by a chemical
hydrolysis and a CN reduction.
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CO.Et n-Pr,NH CO,Et KCN
Y\CHO + < B = —_—
CO,Et HOAc COEt  EioH

Shared with first generation classical route

Lipolase (8%)
COEL 150 mM Ca(OAC), COEL  Reflux
WCO E YYJ\CO . WCOZEt
2Et 2
-CO CN
EN pH 7.0, rt, 24h CN 2
10 11
1) KOH, rt
EtONa * 1h
toluene CO,Et 2) Sponge Ni, Hy,
reflux H>O/IPA, 5h
Y CO,Et
CN
(R)-10 CO,H
NH>
Pregabalin
40-45% overall isolated yield
>99% purity and >99% ee
New chemoenzymatic route E-factor =17

Scheme 1.3. New chemoenzymatic route for the manufacturing process of Pregabalin.4!

With this new manufacturing protocol, Pregabalin could be obtained in an overall 40-45%
yield, >99% purity and ee on a 1000 kg scale. An E-factor of 17 was obtained when using
the chemoenzymatic route, which is a 5-fold improvement relative to the 86 for the first-
generation classical route.

This example, and many more in the literature, highlight the importance for the
continuous discovery and development of novel enzymatic strategies that could have

applications in both academia and industry.
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1.3 General Aims

The aim of the research presented in this PhD thesis was to develop unconventional
biocatalytic methodologies for the synthesis of sulfoxides, a large class of organic
compounds, which find application in many sectors of chemistry. Three different projects
were developed within this PhD work, and each of them demonstrated the possibility to
obtain chiral and non-chiral sulfoxide compounds by exploiting different biocatalysts.
Each project illustrated in the following chapters possesses its unique unconventional
features, distinguishing them from publications on biocatalytic sulfoxidations currently

available in scientific literature.

Chapter 2 describes the development of a chemo-biocatalytic green racemic oxidative
protocol for the facile and scalable synthesis of sulfoxides using immobilised enzyme
Candida antarctica lipase B (CALB) and urea hydrogen peroxide (UHP) in ethyl acetate.
The unconventional character of this project was the use of ethyl acetate as well as

CALB, a well-known hydrolytic enzyme, in an oxidation reaction.

Chapter 3 provides a comprehensive review of Almac’s commercial Baeyer-Villiger
monooxygenases (BVYMO) and flavine-containing monooxygenase (FMO), with the goal
of identifying an unconventional enzyme that could chemo- and stereoselectively afford

enantiopure sulfoxides in substrates containing diverse oxidisable functional groups.

Lastly, Chapter 4 discloses the use of reductive methionine sulfoxide reductase (Msr)
enzymes for the kinetic resolution of racemic sulfoxide substrates to obtain enantiopure
(S)-sulfoxides. The use of reductive rather than oxidising enzymes is an unconventional
and new route for accessing chiral sulfoxides that has been only partially explored in the
past five years. Additionally, through directed mutagenesis studies, we generated mutant
Msr enzymes that could reduce bulky substrates.

7 ~N
R™ "R, [ _OXmDATIVE > R rs) R4

Sulfides < REDUCTIVE |§aﬁ=lo°,;;|;;§

or the synthesis of sulfoxide®

12



Chapter 2. A mild and chemoselective CALB biocatalysed
synthesis of sulfoxides exploiting the dual role

of EtOAc as solvent and reagent

2.1 Introduction

2.1.1 Traditional methods for the synthesis of sulfoxides

Sulfoxides play an important role in organic chemistry as they are found not only in
pharmaceuticals, but are also used as chiral auxiliaries, metal complexes ligands and
directing groups for C-C and C-Hreactions. To date, the most common methods adopted
by research laboratories forthe synthesis of achiral sulfoxides often involve the oxidation
of sulfides using toxic and explosive reagents that require harsh reaction conditions and
have a poor atom economy. Some examples include the use of nitric acid (HNOg),
hypohalites, oxone, peracids and peroxides.

2.1.1.1 Sulfoxidation by nitric acid

Perhaps one of the oldest methods, the synthesis of sulfoxides using HNOs was first
reported in 1866 by Saytzeff.4>** This was one of the very first examples of sulfoxide
synthesis and isolation, unknown until then, and marked the beginning of studies on this
new class of compounds. Many other attempts and examples of synthesis of sulfoxides
using HNOs have emerged* and to this day the use of HNOsto aid novel sulfoxidation
processes is still appreciated by research groups. For instance, in 1990 Gasparrini et al.
published a report on the synthesis of sulfoxides in a nitromethane/HNOs@q) biphasic
system catalysed by tetrabutylammonium tetrabromoaurate(lll) (TBA*AuBr4) % (Scheme
2.1). The scope of this reaction included a diverse range of sulfoxides, including the more

hindered aryl-aryl substrates.

+ _
i XN S\R2 cat. TBA"AuBry - ©/S\R2 23 examples
i ' mple

S 10% HNO/NO,CH5 (2:1) (- up to 97% yield

Scheme 2.1. HNOs and nitromethane Biphasic system for the oxidation of sulfides reported by
Gasparrini in 1990.46
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The method proved to be selective for the oxidation to sulfoxides only, showing no trace
overoxidation to sulfone. A similar report where a biphasic organic solvent/HNOs3(aq)
system was adopted emerged in 1995, when Suarez et al. observed that the oxidation
of sulfides could also be achieved using 10 mol % of the much cheaper FeBrs or
(FeBrs)2(DMSO)s metal catalysts (Scheme 2.2).4748  Other sulfoxidation strategies
involving HNOs include the reports by Hajipour and Khodaei in 2005 and 2010
respectively.*®*° The former group showed that sulfides could be oxidised in a solvent-
free system composed of P20s and silica in the presence of 1 equivalent of HNOs, while
the latter group revealed that a homogeneous mixture of H202, HNOs and EtOH led to

the chemoselective oxidation of sulfides.

0
10 mol% (FeBr;),(DMSO S
O S\Rz o ( 3)2( )3 N S\R2 3 examples
R P > R P up to 99% yield
1.5 M HNO3/CH3NO, or DCM (1:1)
rt/ 40 °C

Scheme 2.2. Oxidation of sulfides in HNOs in the presence of FeBrs by Suarez et al.. 4748

2.1.1.2 Sulfoxidation by hypohalites

Oxidation of sulfides using hypohalites was initially observed in the 1940’s,%! but it was
only later in the 1960’s that this class of oxidants became a popular method to access
sulfoxides. Indeed in 1962, Leonard et al. were investigating the synthesis of 1-
thiacyclooctan-5-onel-oxide 12 and found that when a sulfide is exposed to a solution
of aqueous sodium meta periodate (NalO4) the corresponding sulfoxide 13 was afforded
(Scheme 2.3).52 The highly oxidative nature of NalO4 meant that it could have been
difficult to maintain chemoselective control over what functional group was oxidised.%3-5
Therefore, the focus shifted towards slightly milder hypohalite oxidants, such as sodium
hypochlorite (NaOCI) and calcium hypobromite (Ca(OBr)z2). These new methods still
presented some challenges such as the overoxidation to the sulfone, which in some

cases was avoided by shortening the reaction time as seen in the report by Khurana
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0.5 M NalO,
90% yield

\

s 0 °C, overnight S.
12 13

Scheme 2.3. Oxidation of 1-thiacyclooctan-5-onel-oxide 12 in aqueous NalO4 by Leonard and
Johnson. %2

et al.,® or by using catalysts such as metalloporphyrins®” and 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO)%® as demonstrated by Amoozadeh et al. and Huang et al.
respectively. Furthermore, Okada et al. showed that using the safer crystalline
NaOCI-5H:0 also improved the chemoselectivity of the reaction.®®5° They attributed this
improvement to the difference in basicity of the reaction mixture compared to when
NaOClaq was used. In fact, when the crystals were used, the solution had an ideal pH
of 11 and only sulfide oxidation was observed, while the commercially available aqueous
NaOCI solution had a pH of 13, which instead led to sulfone overoxidation. Another
example was proposed by Pace and colleagues, who in 2012 developed a methodology
for the synthesis of allyl-aryl sulfoxides based on Ca(OBr)2(Scheme 2.4).5* This specific
class of sulfoxides is generally prone to overoxidation not only on the sulfur centre but
also on the activated allylic olefin.

o NaOCl o
I or I g
©/S\/\ Ca(OBr), S\/\ Ca(OCl), ©/S\/\ . /@/ ~X
Cl
15 14 15 16
up to 94% yield Selected method up to 69% yield 8-31% yield
Scope of reaction
N 2 T2 RyH 4Me aNO
Ca(OBr), (1.05 eq. 1- 1, 4-Me, 4-NOp,
N s AL (OBr), (1.05 eq.) N S AL 4-COMo, 3.C1
R R 2-Br, 4-CHO
H,0:AcOH:acetone (1:1:1) R,: H, CI, Br, Me

(o}
0°C 15 examples

up to 99% yield

Scheme 2.4. Oxidation of allyl-aryl sulfides using Ca(OBr)2 by Pace et al..51
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At the preliminary stages of this work, they explained that while the use of NaOCIl showed
chemoselectivity for the formation of the sulfoxide over olefin oxidation of compound 14,
it also promoted para-chlorination on the phenol (compound 16). Therefore, switching to
Ca(OBr)2 completely removed any chlorinating ability of the oxidant while maintaining

excellent chemoselectivity and activity across a variety of allyl-aryl sulfides.

2.1.1.3 Sulfoxidation by Oxone

Oxone (2KHSOs-KHSO4-K2S04) is a readily available mild and safe solid oxidant, which
has been used in the functionalisation of various groups.*>%2-6” The first report on its use
for the oxidation of sulfides was released in 2000 when Kropp et al. discovered that when
Oxone is dispersed on alumina or silica gel, it efficiently oxidises sulfides to sulfoxides,
with some overoxidation to the sulfone.®® This new oxone-SiO2 method afforded
sulfoxides even when used as a solvent-free system. However, the scope of this reaction
was very limited to aliphatic sulfides until 2003, when Chen et al. applied the
methodology on glycosyl sulfides reporting good yields and no interference with the
protecting groups on glycosides.®® Another example of a heterogeneous system was
reported in 2018, when Silva and colleagues used a packed-bed reactor for the oxidation
of sulfides in flow chemistry in the presence of trifluoroacetic acid (TFA) (Scheme 2.5).%°
The insoluble Oxone was packed in the column and as dichloromethane (DCM),
containing the sulfide and TFA, was pumped through, the oxidation would successfully
take place without causing overoxidation or side reactivities. A common feature among
these protocols is that an acid, SiO2 or TFA, is required to activate Oxone. In 2012 and
2017 two independent groups published two reports on the use of Oxone in an acid-free
environment.”>”* However, harsher, and longer reaction conditions were needed to
achieve the oxidation of sulfides.

O
I

S. S. 12 examples
Ri7 Ry ‘/ R{7 Ry up to 98% yield

CH,Cl,:CF3CO5H (85:15)
0.6 mL/min
4 min residence time

Scheme 2.5. In flow production of sulfoxides using Oxone by Silva et al..55
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2.1.1.4 Sulfoxidation by peracids

Peracids are probably the most effective and convenient sulfide oxidants but are
notoriously explosive and have a poor atom economy, as only one oxygen atom of these
oxidants gets incorporated in the product while the rest of the molecule accounts for
waste. The most common peracid used for the synthesis of sulfoxides is meta-
chloroperbenzoic acid (MCPBA) as it is easy to handle and commercially available.” "3
MCPBA is a very effective generic oxidant, which makes it only compatible with simple
sulfide molecules because it can oxidise multiple functional groups, including ketones
and olefins, and can promote C-C functionalisation reactions.”> mCPBA is generally used
in aprotic solvents, like DCM, and affords sulfoxides in good vyields if used
stoichiometrically, with some overoxidation to the sulfone. Other peracids have been
evaluated for the synthesis of alkyl aryl sulfoxides by Davies and Deary in 1996,’* who
were able to determine the kinetics of reaction of different peracids depending on their
interaction with cyclodextrin. Despite the effectiveness of these oxidants, not much is
reported in the literature regarding other peracids besides mMCPBA. This is likely due to
their synthesis and isolation which leads to rather explosive and shock sensitive

compounds.’®

2.1.1.5 Sulfoxidation by peroxides

The use of peroxides has probably been the most widely reported method for the
synthesis of sulfoxides. In fact, there is a plethora of publications on sulfoxidation based
on the use of peroxides, a lot of which have been summarised in excellent review
papers.®”'-82 The general trend for this class of oxidants is that peroxides are usually
too mild to effectively react with sulfides and need a catalyst to be activated, usually in
the form of an acid. Hydrogen peroxide (H203) is often the peroxide of choice because it
is considered the greenest oxidant as it is mild, and its decomposition product is water.
Alone, it requires heating to >70 °C up to reflux to effectively oxidise sulfides, which is
usually avoided, especially on large scale, as it could cause thermal runways and
explosions.®-8> Therefore, throughout the years many catalysts have found applications
in the activation of H202 to render it an effective safe oxidant, including the use of i) metal
complexes, such as cobalt, tantalum and vanadium?®-4 i) Lewis and Bronsted
acids,®95-% jii) silica and other solid supports®®-1% and iv) ultrasound sonication°¢197,
Due to the heavy interest this topic has receivedin the past few decades, several greener
and more environmentally friendly protocols have been published. For instance, in the
field of metal catalysed sulfoxidation, heterogeneous reaction systems that utilise

magnetic nanoparticles (NPs) have become popular in recent years. 93194 For example,
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in 2021 Elgorban et al. reported the chemoselective synthesis of sulfoxides using Cu-
Calendula@FesO+ nanocomposite material in 30% H202(aq).1% FesO4nanoparticles were
first coated in a biolayer of calendula extracts, which provided a lipophilic coating that
reduces the reactivity of the NPs making them more biocompatible, and then the copper
catalyst was absorbed onto the Calendula@FesO+ NPs (Scheme 2.6).

S.
R R,

NedhD
OO %/\/\ b ) . 13 examples
O O WIS H202(aq) (30%)  up to 96% yield
O O Calendula extract (@:;'\ o

ooy
OOQO s A s
s T

CU/Fe304 NPs

Fe3O4 NPs

Scheme 2.6. Chemoselective synthesis of sulfoxides using Cu-Calendula@Fe304
nanocomposite material in 30% H202.105

With this method, the group selectively oxidised a panel of sulfides to sulfoxides with no
observed overoxidation to sulfones. Moreover, due to the magnetic nature of the NPs,
the heterogeneous catalyst was easily recovered from the reaction mixture using a
magnet and was reused with no drop in activity for eight consecutive cycles. Similar
works on NPs supported metal catalysts have also been reported by Veisi et al.’** and
Bezaatpour et al.*® in 2018 and 2017 respectively, where this time oxo-vanadium and
molybdenum Schiff bases were absorbed onto FesOs4 NPs. Metal-free examples of
greener sulfoxidations include the use of organocatalysts to activate H202. In 2017,
Voutyritsa et al. used the cheap and commercially available 2,2,2-trifluoroacetophenone
(TFAP) in aqueous H202and t-BuOH to yield sulfoxides.®® Moreover, they demonstrated
that by tuning the reaction conditions they could selectively obtain either the sulfoxide or
the sulfone, making this protocol fully flexible (Scheme 2.7).

0]
0. 0 TFAP (20 mol%) TFAP (10 mol%) 9
_S< < PN > PN CF3
R R, = R R, > Ry R,
H202, H,0,, t-BuOH
MeCN, t-BuOH buffer
15 examples buffer 15 examples TFAP
up to 91% yield up to >99% yield

Scheme 2.7. Green oxidation of sulfides using H202 and TFAP in t-BuOH and buffer by
Voutyritsa et al..?°
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Borax®® and boronic acid® have also found some interest in the scientific community for
H20: activation as they are cheap, easy to handle and environmentally friendly salts.
Lastly, a few examples where H202 was activated by mechanical force rather than
chemical interaction have been described. Indeed, Mahamuni et al. presented
workst%17 where the activation of H202 was achieved by ultrasound. Here, methyl
phenyl sulfide was placed in a bath with 30% H202@aq and upon sonication the desired

sulfoxide was afforded with only minimal overoxidation.

Other peroxides have been studied, such as tert-butyl hydroperoxide (TBHP),%8108-111
but have not gained as much popularity as H20: as they cause more waste at the end of
the reaction and are generally less stable.

2.1.1.6 Limitations of classic oxidation methods

All these traditional methods afforded sulfoxides in varying success and have been
extensively used on laboratory scale, especially mCPBA and other peroxides. However,
when it comes to their scalability for industrial production of sulfoxides, most of these
protocols present unnegotiable limitations. The use of some of these oxidants, like HNOs
and NaOCl, is highly toxic, not only because they are harsh chemicals, but also because
they can degrade into toxic gases such as HBr, NO, Brz and Clz. Also, especially in older
publications, the organic solvents selected were toxic and often chlorinated. Therefore,
these solvents would be unsafe to use in large scale reactors. Additionally, a common
pattern found across the different methodologies is that often the oxidants led to
overoxidation to sulfones if not properly controlled and they were incompatible with
sulfides bearing multiple functional groups due to side reactivity. Perhaps, the use of
peroxides, especially H202.q), can be considered among the greenest approaches to the
synthesis of sulfoxides, but it still presents some disadvantages. For instance, several of
the reported protocols that use H202(q) relied on the use of transition metals for effective
sulfoxidation, which can be very costly at a large-scale production and could complicate
the disposal of the end-of-reaction material. Also, aqueous H20: is generally sold as a
30% v/v solution, which is stable at cool temperatures. However, when used in large
volumes for industrial purposes it may still have the potential to explode. Peracids,
instead, are highly avoided because of their well-known explosive and shock sensitive
nature, which becomes extremely dangerous for large scale use. Lastly, many of these
oxidants have a poor atom economy as most of the molecular weight accounts for waste
at the end of the reaction.
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2.1.2 Alternative green methods for the synthesis of sulfoxides: enzymatic
transformations

Despite the efforts and advances made in the last decade for the sustainable synthesis
of sulfoxides, traditional methods still present substantial disadvantages that make their
use unfavourable in industry. A sustainable and generally safer solution to this problem
is biocatalysis, which exploits Nature’s machinery, enzymes, to carry out chemical
transformations.®* Biocatalytic sulfoxidations have been extensively studied in the years
and the large number of publications that arose as a result of this interest have been
summarised in a number of excellent reviews.1%17:112-115 Reports include enzymes such
as cytochromes P450, monooxygenases, chloroperoxidases, laccase, as well as
reductive enzymes,*®> all of which provide more sustainable, cheaper and ultimately
safer methodologies to access sulfoxide compounds.”5” However, despite the excellent
conversions, these approaches still have poor industrial applicability because of the low
recyclability, high costs and stability of the enzymes. In addition, some enzymatic
oxidations also require toxic and flammable additives and effective aeration of the
system, all of which represent drawbacks in industry.8116-118 Ultimately, due to the
intrinsic  stereoselectivity of enzymes, most of the reports focus on the formation of
enantiopure or enantioenriched sulfoxides, which from an industrial standpoint may not
always be needed or favourable. One of the strategies that research groups have
adopted in order to increase the stability, recyclability and hence cost effectiveness of
enzymes is immobilisation of enzymes on a solid support.}®-*2 The most famous and

fruitful example of immobilised enzyme is Candida antarctica lipase B (CALB).*?2

2.1.2.1 Immobilised Candida antarctica lipase B

Lipases are probably the most widely used enzymes with the highest number of
publications on search engines (5000 articles as per September 2022).123124 The natural
substrates of lipases are lipids, phospholipids and triglycerides to name a few, which are
transformed by this class of enzyme through a variety of reactions, such as hydrolysis,
esterification and transesterification.'?>12¢ These natural substrates, however, are often
insoluble in physiological conditions and hence, lipases adapted through years of
evolutions to be able to interact with heterogeneous substrates. As a result, lipases have
developed a broad substrate specificity which makes them appealing from a biocatalysis
point of view.'?? For this reason, a lot of attention was dedicated to transforming lipases
into enzymes that could perform at their maximum rate in non-physiological environment,
a quality especially favoured at industrial level where continuous maximum efficiency is

desired. One of the first approaches at improving performance and stability of lipases in
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organic media was immobilisation on a solid support.*?” This was found to be particularly
efficient with this class of enzymes due to their unigue mode of action that relies on
interfacial activation.?®12° This, in fact, allows for an easy absorption on hydrophobic
surfaces, oil droplets in the case of substrates, nanoparticles or natural and polymeric
supports for immobilisation purposes instead (Figure 2.1). Furthermore, thanks to
interfacial activation, when the enzyme is absorbed onto the support, the active site
remains open allowing for efficient catalysis of the substrates.3®'3! Some of the
advantages of immobilising lipases include increased stability, activity, selectivity, and
specificity but also compatibility with organic or non-physiological media, increased
resistance to harsh chemicals and recyclability.*?? Out of the many lipases commercially
available, Candida antarctica lipase B (CALB) showed remarkable stability, broad
selectivity, and ease of immobilisation due to its active site shape, all characteristics
which made it a superior lipase.126:129.132-134 Ag g result, CALB has been the mostly used
lipase in the literature both as a free form and immobilised. The first manuscript
describing the use of immobilised CALB dates back to 1992,'* when Johnson and Bis
described the enantioselective esterification or hydrolysis of five-, six- and seven-

membered meso-diols 17a-c or the corresponding diacetates 18a-c using Novozym 435,

Enzyme-substrate
interaction

oil
droplet
[ Hydrophobiclayer |

Immobilised
{ Solid support | enzyme via
interfacial activation
Resins /
Polymers

Lipase close form Lipase open form\
Nanoparticles 5‘ Q

Immobilised
enzyme on
nanoparticles

Figure 2.1. Interaction of lipases with natural substrates or hydrophobic solid supports for
immobilisation.
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a CALB enzyme immobilised by interfacial absorption on Lewatit VP OC 1600, a
macroporousacrylic polymer resin supplied by Novozymes (Scheme 2.8). Since then,
immobilised CALB found many other applications in biocatalysis,**¢-%¢ some of which
will be highlighted below, and due to its popularity, many companies have

commercialised their own versions of immobilised CALB.

n N
ACO@OAC + HZO HO&OAC ﬂydrol_\gsiS:
up to 92% yield

17 Novozym 435 19 and >99% ee
> - =

Esterification:

50 °C, buffer Esterification:
HO "_OH )\ ACO\@/OH up to 81% yield
OAc and >99% ee
18 <

20

a) n=1, b) n=2, ¢) n=3

Scheme 2.8. First reported example of esterification and hydrolysis of five-, six- and seven-
membered meso-dials orthe corresponding diacetates using the immobilised enzyme Novozym
435 by Johnson and Bis.135

2.1.2.2 Reactivity of CALB

Despite the many functionalisation strategies CALB has been the protagonist of, the
reactivity of this enzyme can be categorised into two reaction classes: hydrolysis and
esterification.!3*14° Both reaction profiles have been adopted for transformations such as
Kinetic resolutions, derivatisations, synthesis of new glycerides, biodiesel formation and
oxidation.132141-163 |n 2016 Griffin et al. reported the first case of ammonolysis of
triglycerides in liquid ammonia using immobilised CALB.** This protocol, which would
normally require high temperatures (>180 °C) and pressures, afforded a series of amides
starting from the corresponding triglycerides at room temperature and pressure (Scheme
2.9, Part A).
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Part A: ammonolysis of triglycerides

o o o
o R)LNHQ o R)LNHZ R)LNHZ
R)KO / R)KO / OH / OH ‘3 o
rR_o_h_o R cas RrR_o_L_oH cas R o _A_OH “cag ~ HO OH XR)LNHQ
T T NH; m NH; W NH; 2
o 0 o}
21 22 23

R = Me (triacetyl);
n-Bu (tribytyrin);
(CH,);CH=CH(CH,);CHj (trioleyl)

Part B: ammonolysis of (5S)-N-(tert-butoxycarbonyl)-5-(methoxycarbonyl)-2-pyrroline

o) o)
C)\o/ < C)\NHZ
\_N_ 0O \_N_ 0O

TO( 7< 1.25M NH / -BuOH 70( 7<

25 50 OC, 0.1 mL/min 26

Scheme 2.9. Examples of CALB catalysed ammonolysis. Part A) Formation of aliphatic amides
from triglycerides proposed by Griffin et al..164 Part B) Synthesis of the amide intermediate 26 in
the synthesis of Saxagliptin.16°

In 2018, Harini et al. also reported a CALB catalysed ammonolysis protocol,®> where
(5S)-N-(tert-butoxycarbonyl)-5-(methoxycarbonyl)-2-pyrroline 25, a peptidase inhibitor
intermediate, was converted into its corresponding amide 26 (Scheme 2.9, Part B) after
passing 1.25 M ammonia in anhydrous tert-butanol through a packed bed reactor
containing immobilised CALB at 50 °C. Another unique example of the use of
immobilised CALB was reported by Wang et al. in 2018, who utilised the enzyme
immobilised on a chitosan coated acrylic resin for a Knoevenagel condensation
reaction,'®® a tandem esterification and transesterification, for the production of a
benzopyran compound (Scheme 2.10). Remarkably, the immobilised CALB could be
recycled for five consecutive cycles until its relative activity dropped to 60%. Another
area where lipases and CALB have found a lot of applications is esterification of glycerol
with long chain acids to form glycerides. For instance, in 2017 Yadav et al. reported the
synthesis of glycerine monoundecylenate, an emulsifier used in the food and cosmetic
industries, from glycerol and undecylenic acid.*®” It was shown that this reaction could
afford the product at 60 °C after 2 hours when in batch, or in 10 minutes if performed in
flow with only up to 10% diacylation of glycerol.
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bond
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Scheme 2.10. Proposed mechanism of action of the Knoevenagel condensation reaction
catalysed by immobilised CALB by Wang et al..166

Another crucial reactivity of CALB is the ability to catalyse perhydrolysis, the formation
of peracids from acids or ester precursors in the presence of H202. The mechanism of
action for this transformation is believed to proceed in the same way as for hydrolysis,
which involves Ser105, His224 and Asp187,1¢816% except that one molecule of H20:2 is
integrated into the molecule instead of H20 (Figure 2.2).
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R = Methyl, n-Heptane
R'= H, OH EP

Figure 2.2. Mechanism of hydrolysis of esters or acids catalysed by CALB. Two transition
states and intermediate are shown.168

The peracids formed in situ are then used for epoxidations,’’*1"> Baeyer-Villiger
lactonisations and esterifications'’*176-17° as well as amine oxidations.'®® In 2019,
Melchiors et al. reported the use of an immobilised CALB for the mono epoxidation of
limonene,!®! an oil which can be extracted from citrus food waste and used for food and
cosmetics. In this study the peracid oxidant was formed in situ from octanoic acid and
H20:2 in toluene with 5% immobilised CALB at 50 °C. They also demonstrated that the
enzyme could be used for 3 consecutive cycles until H202 induced degradation occurred
(Scheme 2.11).
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Scheme 2.11. Oxidation of limonene by immobilised CALB via production of peroctanoic acid
by Melchiors et al..181

So far, all the examples presented were focused on acrylic resin immobilised CALB.
However, other immobilisation strategies have been successfully adopted for CALB
transformations. For instance, in 2014 Zanette et al. published a protocol for the
epoxidation of oleic and linoleic acids using a semisolid CALB immobilised in a lecithin-
based microemulsion-based organogel.'®? This methodology, compared to the more
traditional polymer supported enzymes, has the benefit of reduced deactivation of the
enzyme by H20:2 because it is hypothesised that the biocatalyst is more protected and
less susceptible to deactivation in the gel-like matrix. It was also demonstrated that
running the reaction in EtOAc would increase the rate of reaction as the media acted as
a co-oxidant reacting with H202 to give peracetic acid. This is not the only example where
the media of the reaction has been used as the oxidant for a biotransformation. In fact,
in 2012 Chavezet al. reported the lactonization of small cyclic ketones using cross-linked
enzyme aggregate (CLEA) CALB in EtOAc at 40 °C (Scheme 2.12).183 The “greenness’
and low boiling point of EtOAc make it a suitable solvent for industrial use and it is
therefore often used in green chemistry transformations. Moreover, the authors
demonstrated that the use of CLEA-CALB is comparable to the one of Novozyme® 435
with the added benefit of not suffering from enzyme leaching.
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Scheme 2.12. Exploitation of EtOAc as reaction solvent and peracid precursor for the synthesis
of lactones by Chavez et al..183

Despite the well-known ability of peracids to carry out sulfoxidations (as escribed in
section 2.1.1.4), to our surprise the use of CALB as a biocatalyst in the oxidation of
sulfide substrates into sulfoxides had never been investigated. Therefore, in this chapter
of this thesis, it is demonstrated how the ability of CALB to catalyse the formation of

peracids in situ can be exploited for sulfoxide synthesis.
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2.2 Aims of the project

The main aim of this research project was to demonstrate that a facile, chemoselective
and scalable biocatalytic protocol for the synthesis of sulfoxides could be achieved by
exploiting the ability of CALB to catalyse perhydrolysis. Additionally, driven by the interest
of our group in the development of industrially applicable green methodologies, EtOAc
was used in the dual role of solvent and CALB substrate, avoiding the use of extra acid
additives. The choice of EtOAc as solvent/reagent improves the industrial sustainability
of the method as, when considering all factors in choosing a solvent for a chemical
process such as the health, environment, and safety scores,'84-18 EtOAc is considered
a safer and more economical alternative to other widely used solvents, such as
halogenated or high boiling point solvents. Thus, EtOAc was deemed ideal for the
development of this sulfoxidation methodology, where it can serve as a solvent and
CALB substrate, in turn contributing to the atom economy of the process.

Furthermore, in order to increase the “grenness” of the process, the in situ production of
H20:2 via photocatalytic means was investigated, with the aim to prevent the hazards
associated with handling H20: at large scale.

Lastly, the production and use of chiral peracids from commercially available substrates

and their effect on the stereochemistry of the CALB sulfoxidation was investigated.

R/ \R1
o)
)J\O—OH o
~ISn1
R20OH + ﬁg ROR
urea EFx 0 "
. R
H,0, - urea R2 = H, Et
UHP

Recyclable enzyme; Scalable reaction
Dual role of EtOAc as solvent and reagent
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2.3 Results and discussion

2.3.1 Oxidation of sulfides with CALB in EtOAc in the presence of UHP

2.3.1.1 Optimisation of the reaction conditions

Based on areport givento us by Almac, where immobilised CALB was used in EtOAc in
the presence of H202 or urea hydrogen peroxide (UHP) to form epoxides, this project
commenced by proving that the in situ formation of peracetic acid from EtOAc could be
exploited for the oxidation of sulfides to sulfoxides. Therefore, the commercially available
methyl phenyl sulfide (MPS) 27a was selected as substrate and the commercialy
available recombinant CALB from Aspergillus oryzae immobilised on Immobead 150 was
the biocatalyst of choice to develop the sulfoxidation methodology. Sulfide 27a was
initially treated with CALB (20% w/w) and 1.1 equivalents of H202 in EtOAc (400 mM)
leading to an 83:17 mixture of the desired sulfoxide 28a and the over-oxidation sulfone
by-product 29a within 24 h (Table 2.1, Entry 1). Replacement of H202 with UHP,8” which
is often used as a more stable alternative to H202, led to the full oxidation of 27a in only
2 h and to the formation of the sulfoxide 28a as the major product in an improved 93:7
ratio against 29a (Table 2.1, Entry 2). Reducing the concentration of 27a to 200 mM
(Table 2.1, Entry 3) led to a small improvementin the sulfoxide/sulfone ratio (94:6), while
a lower ratio (92:8) was observed in more concentrated conditions (Table 2.1, Entry 4).
Thus, the optimal reaction concentration of 27a was kept at 400mM. All the reactions
were carried out under open air conditions. In order to confirm that the oxidation of sulfide
27a was biocatalysed by CALB rather than being promoted by UHP only or by air, a
series of control experiments (Table 2.1, Entries 5-7) were performed. Upon the removal
of CALB and in the presence of UHP only, both in stoichiometric amount and in excess
(5.0 eq.), negligible formation of 28a was observed, clearly accounting for the key role of
CALB for the in situ generation of the peroxyacid oxidant intermediate 30 (Scheme
2.13).183
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Table 2.1. Optimisation of the CALB biocatalysed sulfoxidation of 27a.

Oy == OO
= +
solvent, acid,

27a additive, peroxide, 28a 29a
time, 37°C
Entr 27a CALB Peroxide® Solvent Acid Time Conv. Ratio
y (mM)  (Y%w/w) additive  (h) (%)>  28a/29a°
1 400 20 H202 EtOAC - 24 99 83:17
2 400 20 UHP EtOAC - 2 >0Qd 93:7
3 200 20 UHP EtOAC - 2 >99 94:6
4 600 20 UHP EtOAC - 2 >99 92:8
5 400 - UHP EtOAC - 2 8 ND
UHP
6 100 - (5.0 eq) EtOAC - 24 30 ND
400 20 - EtOAC - 2 4 ND
400 20 UHP DCM - ND
400 20 UHP Toluene - 2 4 ND
10 400 20 H20: DCM C”OH 20 44 ND
11 400 20 UHP Toluene &COOH 2 17 ND
12 160 20 UHP Toluene H\COOH 20 81 66:34
13 160 20 UHP Toluene &:ooa 2 16 ND

a1.1 eq. of H202 or UHP were used unless indicated differently; °Determined by analysis of the

IH-NMR crude mixture and referred to the conversion of 27a into 28a-29a together; cDetermined

by H-NMR; 9Compound 28a was obtained with 89% isolated yield.

Similarly, when UHP was omitted from the reaction, only a small amount of 28a was

obtained and 96% of 27a was recovered. Finally, no sulfoxidation was observed when

DCM or toluene (Table 2.1, Entries 8,9) were used as solvents, further supporting the

key dual role of EtOAc as solvent and CALB substrate and precursor of peroxyacid 30.

As an additional confirmation of the key dual functionality of EtOAc over the use of inert

solvents such as DCM and toluene, a series of experiments using acid additives as
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precursors of the peroxyacid oxidant were carried out. The treatment of 27a with CALB
in DCM or toluene in presence of stoichiometric hexanoic acid and 2-ethylhexanoic acid
(Table 2.1, Entries 10,11) led to 28a with poor conversion after 2 h. Interestingly, in the
presence of 2-methylbutyric acid, 27a was converted at 81%, but with poor 66:34
sulfoxide/sulfone ratio (Table 2.1, Entry 12), while in the presence of the ester additive
ethyl (2-ethyl)-hexanoate in toluene, 28a was obtained in low amount (Table 2.1, Entry
13).

27a 28a
biocatalytic

o cycle o
)J\O/OH )J\O/\

©/ S\ oxidation ©/ S\

30

(0]
J]\ - H0z

HoNT NH,

EtOH + urea

Scheme 2.13. Proposed cycle for the CALB biocatalysed sulfide oxidation in EtOAc.

2.3.1.2 Titration of peracetic acid formed by CALB

To further confirm the S-oxidation mechanism and the formation of the peracetic acid, a
series of titrations experiments based on the report by Chavez et al.»® were carried out
to determine the concentration of peracetic acid over time. The reaction mixture
containing 270 mM UHP and 20-24% CALB was incubated at 37 °C without the sulfide
27a and aliquots were taken at time intervals of 30 min, 1, 2 and 4 h. These were then
treated with the commercially available catalase from Sigma Aldrich to remove leftover
H202 from UHP, reacted with KI and H2SO4 to reduce the peracid with the concomitant
formation of Iz, which was then titrated with a 0.05 M solution of sodium thiosulfate using
starch as an indicator (Scheme 2.14). From the titration curve (Figure 2.3), it was clear
that the production of peracetic acid was fast within the first hour, with a rate of reaction
of 1.3764 mM/h and more than half of the UHP transformed into peracid. The reaction
then plateaued after 2 h, reaching a concentration of approximately 180 mM, which

follows a standard enzyme kinetics profile.
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Scheme 2.14. Titration of peracetic acid formed by CALB.
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Figure 2.3. Concentration or peracetic acid formed in situ over time.

2.3.1.3 Scope of the reaction

With the optimised reaction conditions in hand (27a 400 mM, 20% w/w CALB, 1.1 eq.
UHP in EtOAc at 37 °C), the scope of the CALB biocatalysed sulfoxidation was
investigated. A series of alkyl-aryl(benzyl) sulfides 27a-r were synthesised from the
appropriate thiophenol or benzylthiol precursors 3la-h through an Sn2 reaction of the

appropriate alkyl halide in water under microwave irradiation at 140 °C at intervals of 5
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minutes. All substrates 27 were converted into the corresponding sulfoxides 28 with high
yields as shown in Table 2.2. In most cases, only a low amount of the sulfone by-product
was formed, and high isolated yields were obtained regardless of the size of the alkyl
substituent (Me, Et, Pr) on the sulfoxide moiety. Excellent conversions and high yields
were also obtained for the allylic sulfoxide 28l (Table 2.2, Entry 11), benzyl sulfoxides
280 and 28p (Table 2.2, Entry 14), the chiral nitrile 28q (Table 2.2, Entry 16) and the
dialkyl derivative 28r (Table 2.2, Entry 17).

Table 2.2. Scope of the CALB biocatalysed sulfoxidation

20% wiv e &

0
ArMSH Ha—R Ar, .S. CALB ‘ Are LS.
- e R
n= on1 K2CO3, Nal, H,0 : EtOAc, 1.1 eq UHP :
31a’-h MW irr., 140 °C, 27b-r 2-24 h, 37 °C 28b-r
10-15 min
) Ratio
o/\a 0/~\b,c,d
Entry Compound Conv. (%) Yield (%) S0/S0,
Q
1 28b QS\ >99° 85 88:12
F
?
2 28c @Sv 99 63 66:34
?
3 28d @S\/ 20 71 80:20
9
4 286 : S~ g7e 60 70:30
MeO

5 28f QS\/ 90 67 80:20
Cl

6 28g Q/S\/ 97 67 76:24
Br

7 28h @ES\/ 99 81 83:17

8 28i @[S\/ 99 80 90:10
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20% wiw >t

O
ArWSH Hal—R Ar S\R CALE : Ar g\R
i, 001 K,CO4, Nal, H,0 n EtOAc, 1.1 eq UHP n
sy MWir, 140°C, 27b-r 2-24 h, 37 °C 28b-r
10-15 min
Ratio
VAL H 0/)b.c.d
Entry Compound Conv. (%) Yield (%) SO/S0,
?
MeO
?
10 28k @S\A 88 68 80:20
Q
11 28l @S\/\ 90 68 100:0
2
" o8 : S~ 67 58 100:0
Q
13 28n @SN 85 73 100:0
14 280 @2\ %0 % S
(0]
15 28p ©\/§\/\ % % o8
Q
16 28 oy > " =
(0]
17 28r ~ S~ >99° 89 246

aDetermined by the crude 1H-NMR mixture and referred to the conversion of 27 in 28-29 together.
bAll the reactions were carried out for 24 h, unless completed before as revealed by TLC. CIsolated
yields reported refer to the pure sulfoxides. disolated yields referto the biocatalytic step only. €The

reaction was completed in 2 h. fObtained as a 3:2 mixture of diastereoisomers.

As described in Section 2.1.2.2, when CALB is in the presence of a peroxide and an
ester/acid, epoxidations and Baeyer-Villiger reactions are known to occur due to the
formation of peracids. However, the methodologies reported in the literature are mostly
carried out on simple compounds that bear only one type of functional group, either an
alkene or a ketone, highlighting a lack of investigation on the chemoselectivity when
multi-functional group molecules are exposed to the conditions of CALB catalysed

perhydrolysis. Therefore, sulfide derivatives 27m and 27n bearing a non-allylic double

34



bond were also synthesised to test whether epoxidation or sulfoxidation was favoured.
Sulfoxides 28m and 28n were obtained chemoselectively in high yields (Table 2.2,
Entries 12,13) and no traces of epoxide (by)-products were detected, indicating the
chemoselectivity of this reaction and the preferred oxidation of sulfur over alkenes. In
order to understand why sulfoxidation was favoured over epoxidation, ether 33 was
synthesised as shown in Scheme 2.15 and subsequently reacted with CALB and UHP
in EtOAc. Surprisingly, after 48 h reaction time, full recovery of 34 was determined by
crude *H NMR with no oxidation to the epoxide observed, even after doubling the
equivalents of UHP and CALB and increasing the reaction temperature to 50 °C.
Interestingly, other reports in the literature where terminal alkenes are exposed to
peracids formed in situ do not report the formation of the epoxide, as in the case of
limonene.81:188.189 |t was then hypothesised that the terminal alkene was not reactive
enough to react with the peracetic acid formed due to lack of interaction of adjacent filled
C-C and C-H o orbitals of parallel bonds with the T* antibonding orbital of the alkene.!°
This interaction stabilises the double bonds, and makes them significantly more
nucleophilic towards electrophiles, as the electron donation raises the energy of the
HOMO. For instance, there is a 21-fold increase in reactivity between a mono- and a
disubstituted alkene with mCPBA.1%

Br X 20% wiw S
©/OH 32 ©/ON CALB 3 ©/O\/\<I
> * (0)
MW irr., MeCN EtOAC, UHP,
phenol K2CO3, cat. Nal 33 37 °C 34
130°C, 2h

Scheme 2.15. Biocatalysed epoxidation of alkene-bearing ether 33.

With the aim to further investigate the chemoselectivity of this transformation, namely S-
oxidation versus Baeyer-Villiger oxidation, a series of sulfide substrates 38a-f bearing a
carbonyl moiety was also synthesised from thiophenol 35 through either a Michael
addition with af-unsaturated ketones 36 or an Sn2 reaction with a-chloro ketones 37. All
carbonyl containing substrates 38a-f were selectively oxidised at the sulfur atom, as
determined by NMR, affording the corresponding sulfoxides 39a-f with excellent
conversions (up to 99%) and high yields after 24 h (Table 2.3).
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Table 2.3. CALB biocatalysed synthesis of sulfoxides bearing carbonyl groups.

0]

R1/\)J\R_

SH
36a-c ©/ e -
20% w/w N -
thiophenol 35 ©\ R" O CALB ©\ R" O
or — : >
NaHCO, S)\(\/))nJ\R s)\(v)J\R

H,O. 1t EtOAc, UHP, 3 n
(e} 38a-f 37°C 39a-f
o, |
37a-c
Entry Compound R R n C(S/SZ (\‘(’/ISH S%?gooz
1 39a Me H 1 89 71 100:0
2 39b Me Me 1 68¢ 42 100:0
3 39c H Me 1 0 0 100:0
4 39d Me H O 99 67 80:20
5 3% Et H O 96 81 85:15
6 39f iPr H O 93 68 89:11

aDetermined by 'H-NMR of the crude mixture and referred to the conversion of 39 in SO/SOz2
products together; PReported isolated yields refer to the pure sulfoxides. Isolated yields refer to

the biocatalytic step only.

The only exception was represented by the aldehyde substrate 39c (Table 2.3, Entry 3)
which degraded during the reaction and no sulfoxide or other oxidation by-products were
obtained from the reaction mixture. In all cases, the oxidation was highly selective
towards the formation of the sulfoxide over the sulfone. Remarkably, no Baeyer-Villiger
oxidation side products were observed in any reaction, further proving the high
chemoselectivity of the methodology. Finally, to further investigate the compatibility of
this method with other functional groups, compounds 38a and 38c were reduced to their
alcohol derivatives 40a,c using NaBH4 (Scheme 2.16). Alcohols are also substrates of
CALB and, especially in a water free environment, tend to undergo esterification
reactions if either acids or esters, like EtOAc, are present (Section 2.1.2.2). Therefore,
40a,c were subjected to the CALB catalysed sulfoxidation and led to products 41a,c with
excellent conversions and yields (Scheme 2.16). Predictably, in the case of 41b, CALB
also catalysed the acetylation of the primary hydroxylgroup in addition to the S-oxidation,
showing that there are two concomitant reactions taking place. Instead, in the case of
41a, no acylation was observed due to the steric hindrance and decreased reactivity of
the secondary alcohol.
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Scheme 2.16. CALB biocatalysed synthesis of sulfoxides bearing hydroxyl groups.

2.3.1.4 Industrial applicability

One of the main drawbacks of the synthetic methodologies developed within an
academic environment is that they often fail to translate to industrial scale use as they
are not easily scalable and/or applicable to pharmaceutical ingredients (APIs). Initially,
the scalability of the CALB S-oxidation was investigated through the of 3 g of sulfide 27a
(Scheme 2.17, Part A), a 100-fold increase in scale compared to the scope of the
reaction. 27a was treated with the same conditions as for laboratory scale synthesis but,
in order to avoid the overoxidation of 27a due to high amounts of UHP used, as well as
for safety reasons, the peroxide was added to the reaction mixture in two portions every
30 min. The sulfoxide 28a was obtained with 93% conversion and 88% isolated yield,

with an excellent E-factor of 33. This was calculated using Equation 2 as shown below:

mass of total waste _ EtOAc+urea+H,O
mass of product Sulfoxide

)

E-factor =

Note that immobilised CALB was not included in the calculation of E-factor, because it
can be recycled at the end of the reaction. Secondly, applicability of the method to the
synthesis of APIs was investigated through the synthesis of omeprazole 43 (Scheme
2.17, Part B). The sulfide precursor 42 was treated with CALB and UHP under standard
condition with the addition of 1% DCM due to the poor solubility of 42 and the selective
oxidation of the sulfur to sulfoxide was quantitatively completed within 2 hours, leading
to omeprazole 43 in 73% isolated yield. No trace of the sulfone or other by-products were
observed. Even after considering the addition of DCM, the E-factor of the transformation
was found to be an optimal 35 (calculated using Equation 2), confirming the high
industrial applicability of the CALB oxidation method.
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Scheme 2.17. Part A: Gram-scale synthesis of sulfoxide 28a; Part B: Synthesis of omeprazole
43 via CALB biocatalysed oxidation.

Interestingly, most of the current approaches reported in literature for the synthesis of
omeprazole 43 are carried out under harsher reaction conditions and longer reaction
times,!91-193 highlighting the potential impact of this method on the synthesis of sulfoxide
containing pharmaceutical ingredients at industrial level.

2.3.1.5 Recyclability of the immobilised CALB

One of the many advantages of using immobilised enzymes is their recoverability at the
end of reaction, as the solid beads can easily be filtered from the liquid phase. Hence,
we set out to determine how many cycles the immobilised CALB used for this protocol
could withstand before losing activity. Therefore, a series of recyclability experiments
were performed where sulfide 27a was dissolved in EtOAc (400 mM) with 20% whiv
CALB and 1.1 equivalents of UHP and stirred for 24 h. At the end of each reaction, CALB
was filtered off and washed with a 9:1 mixture of CHsCN/water (9:1) to remove leftover
urea from UHP.1> CALB, obtained with a recovery yield of 75-96%, was then re-used in
a subsequent sulfoxidation reaction of 27a. The catalytic activity of CALB was maintained

through four reaction cycles without significant loss in oxidation activity and specificity
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Figure 2.4. Recycling experiments of CALB.

(99-94% conversions of 27a, Figure 2.4) until a drop to 39% of activity was observed in
the fifthcycle. The possibility of recycling CALB makesthis protocol even cheaper, hence
even more appropriate for industrial use.

2.3.2 In situ production of H,O, for the generation of peracids

The CALB sulfoxidation method developed uses a recyclable enzyme, a green solvent
and a mild oxidant, all features which makeit a green and sustainable protocol. However,
the use of UHP presents the main drawback of this method especially when handled at
large scale, because even if it is a stable form of H20: it could still result in explosions.
Therefore, in our quest to maximise the “grenness” and safety of our S-oxidation, we
attempted to remove the need for any stoichiometric peroxide by producing it in situ. The
main process for industrial production of H20: involves cycles of reduction and oxidation
of anthraquinone (AQ) and anthrahydroquinone (AHQ), followed by distillation and
concentration to give the desired 30-35% H20:2(Scheme 2.18). Notably, the reduction
and oxidation cycles must be carried out separately, as the reaction between Hz and O:
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Scheme 2.18. Industrial production of H202 from AQ.

would cause explosions, which makes this multistep process energy inefficient and
costly. Moreover, AQ oxidation is not an environmentally friendly process because it
produces large volumes of wastewater, solid waste and exhaust gas.!®** Therefore,
through the years, several more sustainable methodologies have emerged for the
production of H20:2 in situ, including electrochemistry,%5-22 direct synthesis!8203-205 gnd
photocatalysis.194206-212 From a green chemistry perspective photocatalysis is the most
appealing as it has the advantage to be fully compatible with the use of enzymes and

organic solvents, and therefore compatible with CALB.

2.3.2.1 Photocatalysed generation of H20:

Photocatalysis is a unique class of chemical transformations where thermodynamicaly
unfavourable reactions are driven to completion using optical energy. Specifically, a
photocatalyst is a chemical or material that can absorb light and change the kinetics of
any given reaction by establishing new thermodynamically favourable routes.?** When it
comes to alternative ways to produce H:202, photocatalytic methodologies boast the
second largest number of publications after electrochemical methods. In fact, over the
past decade, the production of H20:2 via photocatalytic routes has grown exponentially,
as it only needs Earth-abundant H-0O and O: as bulk materials and it relies on light as
the energy supply. As aresult, there is a plethora of publications focused on the use of

40



light to produce H202, which are elegantly summarised in excellent review

papers 194,198,205,209,210,212

Like all photochemical transformations, production of H20: has to follow three essential
steps: i) absorption of a photon on the photocatalyst; ii) excitation of electrons form low
energy states to high energy states and iii) transfer of the electron to the chemical
species via charge carriers (Figure 2.5). Then, regardless of the method used, it is
generally accepted that the photocatalytic production of H202 can proceed via two
generic routes: i) the direct one step, 2 electron reduction (Equation (1)) or ii) the indirect
sequential two step, single electron reduction (Equation (2)-(5)). Both routes can be
summarised in Equation (6).

02+2H"+2e — H20:2 (1)
O2+e — 02" (2
02>+ H* —» HO2* 3)
HO2* + e — HOz 4
HO2 + H* — H20:2 5)
2H:0 + 02 5 2 H:0: (©)

The most common photocatalyst investigated for the photocatalytic production of H20:
is TiOz, as it is highly structurally stable, biocompatible and has interesting physical,
optical and electric properties.?4215

Reduction

o

Figure 2.5. Three essential steps of photocatalytic transformations: i) absorption of photon; ii)
excitation of electrons to high energy states and iii) transfer of electrons to chemical species.
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However, pure TiOz has some heavy drawbacks, such as bad light absorption due to the
large band gap between its low and high energy states, which requires high frequency
wavelengths such as UV to promote electrons, and it can be easily decomposed.
Therefore, modification strategies have been implemented to design better TiO2 based
photocatalysts, including surface complexation with anions and cations,?'¢2!’ loading of
Nobel metals NPs,?'8-22° modifications with quantum dots??'-222 and heterogenization with
graphene oxide.?%-225 A novel photocatalyst class that has gained substantial interest in
recent years is graphite-like carbon nitrides (g-CsN4), metal-free polymers analogues of
graphite with a similar 2D layered structure that gives them unique electrical, optical,
structural, and physiochemical properties.??¢:22” Compared to TiO2 based photocatalysts,
these have a lower band gap that absorbs in the visible light and have been shown to
both oxidise and reduce water,??2-230 making them ideal for H202 production. However,
the use of g-CsNuis still limited for H202 production because of disadvantages such as
low surface area and low efficiency in light absorption.?® Other photocatalysts include
more inorganic-based materials, metal-organic materials, supramolecular coordination
complexes, coordination polymers and metal free polymers.'® Despite presenting
valuable alternative solutions to the synthesis of H202, the majority of these protocols
use materials that are not commercially available and are often difficultand/or expensive
to synthesise. Combined with the low H20: yields, poor response to light and
decomposition of the photocatalyst, the use of these photocatalytic protocols is
unfeasible in many laboratories.

However, in 2016 Xu et al. reported the continuous photocatalytic production of H202
using 2-ethylanthraquinone (EAQ) and full-spectrum light.2% This was the firstcheap and
accessible methodology for the synthesis of H20: in situ, as EAQ is an economical
commercially available by-product of the production of H202 using AQ.'** In their
protocol, Xu et al. reported that when under full-spectrum light irradiation and a steady
air flow, after 6 h EAQ could produce up to 366 mM H20: in an EtOH monophasic system
or 478, 500 and 574 mM in toluene/water, xylene/water and mesitylene/water biphasic
systems respectively. Even at the lowest final concentration of H20zin EtOH, this system
could provide enough peroxide for the CALB catalysed sulfoxidation. It was envisioned
that the best media for the photocatalytic production of H202 would be a mixture of EtOH
and EtOAc, because EtOH would behave as a H-donor for the excited state of EAQ, and
EtOAc would still react with the immobilised CALB to make the peracid species (Scheme
2.19). Additionally, the two solvents should be compatible with each other as EtOH is a

product of EtOAc perhydrolysis.
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Scheme 2.19. Envisioned photo- and biocatalytic synthesis of 28a.

Therefore, sulfide 27a was placed in a 95:5 mixture of EtOAc and EtOH at 37 °C with
20% w/w CALB and irradiated under white light (5W) over 24 h (Table 2.4, Entry 1).
However, only 15% conversion to 28a was observed by *H NMR and it was also found
that increasing the temperature to 50 °C would only approximately double the conversion
to 34% (Table 2.4, Entry 2). As these results were not satisfactory, different solvent ratios
were tried to rule out poor reactivity of the photocatalyst due to the low 5% H-donor
alcohol content. Interestingly, while a 1:1 ratio of EtOH and EtOAc did not show any
improvement (Table 2.4, Entry 3), carrying out the reaction in 100% EtOH and catalytic
amounts of EtOAc afforded 28a in 72 and 85% conversion after 4 and 24 h respectively
(Table 2.4, Entries 4,5). However, it was soon realised that, when in EtOH, the
sulfoxidation of 27a would proceed spontaneously, probably due to the reaction of free
radicals formed in the photocatalytic process with Oz, as 28a was obtained almost
guantitatively in the absence of CALB (Table 2.4, Entry 6). A weeklong experiment was
carried out to assess the photocatalytic S-oxidative activity of EAQ alone in the 95:5
mixture of EtOAc and EtOH (Table 2.4, Entry 7). The rationale behind this experiment
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Table 2.4. First screening of conditions for the photo- and biocatalysed sulfoxidation of 27a.

EAQ ® H,0 H,O
5W 2V2 B‘;g 2
white light -
LED
solvent system 0
I
Cr o
27a 28a
Entry CALB (% w/w) Solvent system T(C) Time(h) Conv. (%)?
1 20 EtOAC/EtOH 95:5 37 24 15
2 20 EtOAC/EtOH 95:5 50 24 34
3 20 EtOAC/EtOH 1:1 37 24 16
4 20 EtOH (cat. EtOAC) 37 4 72
5 20 EtOH (cat. EtOAC) 37 24 85
6 0 EtOH 37 24 98
7 0 EtOAC/EtOH 95:5 37 1 week 97

aDetermined by H-NMR of the crude mixture.

was to understand whether CALB could at least facilitate the oxidation of 27a over along
period of time when in less favourable reaction media. However, after a week the
conversion of 27a to 28a was 97%, indicating that the system does not need CALB and

the peracid formation to oxidise sulfides.

The results for the sulfide oxidation obtained in the monophasic EtOH system clearly
indicate that CALB is not required for the formation of the sulfoxide. Therefore, the
oxidation was attempted in a biphasic toluene/water system, as it was foreseen that the
reactive radical species would be more soluble in the aqueous phase while the sulfide
27a would prefer the apolar toluene layer, hence limiting the surface area of reaction and
promoting the CALB catalysed perhydrolysis over the photocatalytic oxidation. It was
also predicted that no addition of acid or ester CALB substrate was needed because in
the paper the authors described a possible oxidative pathway of toluene leading to
benzoic acid 44. In fact, toluene, and the other organic solvents xylene and mesitylene,
behaves as the H-donor for the photocatalytic cycle of EAQ, but compared to EtOH, it
then undergoes a series of oxidative transformations with the excited EAQ* until the fully
oxidised product, benzoic acid 44, is obtained (Equations 7-9). The formation of 44 was
confirmed by isolation of pure product after EAQ was irradiated under white light (5W)

for 24 h in a mixture of toluene/water 4:1.
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Next, a reaction with 27a, CALB, stoichiometric H202 and benzoic acid 44 in
toluene/water 4:1 was carried out to verify that the CALB catalysed sulfoxidation could
occur under these conditions, and after 24 h 85% conversion to 28a was calculated by
'H NMR (Scheme 2.20). With this data in hand, 27a was placed in a 4:1 toluene/water
biphasic system with EAQ and CALB and it was irradiated under white light (5W). After
24 h, a 29% conversion to 28a was observed by NMR (Table 2.5, Entry 1), which was
improved to 92% after irradiating for 48 h instead (Table 2.5, Entry 2). In order to prove
that this sulfoxidation was indeed photobiocatalysed, a control reaction was carried out
in DCM/water 4:1, since DCM is not a proton donor and therefore no reaction should
take place. Unfortunately, the conversion to 28a reached 50% after only 24 h (Table 2.5,
Entry 3) and upon removal of CALB it even increased to 70% after 24 h (Table 2.5, Entry
4), indicating that somehow CALB might be inhibiting the photocatalytic sulfoxidation.

S\ 30% H50, (1.2 eq) S\
oy - y
27a OH 28a
85% conv.

44
toluene/H,0 4:1
24h, 37°C

Scheme 2.20. CALB biocatalysed oxidation of 27a in toluene/water 4:1 and benzoic acid 44.
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Table 2.5. Second screening of conditions for the photo- and biocatalysed sulfoxidation of 27a.

0] o (0] /OH
b OH =5 CALB o]
EAQ + H,O, + -
SW solvent system
white light
LED
/\ 9
o o
27a 28a

Entry CALB (% w/w) Solvent system T (°C) Time (h) Conv. (%)

1 20 Toluene/H:20 4:1 37 24 29
2 20 Toluene/H:20 4:1 37 48 92
3 20 DCM/H20 4:1 37 24 50
4 0 DCM/H20 4:1 37 24 70

aDetermined by H-NMR of the crude mixture.

The control reactions clearly highlighted that the sulfoxidation is achieved exclusively via
photocatalytic means and, as H20: alone isn’t strong enough to oxidise 27a, that the
mechanism of oxidation probably proceeds through the activation of Oz into a reactive
oxygen species that attacks the sulfide to form the sulfoxide. Photocatalytic sulfoxidation
is a well-documented process and by combining photocatalytic cycles reported by other
groups?3-233 with the EAQ one proposed by Xu et al., 2% in Scheme 2.21 it was possible
to hypothesise how the S-sulfoxidation may be catalysed by light. Despite the promising
results from the photocatalytic S-oxidation using only EAQ, which still hasn’t been
considered for this oxidative process, it was decided to not pursue this part of the project
further as our focus was on industrially applicable methodologies and CALB with
stoichiometric UHP still offered the more appropriate approach. In fact, at large scale
production, it is difficult to provide uniform irradiation of light to large batch reactions and
relatively expensive specialist equipment would be required. This would have also been
true if the initial prediction forthe bio- photocatalytic cycle had worked, but the production
of H20:2 in situ and hence avoiding handling peroxides would have outweighed the extra
costs and efforts of ensuring even light irradiation. Therefore, the use of EAQ for
sulfoxidations was halted and the focus shifted back to the original CALB biocatalysed
method.
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Scheme 2.21. Proposed S-oxidation mechanism for the photocatalytic oxidation of 27a.

2.3.3 Development of a methodology to obtain chiral sulfoxides

The CALB catalysed oxidation of sulfides has proved to be efficient at both academic
and industrial scale to afford racemic sulfoxides in high yields. The lack of chirality of the
method is derived by the fact that CALB is not active on the sulfide, but on EtOAc, which
is achiral and will exclusively lead to racemic sulfoxides. Therefore, we decided to
investigate whether a method to obtain enantiopure sulfoxides could be achieved whilst
maintaining the high efficiency, selectivity, and industrial applicability of the biocatalytic
CALB method.

2.3.3.1 Stereoselective oxidation via the use of chiral acids

Chirality induces chirality. Based on this statement and on a report by Drozdz and
Chrobok, where a stereoselective CALB catalysed Baeyer-Villiger oxidation of 4-
methylcyclohexanone was achieved using (R)-4-methyloctanoic acid to afford (R)-4-
methylcaprolactone in 97% yield and 96% ee after 8 days (Scheme 2.22),'"° the natural
progression for the development of a chiral CALB biocatalysed sulfoxidation was to look
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Scheme 2.22. Reaction of the asymmetric chemo-enzymatic Baeyer-Villiger oxidation of 4-
methylcyclohexanone.179

for commercially available chiral acids or esters which could be transformed to chiral
peracids by CALB. Therefore, commercially available chiral acids 45-53 were selected
for the stereoselective oxidation of 27a. Results are reported in Table 2.6. The general
pattern observed was that the bulkier the acid was around the carboxylic acid moiety,
the less efficient the S-oxidation was, whichis in line with what was reported by Drozdz
and Chrobok.'"® Initially, the stereoselective sulfoxidation was attempted with a series of
amino acids 45-37. It was found that when proline 45 was used as the unprotected
version, a poor 39% conversion to 28a was obtained in 24 h (Table 2.6, Entry 1). Instead,
upon protecting the free amine, the conversion to 28a increased to 70% with 46 in 24 h
(Table 2.6, Entry 2) and a 15% conversion was also observed after 2.5 h when 47 was
used (Table 2.6, Entry 3). Although 15% conversion can be classified as low, it was
achieved after only 2.5 h indicating that there was an increase of reaction rate compared
to Entry 1. A further increase was obtained moving from the cyclic prolines 45-36 to the
linear Fmoc-valine 47, which yielded 28a in 83% conversion. A series of non-amino acid
carboxylic acids was also studied (Table 2.6, Entries 4-9). The most promising oxidations
of 27a were achieved using acids 50, 51 and 53 that afforded 28a in 99, 94 and 81%
conversion respectively. These acids are in fact the smallest and less hindered of the
series, which probably facilitated the perhydrolysis process by CALB. Larger acids 49
and 52 instead led to 28a in 9 and 11% conversion respectively. Unfortunately, no
enantioselective oxidation was obtained with any of the acids, as negligible ees were
observed by chiral HPLC.
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Table 2.6. Screening of commercially available acids for the asymmetric synthesis of 28a.

20% wiw e 8 >
Oy~ === Oy
acid 45-53

2-24 h, 37 °C

o}
O (S)
>HJ\ OH

HO

N~ ~CO,H

H 53

52

Entry Acid Time (h) Conv. (%)? ee (%)°

1 Proline 45 24 39 2
2 Fmoc-Pro 46 24 70 2
3 4749 2.5 15 <1
4 Fmoc-Val 48 24 83 2
5 49 2 9 <1
6 50 24 99 <1
7 51 24 94 <1
8 524 25 11 1
9 53¢ 24 81 1

aDetermined by H-NMR of the crude mixture; "Determined by chiral HPLC using an IG/IC

Chiracel column; °Reactionwas carried out in toluene; 9Derived from the commercially available

amino acid after treatment with pivaloyl chloride (see Experimental 6.2.9 for details).

The complete absence of enantioselectivity was initially attributed to the sulfide 27a
being too small and lacking handles for the acids to interact with. Therefore, the focus
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shifted towards sulfides containing other functional groups, such as sulfides 38 from the
substrate scope of the racemic oxidation of CALB. Particularly, it was predicted that
sulfide 38a would interact strongly with proline 45 forming a stable enamine intermediate
43, which would then form the peracid after reacting with CALB and UHP. As the
geometrical arrangement of the peracid and sulfide would now be fixed, (S)-39a should
be obtained (Scheme 2.23, Part A). However, when 38a was reacted with 45, CALB,
UHP in THF and water, only a disappointing 21% conversion and negligible ee were
obtained (Scheme 2.23, Part B).

Part A: Predicted mechanism of the enentioselective oxidation of 27a

©\ /\)OQ —"HQO HOM —_— HOW
S o)
HN /\/\
38a S

iminium enamine
HO™ ~o 54

CALB
UHP

20% wiw S 8

L 21% conversion
s/\)J\ s+\)J\ <1% ee
THF/water, 1.1 eq. UHP, 6
38a 37 °C, 24h 39a
(0]
Lo
NH 45

Scheme 2.23. Asymmetric synthesis of 39a. Part A) Predicted mechanism. Part B) Scheme of
reaction.
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2.4 Final considerations and conclusions

In this project, a mild, green, and scalable methodology for the synthesis of sulfoxides
was developed using immobilised CALB and UHP in EtOAc. With this method, a total of
17 alkyl-aryl sulfoxides, 6 carbonyl- and 2 hydroxyl- containing sulfoxides and
omeprazole were obtained in excellent conversions and yields with little-to-no sulfone
overoxidation by-products. Furthermore, this method is highly chemoselective as no
epoxidation or Baeyer-Villiger side reaction products were observed. Among the benefits
that this protocol offers, its industrial applicability is what elevates this methodology
above other reports in the literature. For instance, the use of EtOAc with the dual role of
green solvent and substrate for CALB greatly increases the sustainability and safety of
the methodology. In fact, EtOAc has a low environmental impact and toxicity, is cheap,
readily available, and easy to purify by distillation after completion of reaction, which
make it one of the best solvents for use at industrial scale production.8-24 Additionally,
EtOAc is converted by CALB into peracetic acid, the oxidative species, which means no
acid or ester additives were required to promote the oxidation of the sulfide. This allowed
the overall reduction of end-of-life waste and contributed to a better atom economy. The
EtOAc decomposition products, EtOH and acetic acid, are also considered non-toxic
and, once separated by distillation, can potentially be recycled for other processes as
solvents or reagents. The use of immobilised CALB also increases the appeal of the
method for industrial use. In fact, the commercially available CALB used in this protocol
is a biocatalyst that can easily be recycled up to four times just by filtration without any
significant loss in activity, which reduces the costs of production and improves its
sustainability. Moreover, despite commercial CALB being already affordable, in order to
further reduce the expenses at industrial level, the immobilisation of the enzyme can
easily be done in-house, as the structural features of CALB allow for an easy and well
documented immobilisation strategy onto acrylic resins. Lastly, the more stable, easy to
handle and ultimately safer UHP is used in place of aqueous H20:. The end product urea
and H20 can easily be separated from the final reaction mix during the workup phase

and recovery of sulfoxide and are themselves innocuous.

Efforts to further improve the sustainability and scope of the reaction were made. Firstly,
with the intention to avoid the use of stoichiometric amounts of peroxide, the production
of H202in situ was attempted via photocatalytic methods, using EAQ. Reported by Xu et
al.,?% it was found that EAQ could produce H202 under full spectrum irradiation. EAQ
itself was regarded an ideal photocatalyst as it is an end-of-production waste derivative
of AQ in the industrial production of H202, which makes it cheap and readily available in
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tonne scales. Also, its use allows recycling of waste chemical that otherwise would
contribute to waste. EAQ was therefore applied to produce H20:in the CALB catalysed
synthesis of sulfoxides. Whether in a EtOH monophasic system or a toluene-water
biphasic system, unfortunately EAQ always gave the same results: negligible H202
formation and direct photocatalytic oxidation of sulfides by activation of molecular
oxygen. After assessing the parameters of this photocatalysed sulfoxidation, it was
decided that despite the promising results, this transformation would find fewer industrial
applications compared to CALB and therefore the focus shifted back to the original
methodology.

Secondly, given the effectiveness of the protocol to produce sulfoxides in high
conversions and yields, the use of chiral acid additives for the enantioselective oxidation
of sulfides was attempted to expand the scope of the reaction. Therefore, based on a
report by Drozdz and Chrobok,'”® who described the enantioselective synthesis of
lactones starting from the chiral (R)-4-methyloctanoic acid, a series of commercially
available chiral acids were employed in S-oxidations. Unfortunately, regardless of the
nature of both the acid and sulfide, no enantioselectivity or enantioenrichment were
observed despite achieving good conversions. This was probably due to lose interactions

between the oxidant and substrate that resulted in racemic oxidations.

52



Chapter 3. Stereoselective oxidation of functionalised

sulfides using flavoprotein monooxygenases

3.1 Introduction

Despite the remarkable success and applicability of the CALB catalysed sulfoxidation
protocol, all attempts at developing an enantioselective strategy were unsuccessful.
Therefore, our attention turned to a different and more traditional approach, which
entailed the use of oxidative enzymes capable of interacting directly with prochiral sulfide
substrates. Historically, enzymes such as  peroxygenases®>2 and
monooxygenases®*®-2** have been used for the synthesis of enantiopure sulfoxides
because of their ability to catalyse the addition of one oxygen atom to their substrates.
One of the main differences between these two classes of enzymes, which also
determines the mode of action, is the source of atomic oxygen, since peroxygenases
take advantage of H202 produced by metabolic pathways and reactive oxygen species
(ROS) in cells, while monooxygenases rely on a supply of molecular oxygen to carry out
oxidative transformations (Figure 3.1). While both classes of enzymes were proven
valuable tools for the biocatalytic oxidation of various substrates, peroxygenases require
stoichiometric amounts of H202, which as explained in the previous chapter, can be
disadvantageous when large scale syntheses are performed. Additionally, not all
peroxygenases are stable at high levels of H202, as it can lead to their deactivation, and
therefore labour-intensive stepwise additions®*¢ or the development of a parallel

biocatalytic production of H20: in situ?** are necessary for efficient oxidative processes.

H,O
PEN
H,0, R R4
o
-
R/S\R Monooxygenases
Peroxygenases 1
Enantiopure
sulfoxides
0,
/S\
R R, NAD(P)H
NAD(P)*

H,0

Figure 3.1. Differences in the mechanism of oxidation between monooxygenases and
peroxygenases.
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Meanwhile, monooxygenases have shown to be active in the presence of just
atmospheric oxygen,?*> making them a more appealing class of enzymes to study.
Therefore, in this project, two subclasses of flavoprotein monooxygenases (FPMO),
namely the Baeyer-Villiger (BVMO) and flavine-containing monooxygenases (FMO),

were investigated for the synthesis of enantiopure sulfoxides.

3.1.1 Classification, structural features, and mechanism of flavoprotein
monooxygenases

As already mentioned, BVMOs and FMOs are oxidative enzymes that belong to a
broader class of enzymes called flavoprotein monooxygenases (FPMO). To date, there
are eight subclasses of FPMOs (Groups A to H), which are differentiated by both
structural and functional features.?*>24 For instance, enzymes in Groups A and B rely
on the tightly bound flavin adenosine dinucleotide (FAD) prosthetic group and
nicotinamide adenine (phosphorylated) dinucleotide (NAD(P)H) as electron donor for
their oxidative activity.?*>?4” FPMOs in Groups A and B are also single-component
enzymes, meaning that they are capable of regenerating the active site without the need
for external recycling systems. Instead, enzymes in Groups C to F are coupled with a
flavin reductase system which facilitates the electron transfer from NAD(P)H to the
oxidised form of the flavin prosthetic group.?*>24” For this reason, these FPMOs are
called two component systems. Up until recently, Groups A to F made up the entirety of
FPMOs. However, as more enzymes were discovered, two new classes were added to
the classification of these enzymes, namely Groups G and H, which comprise the so-
called ‘internal” FPMOs, biocatalysts that, just like those in Groups A and B, are single
component systems but are also self-sufficient and do not need an external electron
donor.?*” Together, Groups A to H contain a plethora of FPMOsthat can perform different
oxidative reactions, which are found in a brief summary in Figure 3.2. The vast majority
of BVMOs and FMOs can be classified as Group B FPMOs.?45-248 These enzymes, even
in cases of low degree of sequence similarity, share common structural features such as
a Rossmann-like three-layer Bpa sandwich domain for FAD binding, and a further Ba
sandwich binding domain for NAD(P)H.?4247 Within Group B FPMOs there are other
subclasses, including Group B1 and Group B2, where BVMOs and FMOs are found,
respectively. The BVMOs found in Group B1 are classified as Type | BVMOs and can
perform Baeyer-Villiger oxidations on a wide scope of ketones and aldehydes as well as
oxidations on heteroatoms. There is another class of BVMOs, Type Il, which also
catalyse Baeyer-Villiger oxidations, but these are two-component enzymes belonging to
Group C and are not discussed here.?*®
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Class | FPMOs - single-component with external electron donor

Group A Group B
Flavin binding domain: GR2-type Rossmann fold Flavin binding domain: FMO type Rossmann fold
Example: p-hydroxybenzoate hydroxylase Example: cyclohexanone monooxygenase
OH o o
o < o O 7N O
“00C 00C
NADPH + H* NADP* NADPH + H* NADP*
+ 0, +H,0 + 0y +Hy0
Other reactions: epoxidation, sulfoxidation, decarboxylation, etc... Other reactions: sulfoxidation, N-hydroxylation, decarboxylation, etc...

Class Il FPMOs - two-component with external electron donor

Group C Group D
Flavin binding domain: TIM barrel fold Flavin binding domain: Acyl-CoA dehydrogenase
Example: luciferase Example: 2-methyl indolylpyruvate 3-hydroxylase

o)
R
R = alkyl "‘ngn . N

FMNH + H* FMN

+0, +H,0 H FADH +H'  FAD
+ Oy + H,0
Other reactions: Baeyer-Villiger, dealkylation, desulfonation, etc... Other reactions: M-hydroxylation, sulfoxidation, dehalogenation, ete...
Group E Group F
Flavin binding domain: GR2-type Rossmann fold Flavin binding domain: GR2-type Rossmann fold
Example: styrene monooxygenase Example: tryptophan halogenase
coo GO0
StyA
Ecsty, m NH, KtzQ NH;
B N B
FADH" + H' FAD N "
H FADH +H*  FAD \
+0, +Hy0 +2H,0 ©
+ 05+ CI 2
Other reactions: sulfoxidation and epoxidation Other reactions: halogenation, C,M-biaryl coupling, etc...
Class lll FPMOs - single-component without external electron donor
Group G Group H
Flavin binding domain: MAO-type Rossmann fold Flavin binding domain: TIM barrel fold
Example: phenylalanine 2-monooxygenase Example: nitronate monooxygenase
(o] .
: NiMO o
PAO 00C
(o] — -
R/\l)j\o_ 7T’ R/Y NO, - - OOC\)J\H
MNH2 NH2 .
FADH +H* FAD FADH +H' FAD
+0, + HyO + Oy + HoyO
Other reactions: decarboxylation, deamination, etc... Other reactions: denitration, decarboxylation, etc...

Figure 3.2. Summary of the different groups of FPMOs (A-H).

The first BVMO activity was observed in 1948 by Turfitt,>*° who described the oxidative
degradation of steroids and cholesterol by Actinomyces (formerly known as
Proactinomyces) bacteria from soil. However, it was only later in 1971 that Norris et al.
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identified a NADPH and molecular oxygen-dependent enzyme capable of catalysing
Baeyer-Villiger oxidations of cyclohexanone to ¢-caprolactone in Nocardia
globerula CL1.2® The enzyme was subsequently isolated from Acinetobacter
calcoaceticus and characterised as cyclohexanone monooxygenase (AcCCHMO).®!
Since then, several eukaryotic and prokaryotic BVMOs have been found and these play
essential roles in the metabolism of toxins, steroids, hydrocarbons and terpenes to name
a few.?*¢ Instead, the FMOs found in group B2 can be further classified as type | FMOs
and type Il FMOs, which can both carry out Baeyer-Villiger transformations and
heteroatom oxidations. Even though FMOs are found in all kingdoms of life, plant FMOs,
such as YUCCA enzymes, have attracted significant interest in the last two decades due
to their large diversity and unexplored physiological function.?*52%2 The first FMO was
described in 1972 by Ziegler and Mitchell,?>®> who reported the N-oxidation of lipophilic
sec- and tert-amines to the corresponding hydroxylamines and amine oxides using a

FMO extracted from pig liver.

Since their discoveries, these Group B FPMO enzymes have attracted a lot of attention
in the scientific community because they provide safer, chemo- and stereoselective, and
overall, more sustainable alternatives to the traditional methods for Baeyer-Villiger
transformations, notoriously dangerous due to the explosive nature of peracids, and S-
and N-heteroatom oxidations.?*>24¢ Therefore, due to the ever-increasing interest,
modern techniques such as gene mining?* and gene evolution allowed the discovery
and design of several new BVMOs and FMOs. Interestingly, a 30-year gap separates
the discoveries of the first BVMO and FMO enzyme from the full resolution of their crystal
structures. In fact, in 2004 Malito et al. reported the first crystal structure of a BVMO from
the thermophilic bacterium Thermobifida fusca,?*® while the first FMO crystal structure
was reported in 2006 by Eswaramoorthy et al.,*®* who analysed the mechanism and
structure of a FMO extracted from the fungus Schizosaccharomyces pombe. Following
these initial breakthroughs, several other groups®’ also reported crystal structures of
new BVMOs and FMOs, which together with mechanistic studies allowed the
determination of the mechanism of action?4%:247.258-262 of these biocatalysts. The
biocatalytic cycle of Group B FPMOs starts when NADPH binds to its binding domain in
the active site (Scheme 3.1, a). This then triggers a two-electron reduction of the FAD
prosthetic group (FADH) that reacts with molecular oxygenthrough a radical mechanism

pathway to form a peroxyflavin oxidative species (FADoown)) (Scheme 3.1, b).
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Scheme 3.1. Proposed mechanism of action of Group B FPMOs using flavin and NAD(P)H

cofactors.

To date there are three accepted forms of peroxyflavin species that have all been

observed through UV-vis spectroscopy studies, thanks to their unique absorption

profiles, and crystallography studies (Scheme 3.2).2452%° For a long time, FADc4aoo) was

believed to be the only form of oxygenating FADoo) species and has been extensively

studied as a result. Depending on the environmental conditions, this species can be

found in both its protonated and deprotonated form (Scheme 3.2), which affects the

reactivity of the enzyme. While FADcasaocon) still remains the most common oxidating

FADoow) species for oxidative transformations, recently researchers have also identified

two forms, namely the FADnsoo and FADnso (Scheme 3.2), which suggest that FPMOs

may have a broader applicability to diverse substrates and mechanistic complexity than

anticipated.?®® Due to the large volume of publications on the biocatalytic mechanism

based on FADcaaco), this species will be used to describe the full catalytic cycle of

Group B FPMOs.
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Scheme 3.2. Formation of the three peroxyflavin species in FPMOs.

While free peroxyflavins are highly unstable in solution, enzyme bound FADoow) is
stabilised through interactions in the active site of FPMOs. Unfortunately, the exact
factors that influence the mechanism of stabilisation of peroxyflavin are not well known,
as the lifetime of this species can vary from milliseconds in some FPMOs to several
hours in FMOs.?*> Some in silico and crystallography studies seem to suggest that the
amide oxygen of the oxidised NADP* may form a hydrogen bond with the flavin’s N5.263
This is further supported by a study in which omission of the nicotinamide cofactor in
certain BVMO and Group B enzymes sped up the decay process of FADoow).2%* Finally,
an arginine in the active site formsanother key interaction for the stabilisation of FADoow)
in its deprotonated form (FADoo) (Scheme 3.1). After FADoo)is stabilised, if a suitable
substrate, such as a ketone or sulfide, is present, the next step in the biocatalytic cycle
is either a nucleophilic or electrophilic attack on the substrate depending on the
protonation state of the peroxyflavin (Scheme 3.1, d). In fact, if protonated, FADoon will
perform an electrophilic attack on soft nucleophiles such as sulfur, amines, or C-C double
bonds; whilst, if deprotonated, FADoo will react with electrophilic substrates, such as
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ketones and aldehydes, to perform Baeyer-Villiger oxidations (very common in BVMOs).
Just as for the traditional synthesis, formation of an ester or acid during a biocatalysed
Baeyer-Villiger oxidation occurs via a Criegee intermediate (Scheme 3.1, d).?4:2%° In the
absence of a substrate, peroxyflavin instead decays to form H20: in the so-called
‘uncoupling’ reaction (Scheme 3.1, f). After the oxygen transfer from the peroxyflavin to
the substrate has occurred, a hydroxy-flavin species is formed (FADon), whose
spontaneous dehydration reforms FAD. The last step in the catalytic cycle is the ejection
of the oxidised NADP* from the NADPH binding domain so that another NADPH

molecule can then trigger a new cycle (Scheme 3.1, e).

3.1.2 Reactivity of BVMOs and FMOs

BVMOs and FMOs have been used since the 1960s and 1970s to catalyse a variety of
oxidative transformations and several extensive reviews that summarise the use of these
enzymes can be found in the literature.?®>-2%° As mentioned in 3.1.1, depending on the
nature of the substrate and the protonation state of peroxyflavin, BVMOs and FMOs can
catalyse either nucleophilic or electrophilic additions of oxygen onto their substrates.

3.1.2.1 Nucleophilic peroxyflavin FADcsa00- reactions

Undoubtedly the most common nucleophilic addition of oxygen, FPMO-catalysed
Baeyer-Villiger transformations of ketone and aldehyde substrates to afford the
corresponding ester or acids have been extensively studied since the discovery of
CHMO. Within the last five years, a multitude of new and improved BVMO methodologies
have emerged in the literature.?°-28 For example, in 2019 Solé et al. proposed a scale-
up procedure for the industrial synthesis of trimethyl-e-caprolactones 56 starting from
3,3,5-trimethyl-cyclohexanone 55 using cyclohexanone monooxygenase of
Thermocrispum municipale (tmCHMO) (Scheme 3.3).2”° The group carried out a
sequence of increasingly larger reaction volumes starting at 30 mL, where the
biocatalytic transformation was optimised for quantitative conversion, to reach a final
batch reaction volume of 100 L, obtaining 85% conversion and 76% yield after 9 h.
Additionally, the industrial applicability of this process was further enhanced because the
enzyme was used as fermentation broth, which requires the least amount of biocatalyst

preparation effort, and hence production cost.
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Scheme 3.3. Large scale production of trimethyl-e-caprolactones 56 using CHMO from T.
municipale by Solé et al..27®

One of the limitations of BVMOs is that often two regioisomers can be obtained during
Baeyer-Villiger transformations when the bonds rearrange in the Criegee intermediate.
The regioisomers are defined as ‘normal’, if the product follows the bond migration rules,
or ‘abnormal’ if the migration of the bonds does not follow the migration rules. Therefore
in 2021, Zhang et al. identified and engineered a novel BVMO biocatalyst from Gordonia
sihwensis (gsBVMO) with high selectivity for the normal regioisomer products after a
homology search initiated with the known sequence of BVMO from Pseudomonas putida
(ppBVMO).2"® The use of gsBVYMO for the Bayer-Villiger oxidation of aliphatic keto acids
57 afforded the ester product 58 with a normal to abnormal ratio of 97:3 (Scheme 3.4).
These products could then be further processed to obtain w-hydroxy fatty acids 59 that
have important applications as fragrances, adhesives, antiseptics, and pharmaceutical
intermediates. Despite being known to catalyse Bayer-Villiger oxidations, there are not
as many reports on the use of FMOs for the synthesis of esters or alcohols and many
date to over a decade ago. However, in 2019 Léwe et al. reported the isolation of three
new Type Il FMOs from the hydrocarbon degrading bacterium Pimelobacter sp.
(psFMOA-C).2"t

@)

\M%\OH
o O gsBVMO
T MT( CEOH s
m n OH /\ hydrolysis 0

S7a-d NADPH NADP* " saaa HOMJKOH
+H"+0, +Hy0 97% normal A
Baeyer-Villiger product 59a-d
am=3,n=2 w-hydr(_)xy
b:m=5n-=2 fatty acids
ccm=4,n=3
dm=7,n=8

Scheme 3.4. Bayer-Villiger oxidation of aliphatic keto acids 57 to ester products 58 using a
BVMO from G. sihwensis by Zhang et al..2’>
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After cloning and expressing the genes in E. coli, psFMOA was found to be the most
active of the three, converting 5.0 mM bicyclo[3.2.0]hept-2-en-6-one 60 to its
corresponding lactone 61 in 85% conversion and >99% ee for the normal 1R-5S
enantiomer 61a and 34% ee for the abnormal 1R-5S enantiomer 61b after 66 h (Scheme
3.5, Part A). Furthermore, the group proposed a photobiocatalytic in situ production of
formate, required forthe NADPH recycling system, from CO-, water, light and microalgae
which, when combined with psFMOA and formate dehydrogenase (FDH), led to the
production of 1R-5S-61 in 94% conversion and >99% ee for 61a or 57% ee for 61b
(Scheme 3.5, Part B).

Other BVMO-catalysed nucleophilic additions of oxygen but with far fewer reports in the
literature include oxidations of boronic acids,?%28! sulfonations®? and the very

uncommon phosphite oxidation.?83:284

Part A
H,0 o
FMOA/ RLo R) 61a: up to >99% ee
PP —_— 5 o + 5 O 61b: upto 34% ee
\ (S) (s) up to 85% conv. 61
NADPH NADP* 61a 61b
normal abnormal
FDH
CO, = formate
Part B
o 9 ?
\ GNe) *®) 61a: up to >99% ee
—ppFMOA—» 5 O 61b:upto57% ee
/ (S) up to 94% conv. 61
60
NADPH NADP* 61a 61b
normal abnormal
FDH
CO, formate
microalgae
/. light \
H,0O 0,

Scheme 3.5. Oxidation of bicyclo[3.2.0]hept-2-en-6-one 60 using the novel FMOA from
Pimelobacter sp. by Lowe et al..2”1 Part A) regeneration NADPH using stoichiometric formate.
Part B) in situ regeneration NADPH exploiting microalgae, light, water, and CO2.
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3.1.2.2 Electrophilic peroxyflavin FADcaaooH reactions

The two most frequently reported reactivities of BVMOs and FMOs for the electrophilic
addition of Oz onto soft nucleophilic substrates are N-oxidations and sulfoxidations.
Whilst both enzyme classes have been shown to carry out these oxidations efficiently,
N-oxidations are more common in FMOs, as their physiological role is to metabolise
nitrogen-containing toxins in organisms.?4"252 However, most publications on FMOs that
involve their ability to catalyse the formation of N-oxides are focused on understanding
their biological pathways and for the synthesis of drug metabolites.?®>-267 For instance,
in 2012 Hanlon et al. utilised the human FMO isoform 3 (hFMO3) for the milligram scale
synthesis of the N-oxide metabolite 62 of Moclobemide, routinely prescribed for
depression (Scheme 3.6).2%8 Instead in 2018, Chen et al. demonstrated that FMO1 in
Arabidopsis thaliana plants could catalyse the oxidation of pipecolic acid to N-hydroxy-
pipecolic acid, a metabolite responsible for triggering systemic disease resistance in
Arabidopsis plants.?® Despite the far fewer reports on their oxidative activity towards
amines and N-heterocycles, BVMOs have been used as biocatalysts for synthesis of
small and building block N-oxide molecules.?®*-2%2 |n 2007, Torres-Pazmifio and
colleagues reported the discovery of the M446G mutant of the thermostable
phenylacetone monooxygenase (PAMO), which showed substantial improvementin its
substrate specificity.?®®* Compared to the WT parent, the mutant could oxidise a variety
of ketones, sulfides, and secondary amines, including indole 63. The oxidation of indole
63 was especially interesting as the authors hypothesised that, due to the poor ability of
BVMOs to catalyse hydroxylations and epoxidations, PAMO M446G carried out the
N-oxidation of 63 to indole oxide 64, which was then converted to the indoxyl
intermediate 65 and subsequently dimerised to indigo blue (Scheme 3.7).2%

i (\O hFMO3 i (\O

TR i

NADPH NADP* 62
+
+H*+0, +Hy0

Moclobemide

Scheme 3.6. Synthesis of the N-oxide metabolite 62 of the antidepressant drug Moclobemide
using the human FMO isoform 3 by Hanlon et al..288
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Scheme 3.7. N-oxidation of indole 63 using M446G PAMO and subsequent spontaneous indigo
blue formation by Torres-Pazmifio et al..29

Compared to the overall low volume of publications on the well-established N-oxidative
ability of BVMOsand FMOs and with over fifty articles published in the last decade, there
is a consistently increasing number of reports for the BVMO and FMO biocatalysed
synthesis of enantiopure sulfoxides, perhaps due to the importance of the sulfoxide
moiety in all areas of chemistry. Between the two FPMOs, BVMO-catalysed
sulfoxidations make up most of the works reported in the literature, as these enzymes
have traditionally been under scrutiny for their biocatalytic properties far more than
FMOs. The stereoselective sulfur oxidations can be categorised into three groups:
discovery of new biocatalysts for the synthesis of small molecule sulfoxides,”:295:2%
synthesis of pharmaceutically active ingredients (API),243297.2% gnd large-scale
production of enantiopure sulfoxides.?°®3% For instance, de Gonzalo et al. reported the
stereoselective synthesis of (S)-alkyl aryl sulfoxides 67 in moderate to good ees (up to
93%) wusing the Baeyer-Viliger monooxygenase 2-Ox0-A3-4,55-trimethylcyclo-
pentenylacetyl-CoA 1,2-monooxygenase (OTEMO) from Pseudomonas putida.®®* The
enzyme was used as a PTDH-OTEMO fusion biocatalyst, where PTDH (phosphate
dehydrogenase) was used as the NADPH recycling enzyme at the expense of a
phosphite molecule (Scheme 3.8). In the course of the study, it was observed that
sulfides 66 with electron donating group (EDG) substituents generally afforded (S)-
sulfoxides with higher ee compared to those with electron withdrawing group (EWG)

substituents.
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Scheme 3.8. OTEMO catalysed oxidation of sulfides 66 to sulfoxides (S)-67 and sulfones 68 by
de Gonzalo et al..301

Furthermore, the authors reported that, in most cases, around 10% sulfone 68
overoxidation was obtained, which was subsequently exploited for the development of
the KR of racemic sulfoxides. However, OTEMO showed a low enantiopreference
towards sulfoxide oxidation, which led to enantioenriched sulfone:sulfoxide mixtures with
ees up to only 54%. The FMO-catalysed sulfoxidation of thioanisole 70 was also reported
by the same group, who identified eight new FPMOs from Rhodococcus jostii RHA1 and
tested them for their oxidative ability.*°> The sequence of seven of these new enzymes
formed an isolated cluster of proteins that presented similar structural motifs to FMOs,
and therefore were classified as a new FMO subclass, the type Il FMOs (FMO-Ato G).
Of these newly discovered biocatalysts, FMO-A-F only partially converted 69 to (R)-
methyl phenyl sulfoxide 70 in low to moderate ees (up to 33%), while FMO-G provided
(S)-70 in the highest observed ee (57%), but only in a mere 21% conversion (Scheme
3.9). BVMOs, in particular, have been largely investigated for API synthesis, especially
for the prazole-family. For example, in 2021 Liu et al. reported the synthesis of (R)-
lansoprazole 71 in 99% ee and >99% conversion in 35 h using a novel BVMO from
Cupriavidus basilensis (cbBVMO) as a whole cell catalyst (Scheme 3.10).3% After virtual
sequence filtering, gene cloning and expression, chBVMO was selected among 10,000
homologues of BVMO from Bradyrhizobium oligotrophicum, which was known to
selectively oxidise lansoprazole sulfide to the corresponding (R)-sulfoxide enantiomer.
BVMO-catalysed large-scale production protocols of enantiopure sulfoxides have also
recently emerged in the literature. In 2017 the team led by Goundry from AstraZeneca
reported the development of a protocol that uses Codexis’ BVMO-P1/D08 for the plant
scale manufacturing of sulfoxide (R,R)-73, an intermediate in the synthesis of the lead
candidate AZD6738 74 for an oncology project (Scheme 3.11).2%°
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Scheme 3.9. Type Il FMO catalysed enantioselective oxidation of thioanisole 69 to (R)- or (S)-
methyl pheny! sulfoxide 70.392

During the development of the process, the transfer of gas-liquid mass of Oz to the
reaction mixture was found to be responsible for the low biocatalytic efficiency of BVMO-
P1/D08 and low 73 yields. Therefore, after a series of around 30 kilogram-scale batch
reactions and performing at least two plant scale pilot reactions, the team managed to

obtain 73 from 72 in 72% yield (83 kg) at plant scale production level.

Other electrophilic oxidations catalysed by BVMOs and FMOs include oxidative
halogenations, rare heteroatom oxidations, and epoxidations. However, publications on
these topics are scarce as these reactions are more commonly catalysed by FPMOsin

other groups.245:247

N O,
H
X 7 N\
)—S chbBVMO — =
N (0]
e/
F F  NADPH NADP*
lansoprazole \ / (R)-lansoprazole
sulfide CO, FDH formate 71

>99% conversion
99% ee

Scheme 3.10. Synthesis of (R)-lansoprazole 71 in 99% and >99% conversion using the novel
cbBVMO by Liu et al..303
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Scheme 3.11. Plant scale synthesis of drug intermediate 19 in the synthesis of AZD6738 74
using Codexis’ BVMO-P1/D08 by Goundry and colleagues, AstraZeneca.2%°

Although the ability of BVMOs to perform enantioselective sulfoxidations has been
proven throughout the decades, the full biocatalytic potential of FMOs for the synthesis
of enantiopure sulfoxides remains largely unexplored. Additionally, most reports on the
chiral production of sulfoxides focus on substrates that do not bear other functional
groups that could potentially lead to the formation of other oxidative side products, such
as amines and ketones. Therefore, the lack of a detailed study on the chemoselectivity
of BVMOs and FMOs when reacted with multifunctional substrates means that the
applicability of these FPMOs remains limited to simple prochiral sulfides.
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3.2 Aims of the project

This project began as an investigation in collaboration with Almac aimed at finding
oxidative enzymes capable of chemo- and stereoselectively oxidising sulfides in
molecules bearing nitrogen heterocycles. Therefore, this project wanted to investigate
the ability of a panel of BVMO and FMO enzymes to stereoselectively catalyse the S-
oxidation of sulfide substrates bearing nitrogen heterocycles without generating N-oxide
side products. Additionally, to determine the commercial relevance of the identified
BVMOs and FMOs, we aimed at providing a more complete account on both the
chemoselectivity of these biocatalysts when reacted with carbonyl-containing substrates
and their general applicability when used for the enantioselective synthesis of simpler
sulfoxides.
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3.3 Results and discussion

3.3.1 Screening of the BVYMO and FMO panel

The project began by screening a panel of over 80 commercial BYMO and FMO
enzymes provided by Almac as freeze-dried cell free extracts (CFE). This panel
comprised a variety of both WT and engineered biocatalysts, which for intellectual
property (IP) reasons cannot be disclosed at this stage of the project. The pyridine-
containing sulfide 21a was the ideal initial substrate to identify enzymes capable of
carrying out chemo- and stereoselective sulfoxidations on compounds bearing functional
groups prone to oxidation by FPMOs and was therefore selected to perform the
screening of the panel. The initial reaction conditions were set to Almac’s enzyme Kit
instructions, which required 1.2 mM 21a, 10 gL' of enzyme CFE, 2.0 gL?! glucose
dehydrogenase (GDH), 5.5 eq. glucose and 2.0 mM NADP* in 50 mM Tris-HCI buffer at
pH = 8.0 with 2.0% CHsCN to solubilise 21a. Due to the large number of BVMOs and
FMOin the panel, only the best results of the screening have been reported in Table 3.1.
All the enzymes selectively oxidised 21a to the (S)-sulfoxide (S)-22a except for FMOD9,
which provided (R)-22a in 65% ee and full conversion (Table 3.1, Entry 16). Among the
enzymes that afforded the (S)-enantiomer, BVMO145 stood out as the most promising
biocatalyst as it led to (S)-22a in >99% ee and 75% conversion (Table 3.1, Entry 7).
Additionally, BVMO145 showed remarkable chemoselectivity for sulfide oxidation as no
traces of sulfone 23a were observed with this enzyme. This is in contrast to, forinstance,
the results obtained with BVMO129, which showed negligible stereoselectivity for the
oxidation of 21a and the major reaction product was 23a (Table 3.1, Entry 4), which
means that this enzyme would be a good candidate for biocatalysed sulfone synthesis
of pyridine bearing sulfides. Interestingly, no N-oxidation of the pyridine ring was
observed in any of the enzymes screened. Therefore, enzymes BVMO145 and FMOD9
were selected for the development of two complementary methodologies for the
oxidation of multi-functional group sulfides. It has to be noted that in the initial screening
of the FMO enzymes, it was not possible to determine the sulfone content at the end of
the reaction and due to time constraints, a second screening has not been performed.
However, as FMOD9 showed good opposite enantioselectivity to BVMO145, it was still
considered for the development of a sulfoxidation method.
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Table 3.1. Screening of the BVMO and FMO enzymes panel.

BVMO/FMO (10 gL™)

| AN 50 mM Tris-HCI pH 8.0 mo. m o
: 1 + \ 7/
N7 S o N" SN N" S o

2.0 mM NADP, 2.0 gL'1 GDH, (R/S)

27s 5.5 eq. Glucose, 2.0 % ACN, (R/S)-28s 29s
30°C, 18 h
Entry Enzyme Code COI'%\SI.S%a corzl\?.s%a eg%zb Enantiomer®
1 BVMO 113 36 - 32 (S)
2 BVMO 114 67 4 54 (S)
3 BVMO 128 48 - 6 (S)
4 BVMO 129 24 53 3 (S)
5 BVMO 138 66 14 54 (S)
6 BVMO 141 10 70 39 (S)
7 BVMO 145 75 - >99 (S)
8 BVMO 148 49 2 75 (S)
9 BVMO 149 63 3 72 (S)
10 FMO A3 99 n.d. 53 (S)
11 FMO A4 70 n.d.d 9 (S)
12 FMO A5 80 n.d.c 41 (S)
13 FMO A6 76 n.d.c 61 (S)
14 FMO D10 53 n.d.d 40 (S)
15 FMO D12 99 n.d.d a7 (S)
16 FMO D9 99 n.d.d 65 (R)
17 FMO E2 99 n.d. 9 (S)

aDetermined by reversed phase HPCL using a Kromasil C18 column, monitored at 254 nm.
bDetermined by chiral HPLC using Chiralpak IC column, monitored at 254 nm. SEnantiomer

determined by comparison with the literature. 9n.d. = not determined.

3.3.2 Optimisation of the BVMO145 biocatalysed (S)-sulfoxidation reaction

conditions

Once the two best enzymes which gave best conversion and ees were identified, the
sulfoxidation reaction conditions were optimised, focussing first on the use of BVMO145.
Firstly, the concentration of NADP* suggested by the Kit instructions was optimised. The
initial 2.0 mM NADP* equalled 1.7 eq. with respect to the concentration of 27s, which
was unnecessarily high stoichiometric amount of expensive cofactor as GDH and
glucose were also utilised in the biocatalytic system to continuously produce NADPH
from NADP*. Therefore, when the concentration of NADP* was setto 5 mol % (0.06 mM),
the conversion of 27s to (S)-28s was improved from 75% to 90% after 18 h without
affecting the ee (>99%) (Table 3.2, Entry 1).
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Table 3.2. Optimisation of the conditions of the BVMO145 biocatalysed 27s sulfoxidation.

O\,

RNy

BVMO145 ’%\
-1 ARD & &
N (10L7) /;’g’:ﬁ‘ Y o

| v

N SN 50 mM Tris-HCI pH 8.0 N” g)
27s NADP, GDH, Glucose, 28s
ACN, T °C, t
27s  NADPH  GDH T t Conv. A
Bty M mm dgtr PR e g o 8%
1 1.2 0.06 2 8.0 30 18 90 >99
2 1.2 0.06 5 8.0 30 18 40 >99
3 1.2 0.06 1 8.0 30 18 93 >99
4 5.0 0.06 1 8.0 30 18 42 >99
5 10 0.06 1 8.0 30 18 12 >99
6 20 0.06 1 8.0 30 18 12 >99
7 40 0.06 1 8.0 30 18 10 >99
8 5.0 0.25 1 8.0 30 18 93 >99
9 10 0.50 1 8.0 30 18 70 >99
10¢ 5.0 0.25 1 8.0 30 18 <1 n.d.d
11¢ 5.0 0.25 1 8.0 30 18 <1 n.d.d
12 - 0.25 1 8.0 30 18 - -
13 5.0 0.25 1 7.0 30 18 93 >99
14 5.0 0.25 1 9.0 30 18 >99 >99
15 5.0 0.25 1 9.0 37 18 >99 >99
16 5.0 0.25 1 9.0 37 4 >99 >99
17 5.0 0.25 1 9.0 37 1 71 >99

aDetermined by reversed phase HPCL using a Kromasil C18 column, monitored at 254 nm.
bDetermined by chiral HPLC using Chiralpak IC column, monitored at 254 nm. SEmpty vector E.

coli CFE. 9n.d. = not determined. *Enzyme-free reaction.

It was also found that the higher the concentration of GDH, the lower the overnight
conversion of 27s would be, as 5.0 gL? GDH led to 40% (S)-28s (Table 3.2, Entry 2),
while 1.0 gL' GDH led to a slightly improved 93% (S)-28s instead (Table 3.2, Entry 3).
Hence, the concentration of GDH was set to 1.0 gL for the rest of the optimisation
experiments. Then, the optimal concentration of 27s was investigated. Despite obtaining
>99% ee in all cases, when the concentration of NADP* was kept at 0.06 mM, any
increase in 27s concentration would unsurprisingly lead to much lower overnight
conversions (Table 3.2, Entries 4-7). However, if the concentration of NADP* was kept
at 5 mol % (hence increased with the concentration of 27s), the concentration of 27s
could be increased to 5.0 mM as (S)-28s was once again obtained in 93% conversion
and >99% ee (Table 3.2, Entry 8). Unfortunately, the enzyme did not seem to tolerate
substrate concentrations higher than 5.0 mM (Table 3.2, Entry 9), which was selected

as the optimal 27s concentration. Three control experiments were then performed, where
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empty pET28a(+) vector E. coli CFE, enzyme-free and substrate 27s-free reactions were
carried out (Table 3.2, Entries 10-12). In all three cases no sulfoxide 28s formation was
observed. Lastly the pH and reaction temperature were analysed (Table 3.2, Entries 13-
17), and it was found that at a higher pH of 9.0 and 37 °C, (S)-28s was obtained in
guantitative conversion (>99%) and >99% ee in only 4 h (Table 3.2, Entry 16).

3.3.3 Scope of the BVMO145 biocatalysed sulfoxidation

With the best conditions in hand (Table 3.2, Entry 16), the scope of the BVMO145
biocatalysed sulfoxidation was then investigated. Results are reported in Table 3.3.
Conversion of the other two pyridine containing sulfides drastically changed depending

on the size of the other sulfur substituent, as the ethyl substituted sulfide 27t was fully

Table 3.3. Scope of the BVMO145 biocatalysed sulfoxidation.

BVMO145 fyé% _
(10 gL ¥ gf 2 Q

_ St
~  R{is Ry

R /S\R »

! 2 50 mM Tris-HCI pH 9.0

27,38 025 mM NADP, 1.0gL"' GDH,  (5)-28,38
50 mM Glucose, 2.0% ACN,

220 rpm, 37 °C, 4 h

Time Conv. ee
Entry Substrate R; R, n 02 0
1 27t 2-PyCH:2 Et 4 >99 >99
2 27u 2-PyCH: CH2Ph 4 <1 n.d.c
3 27v Bn Et 4 >99 >99
4 270 Bn Me 4 <1 n.d.c
5 27w Ph(CH2)2 Et 4 <1 n.d.c
6 27a Ph Me 4 76 >99
7 21h 4-F-CsHa4 Me 4 53 >99
8 27x 4-Br-CeHa4 Me 4 <1 n.d.c
9 27y 4-Cl-CsHa4 Me 4 <1 n.d.c
10 27z 3-Cl-CsHa4 Me 4 <1 n.d.c
11 27aa 2-Cl-CeHa4 Me 4 <1 n.d.c
12 27ab 4-Ac-CesHa4 Me 4 <1 n.d.c
134 27ac 3-Me-CsHa4 Me 4 82 >99
14 27ad 2,4-Me-CsHs Me 4 <1 n.d.c
15 279 4-Br-CsH4 Et 4 3 >99
16 27] 4-MeO-CeHa Et 4 <1 n.d.c
17 38a Ph (CH2)2COCHz3s 4 >99 n.d.c
18 38d Ph CH2COCH:s 4 >909 n.d.c
19 38f Ph CH2COCH(CH3)2 4 <1 n.d.c

aDetermined by reversed phase HPCL using a Kromasil C18 column, monitored at 254 nm.
bDetermined by chiral HPLC using Chiralpak IG or IC column, monitored at 254 nm. °n.d. = not

determined. 9(R)-enantiomer obtained instead.
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oxidised to (S)-28t in >99% ee, while 27u, which has a bulkier methylphenyl Rz group,
showed no conversion to the sulfoxide (Table 3.3, Entries 1,2). Interestingly, the benzyl
substituted 27v, an analogue of 27t, also showed >99 % conversion to (S)-28v in >99%
ee but no conversion for the smaller methyl substituted 270 was observed after 4 h
(Table 3.3, Entries 3,4). This may suggest that the alkyl chain may be involved in
anchoring the substrate in the active site through hydrophobic interactions, and it needs
to be longer than a methyl group. However, despite having an ethyl chain, no conversion
was detected for sulfide 27w (Table 3.3, Entry 5), probably due to the size of the bulkier
phenethyl substituent. A series of small phenyl and methyl substituted sulfides 27a-0
were also reacted with BVMO145 (Table 3.3, Entries 6-14). Interestingly, while the equal
sized 21g and 27b were partially converted to the corresponding (S)-sulfoxides in 76%
and 53% conversion respectively (Table 3.3, Entries 6,7), larger para-substituents of
sulfides 27x, 27y, 27ab and 27ad did not seem to be tolerated by BVMO145, indicating
that steric hindrance may play a role in substrate binding. Additionally, the slightly
electron withdrawing nature of halogen substituents seemed to also affectthe conversion
of sulfides. In fact, while the 3-methylphenyl substituted 27ac showed 82% conversion
to 28ac in 4 h (Table 3.3, Entry 13), no oxidation of the 3-chlorophenyl 27z was detected
(Table 3.3, Entry 10). Interestingly, the enantioselectivity for 28ac is reversed as the (R)-
enantiomer was obtained instead. From the electrostatic potential surface (EPS) map of

the two sulfides (Figure 3.3), it is clear that when the meta substituent is a halogen,

Figure 3.3. Electrostatic potential surface (EPS) map for 27z and 27ac.

72



the electron density on the sulfur atom is much lower compared to that of the methyl
substituent. Therefore, 27ac had better nucleophilic properties and could react with the
protonated peroxyflavin species of BVMO145in the oxidative reaction. The EWG effect
of substituents was marginally counterbalanced when the Rz group was an ethyl chain,
as a very small 3% conversion of 27g to (S)-28g was observed (Table 3.3, Entry 15).
This further enforces the hypothesis that a longer alkyl chain may help the substrate bind
to the active site. Instead for 27 with a larger para methoxy group, no conversion was
observed despite the ethyl chain (Table 3.3, Entry 16). Lastly, a series of carbonyl
containing sulfides was analysed. For compounds 38a-s, which have a linear carbonyl
chain, full conversion of the substrate was observed (Table 3.3, Entries 17,18). However,
no sulfoxide or sulfone were detected by HPLC, indicating that the competing Baeyer-
Villiger reactions may have taken place instead. The characterisation of the side products
proved to be challenging and it is currently ongoing in the group. The branched carbonyl

sulfide 38f was fully recovered at the end of the reaction instead (Table 3.3, Entry 19).
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3.4 Preliminary conclusions and future work

In this project, a panel of over 80 enzymes containing a mixture of WT and mutant
commercial BVMOs and FMOs from Almac was screened and BVMO145 and FMOD9
were selected for the development of two parallel complementary oxidative protocols for
the chemo- and stereoselective synthesis of sulfoxides bearing other functional groups.
Unfortunately, due to time constraints, this project could not be completed before
submission of this thesis. However, from the data obtained to date, it was possible to
draw some preliminary conclusions on the catalytic activity of BVMO145. In fact,
BVMO145 was the first biocatalyst to be studied because it showed remarkable
enantioselectivity for pyridyl-containing (S)-sulfoxides without generating sulfone
overoxidation by-products. Therefore, having optimised the reaction conditions, the
chemo- and stereoselective preference of BVMO145 was investigated on a series of 20
structurally different prochiral sulfides. Even though only 7 compounds were oxidised to
the corresponding (S)-sulfoxides in low to excellent conversions, the enantioselectivity
was found to be exceptional as in all cases >99% ee was observed. Additionally, full
conversion of 2 carbonyl containing sulfides was also observed, but in these instances,
it was postulated that the Baeyer-Villiger products were formed instead as no sulfoxide
or sulfone formation was detected by HPLC. The initial assessment of the scope of

BVMO145 identified characteristics substrates need to have to react with the enzyme:

e the prochiral substrate may require an alkyl chain substituent of two or more
carbon chain length to induce non-polar interactions with the active site of the
enzyme,

e whilst an aromatic ring is tolerated, para and EWG substituents have detrimental
effects on the sulfoxidation due to steric hindrance and deactivation of the sulfide
as a soft nucleophile,

e an ethylene spacer between the aromatic ring and the sulfur may be beneficial

for the binding of the substrate into the active site of the enzyme.

In order to prove these observations, the sulfides showed in Figure 3.4 will be
synthesised and reacted with BVMO145, and an in silico docking study of the sulfide
substrates will also accompany these experimental findings. Furthermore, the
chemoselectivity of BVMO145 for Baeyer-Villiger reactions over sulfoxidations and
preference for normal or abnormal regioisomer in carbonyl-containing sulfides will need
to be confirmed by analytical methods. Finally, the efficiency of FMOD9 as an oxidative
biocatalyst for stereo- and chemoselective sulfoxidations will be assessed for the

development of an enantiocomplementary methodology.
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Figure 3.4. New sulfide substrates for the expansion of the BVMO145 biocatalysed

sulfoxidation.
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Chapter 4. Enhancing the synthetic scope and potentiality
of methionine reductase enzymes in the
biocatalytic synthesis of enantiomerically pure
sulfoxides: mechanistic and mutagenesis

studies

4.1 Introduction

The most common biocatalytic route to access chiral sulfoxides is oxidative, meaning
that a prochiral sulfide is oxidised using enzymes such as monooxygen-
asesl6:245:246,210.304-308  gnd peroxygenases.?*¢-2%® However, even if these oxidative
enzymatic methodologies are highly efficient and stereoselective, they present
drawbacks, especially in terms of industrial applicability. Such drawbacksinclude the use
of expensive NAD(P)H to regenerate the FAD or FMN cofactors in monooxygenases,
the use of stoichiometric amounts of H202 in peroxygenases and the need of effective
oxygenation to promote the S-oxidation. Also, in certain scenarios, oxidising species like
peroxides can be produced during the reaction and they need to be effectively removed
to avoid enzyme degradation and the formation of overoxidation side products.3®
However, the oxidative route is not the only option in the biocatalysis toolbox available
to researchers as, in fact, it has been possible to obtain enantiopure sulfoxides through
enzymatic kinetic resolutions (EKR) or the even better enzymatic dynamic kinetic
resolution (EDKR). KR occurs when two enantiomers are irreversibly differentiated from
a racemic mixture as they react at different rates with chiral catalysts, enzymes in EKR,
resulting in a 1:1 mixture of product and enantiopure unreacted starting material (Figure
4.1).262

AGrqe

EKR

enzyme
SMg+ SMg —————» SMg + PR

17 1

EDKR

enzyme

SMg + SMg Ps

SM = starting material
P = product

Figure 4.1. Schematic representation of EKR and EDKR with their relative energy diagram. In
black is the AGrac of a EKR process while in blue is the AGrac of an EDKR.
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This separation is possible because the energies of the two transition states of the
enantiomers are different and the Gibbs free energy change for the racemisation (AGrac)
is greater than the activation energy of the unreacted enantiomer (Figure 4.1, AGrac in
black). Meanwhile, DKR differs from KR in that there is accumulation of only one
enantiopure product at the end of the reaction, because the two enantiomers of the
starting material can easily epimerise as the AGracis lower than the activation energy of
the reacted enantiomer (Figure 4.1, AGrac in blue).?¢2 A few examples have been
proposed where EKR of sulfoxides takes place via manipulation of other moieties in the
molecule.%3 For example, in 2000 Guerrero de la Rosa et al. reported the EKR of (E)-
y-Hydroxy-a,B-unsaturated p-tolylsulfoxides 75 using a lipase from Pseudomonas
cepacia, which was active on the hydroxylgroup of the molecule (Scheme4.1, Part A).35

Part A
o o
! psLipase 2+ + ees up to >99%
R EN R St R St P o
W p-Tol . \‘/\/ p-Tol * \_/\/ p-Tol for both species
OH iPr20 OH OT(
75 Z>0Ac (Rs, S¢)-75 o (Rs, Rc)-76
molecular sieves
Part B
O OH O O
S+ oxidation 3+
. /@/S\/k R /@/S\)k
O (0] Baker's Re, Sp)-78 R
é\)K yeast R (Rs, S¢)
/©/ o O ‘reduction
R . SN
77 S
R=H,CI /©/ o oH
R SU\
C')' OH lreduction R/©/
SEN
1, 7§
R (Ss, R¢)-78 CALB /©/s\)\ CALB
Q" OH | deprotection 9+ QAc R
/@/SJ'\/\ -— /@/S\/\
R (Ss, S¢)-78 R Q QAC O OH
/©/S+\/\ /©/S+\/'\
R R (Rs, Sc)-78
ees up to >99% Jdeprotection
for all diasteroisomer 4

O OH

~+

/©/S\/\
R (Rs, R¢)-78

Scheme 4.1. Indirect EKR methods to access enantiopure sulfoxides Part A) EKR of (E)-y-
Hydroxy-a,B-unsaturated p-tolylsulfoxides 75 using a lipase from Pseudomonas cepacia by
Guerrero de la Rosa et al..31> Part B) Synthesis of B-hydroxysulfoxides 78 by Chen et al..316
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With this method they managed to separate and isolate the individual diastereomers for
full characterisation and analysis. Another instance of indirect EKR of sulfoxides was
reported in 2008 by Chen and colleagues, who managed to synthesise and isolate the
four diastereomers of 3-hydroxysulfoxides 78 using a combination of Baker’s yeast and
CALB in multi-step syntheses starting from 77 (Scheme 4.1, Part B).3* Remarkably, the
biocatalytic transformations were carried out in diisopropyl ether with 7% water, which
allowed for an easy isolation of the reaction products. All these EKR methods to obtain
enantiopure sulfoxides require other functional groups that react with enzymes and are
not always applicable to substrates that lack hydroxyl or carbonyl moieties. More
recently, the focus on EKR of sulfoxides shifted towards a new approach where
enantiopure sulfoxides are obtained via reductive biocatalytic mechanisms using
reductive enzymes that catalyse the Kkinetic resolution of sulfoxide racemates by
selectively reducing one of the two enantiomers into the corresponding sulfide. However,
unlike the large pool of oxidative enzymes from which the researcher can chose from,
the range of reductive enzymes is still rather small and currently limited to only two
classes: the dimethyl sulfoxide (DMSO) reductases (DmsABCs) and the methionine
sulfoxide reductases (Msrs). Most DmsABCs compared to Msrs are membrane bound
enzymes®’ (Figure 4.2) and have mostly been used as whole cell biocatalysts, resulting
in suboptimal substrate loadings (only up to 1 gL?) to avoid toxicity to the cells.318-32

2H*
\ Periplasm

G o - POPPO0D
OO w. SOOOMD

Cytoplasm
DMSO + 2H*

MoCo

DmsA DMS + H,0

Figure 4.2. Diagram of DMSO reductase in E. coli where the catalytic subunits, namely the
hydrophilic catalytic subunit (DmsA) that bears a pterin molybdenum cofactor (MoCo), the
hydrophilic subunit (DmsB) that contains four cysteine groups individually bonded to four [4Fe-
4S] clusters and the hydrophobic subunit (DmsC) that anchors the protein to the cell membrane
are shown. DmsA and DmsB are orientated towards the cytoplasmic phase of the cell, while
DmsC anchors the protein onto the membrane and mediates the electron transfer from
menaquinol (MQHz) to DmsAB for the reduction of DMSO to take place.31”
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Some soluble DmsABCs have been identified,**? but as DmsABCs are trimeric enzymes
made up of three non-identical subunits (DmsA, DmsB and DmsC, Figure 4.2), we
predicted that they might present challenging expression and purification procedures
compared to the monomeric Msrs. In addition, DmsABC catalysed biotransformations
must be carried out under inert atmosphere (N2 or Ar) to ensure anaerobic growth of the
bacteria and upregulation of the reductase; however, complete oxygen depletion could
be a complication if this new methodology is to be used at industrial level. Therefore, due
to the drawback that DmsABCs present, we decided to focus on the use of Msrsfor the

development of a reductive procedure for the kinetic resolution of racemic sulfoxides.

4.1.1 Enzymatic kinetic resolution by methionine sulfoxide reductases

The other class of enzymes that can perform EKRs by reducing racemic sulfoxides are
methionine sulfoxide reductase (Msr) enzymes, a large class of reductive enzymesfound

in many organisms.3?3

4.1.1.1 Biological relevance of Msrs

The fundamental biochemical role of these enzymes is the ability to restore the
functionality of damaged proteins containing methionine sulfoxides. The oxidation of
surface exposed or free methionine (Met) residues is a posttranslational modification that
happens when the cell is under an oxidative stress environment and is generally caused
by reactive oxygen species (ROS) produced as by-products of metabolism, apoptotic
mechanisms, and other external factors as changes in the environment.3?4-%27 These
result in the formation of diastereomeric mixtures of Met-(S)-sulfoxide ((S)-MetSO) and
Met-(R)-sulfoxide ((R)-MetS0O).32¢ The original functionality of proteins containing (S)-
MetSO and (R)-MetSO is then restored by two subfamilies of Msr enzymes, the
methionine sulfoxide reductases A (MsrAs) and the methionine sulfoxide reductases B
(MsrBs), whichrespectively reduce (S)-MetSO and (R)-MetSO back to the original amino
acid Met (Figure 4.3).329330 Another class of Msr has been identified more recently,
namely the free (R)-Msr (frMsr), which is instead capable of reducing free (unbound) (R)-
MetSO (Figure 4.3).231332 Although structurally different, the proposed mechanism of
action of Msr enzymes in vivo involves at least two catalytic cysteine (Cys) residues, one
of which attacks and reduces the sulfoxide moiety of MetSO and is simultaneously
converted into a cysteine sulfenic acid (Cys-SOH), which subsequently reacts with the
second cysteine residue forming an intramolecular disulfide bond (Figure 4.3).
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Figure 4.3. Schematic representation of the different classes of Msr and their mode of action.

The final step in the Msr enzyme cycle is the regeneration of the active site by reducing
the Cys-Cys disulfide bond. In cells this involves the oxidoreductase thioredoxin (Trx) in
its reduced form (Trxred), which becomes oxidised (Trxox) upon reduction of the Cys-Cys
bond in Msr (Figure 4.3).333-3%7

MetSO residues are themselves considered the main signalling molecules for the
upregulation of Msrs in cells and tissues®*%3%* and the total level of MetSO is regulated
by the Msr system, which not only includes Msr enzymes but also thioredoxin (Trx) and
Trx reductase (Trxred).3?” Levels of expression of each of these individual components
can influence the overall reduction of MetSO and the stronger the Msr system, the more
resistant the cells are to oxidative stress. It has been shown that a malfunctioning Msr
system can have deleterious effects on various signalling pathways. For instance, it has
been shown both in vitro and in vivo that MetSO interferes with the ability of proteins to
phosphorylate, in turn causing a cascade of downstream events associate with signal
transduction pathways.34%-342  Additionally, high levels of MetSO residues in the
calcium/calmodulin-dependent protein kinase Il (Ca?*/CaM) have been associated with
compromised cardiac functions as the enzyme Ca?*/CaM remains constantly active and
fails to regulate the cellular levels of calcium.34® Other examples where MetSO residues
have been shown to have a negative effect on the physiological activity of cells are
glucose homeostasis and mitochondrial function, inflammation and protein
degradation.®?” The Msr system has also been associated with age-related diseases as
Msr expression levels in mammals have shown to decrease with age.??*3% Specifically,

there is a strong correlation between a less efficient Msr system with a lower antioxidant
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capacity and lower levels of MsrAs and MsrBs and neurodegenerative diseases such as
Alzheimer and Parkinson diseases.®?” Unfortunately, it is not well understood how the
Msr system is affecting ageing and there are no known small molecule inhibitors or
activators that can help regulate it.3** Therefore, due to its physiological and
pathophysiological relevance, more in depth investigations on the regulation events of

the Msr system are required to lead to new therapeutic approaches.

4.1.1.2 Use of Msrs for EKRs

Following their natural biochemical reactivity, Msrs have also been investigated as
biocatalysts to perform the kinetic resolution (KR) of exogenous racemic sulfoxide
substrates. Despite their activity being known for decades,** only in 1992 Broth et al.
first sequenced and expressed a recombinant Msr enzyme after cloning the gene from
E. coli.** In 1996 the same group reported the cloning, sequencing and expression of
the mammalian homologue of E. coli MsrA and showed that this enzyme was active on
both natural and synthetic substrate,®’ being able to reduce a variety of sulfoxide
containing compounds including (S)-(-)-methyl p-tolyl sulfoxide. Despite this,
advancements in the kinetic resolution of racemic sulfoxides using Msr enzymes
happened only in the last few years as the progress and development of more advanced
chemical biology techniques allowed research groups to re-evaluate this class of
enzymes as biocatalysts. In 2014, Chen and co-workers observed that a strain of
Pseudomonas monteilii CCTCC M2013683 was capable of synthesising chiral sulfoxides
with 99% ee.34® Later, the same authors reported the cloning and expression of the MsrA
gene from P. monteili CCTCC M2013683 (pmMsrA).2* In order to assess the ability of
pmMsrA to lead to optically pure sulfoxides, the recombinant protein was expressed in
E. coli BL21(DE3), harvested in the resting phase and subsequently subjected to an
activity assay using racemic sulfoxide 79a (Scheme 4.2).

Whole cell

O . O

I E. coli BL21 (DE3) <
S S st a:R=H (96% ee)
N —L LN R@/ > b:R=oCl (93% ee)
= Bamii | P = c:R=m-Cl (61% ee)
; o d:R=p-Cl (97% ee)

79a-d = 80a-d (R)-79a-d

it 46-52 % conv

2-5 mM | pET28a-pmMsrA
\ His tag
\ \

Kan

Scheme 4.2. Synthesis of sulfoxides using a whole E. coli cell system overexpressing pmMsrA
by Yang et al..349
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After 24 hours, this whole cell system led to the formation of sulfide 80a with 51%
conversion, leaving sulfoxide (R)-79a unreacted with >99% ee. Further investigation of
pmMsrA revealed that the system could tolerate substrate concentrations up to 5.0 mM
with an optimal cell density of 40 gcawl™? yielding 46% (R)-79a after 16 h reaction and
maintaining an excellent 96% ee. The biocatalyst proved to tolerate halogen substitutions
on the aromatic ring 79b-d retaining good-to-excellent ees and conversions. In 2017
Minetti et al. reported a recombinant mammalian MsrA showing a similar level of activity
and enantioselectivity to Chen’s biocatalyst.®° In this work, a highly stereoselective
kinetic resolution of racemic alkyl-aryl-sulfoxides using purified MsrA regenerated by the
cheap and widely available dithiothreitol (DTT) was achieved, demonstrating that
isolated Msrs and the use of commercial dithiol reducing agents are equally efficient for
the synthesis of chiral sulfoxides. Following this work, Chen and Yang developed a crude
pmMsrA-DTT system that could tolerate substrate concentrations up to 200 mM (37
gL?),®! and was found to reduce 50 mM and 200 mM 7a in 30 minutes and 4 hours
respectively, retaining >99% ee in both cases (Scheme 4.3).

o
+
(I? | ~ S\ | ~ S\
S R TRy
. @w ~ = =
N 82a-g (R)-81a-g
81a-g Crude pmMsrA up to 52% conv.
50-100 mM extract

—r
CysA—SH -
CYSA SH CysA—SOH
CysA—SH
Recycling

system
/C 4 ‘R=H (>99% ee)
:R=p-F (>99% ee)
CysA S :R=p-Me (>99% ee
/CysA s H,0 ‘R =p- (>99%

a
b
c )
d: R =p-CHO ee)
SH e:R=p-Br (>99% ee)
Hs/\/\/ f. R=0-OH (96% ee)
OH g:R=0-NH, (98% ee)
DTT (0.6 eq.)

Scheme 4.3. Conversions of racemic sulfoxides using the crude pmMsrA-DTT system by Chen
and Yang.351
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Theoretically, in this system, only 0.5 equivalents of DTT should be necessary, as (R)-
81la is only half of the overall amount of 81a. However, it was shown that moving from
0.5 to 0.6 equivalents of DTT was necessary as it was hypothesised that other cellular
components in the crude enzyme extract may react and sequester the reducing agent
from the regeneration of pmMsrA. Chen’s pmMsrA-DTT system was found to be active
on several sulfoxides 8la-g with excellent conversions and ee (Scheme 4.3). In 2019,
Chen’s group reported a homologue of pmMsrA enzyme from Pseudomonas alcaliphila,
the biocatalyst paMsrA, that could tolerate substrate loadings up to 320 mM (45 gL*).3%?
Four homologues of pmMsrA, namely pcMsrA, pfMsrA, paMsrA and vhMsrA sharing 60-
90% sequence identities, were identified and all showed similar biocatalytic activity to
the parent enzyme in reducing 83a-k (Scheme 4.4). The crude paMsrA-DTT system
exhibited much better catalytic activity and stereoselectivity than other homologues.

o) o
I Crude paMsrA extract Ty
A SR > ARt ArSR
DTT (0.6 eq)
83a-k 84a-k (R)-83a-k
100-320 mM up to 51 % conv.
a: Ar=Ph,R=Me (>99% ee) g: Ar=0-NH,-CgHy, R=Me (>99% ee)
b: Ar = p-F-C6H4, R = Me (99% ee) h: Ar= m-NHz-C6H4, R = Me (>99% ee)
c: Ar=p-Me-CgHy, R=Me  (95% ee) i: Ar=0-NHAc-CgH,4, R = Me (95% ee)
d: Ar = p-CHO-CgH,4, R = Me (>99% ee) j: Ar = napthyl, R = Me (69% ee)
e: Ar = p-Br-CgHy4, R = Me (>99% ee) k: Ar=Ph,R=Et (>99% ee)
f: Ar=0-OH-CgHy, R=Me (>99% ee)

Scheme 4.4. Conversions of racemic sulfoxides using the crude paMsrA-DTT system by Chen
et al..352

While MsrAs are selective biocatalysts for the reduction of (S)-MetSO and other (S)-
sulfoxides, MsrB enzymes instead are selective for the opposite enantiomer of MetSO,
(R)-MetSO. However, MsrB enzymes have been shown to be far less active and to have
a much higher substrate specificity than MsrAs, thus limiting their use in the synthesis of
(S)-sulfoxides.®* In 2020, Chen and co-workers reported the first example of kinetic
resolution of alkyl aryl sulfoxides using whole cell akMsrB from Acidovorax sp.
KKS102.3%* The biocatalyst akMsrB was found among a pool of 6 enzymes that shared
55-92% sequence identity, out of which akMsrB was able to convertthe (R)-enantiomers
of sulfoxides 85a-c into the corresponding sulfides 86a-c yielding (S)-85a-c with >90%
ee (Scheme 4.5). Unfortunately, when the same biocatalytic transformation was

attempted with the purified enzyme, all activity was lost.
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Scheme 4.5. Conversions of racemic sulfoxides using whole E. coli BL21 (DE3) cell system
overexpressing akMsrB by Chen et al..3%*

4.1.1.3 Use of Msrs for enzymatic deracemizations

The main drawback with the use of Msr catalysed processes is that the yield of the
enantiopure sulfoxide can only be 50% maximum. Even if the sulfoxide/sulfide products
of these biotransformations can be easily separated by chromatography, this may
represent a major limitation at industrial level. One of the strategies for improving the
conversion and yields of KRs is the deracemization of sulfoxide racemates, where a
chemoselective reduction by Msr is coupled with a racemic oxidation using various
oxidants. To date only three deracemization of sulfoxides using Msrs have been reported
as chemo-enzymatic, photo-enzymatic, or multi-enzyme systems. In 2018, MiSek’s
group reported a chemo-enzymatic dynamic deracemization of sulfoxides 87a-I using
whole cell E. coli BL21(D3) overexpressing MsrA combined with an oxaziridine-type
oxidant 89 in a biphasic system (Scheme 4.6).%° The rationale behind the use of a
biphasic system was that once the stereoselective reduction of 87 happened in the
aqueous buffer, the oxidation of sulfide 88 using the oxidant 89 could occurin the decane
phase (5% v/v), without inactivating the biocatalytic system. Sulfoxides 87a-1 were
converted into (R)-87a-l with excellent ee (>99%) and moderate-to-good conversions
(55-93%) (Scheme 4.6). The deracemization of the anti-inflammatory drug sulindac was
also carried out using this method, leading to (R)-enantiomer with 93% ee and 75%
conversion. The use of different oxidants (aliphatic peroxides) proved to be detrimental
for the biotransformation.3%®
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b: R = m-Me, Ry = Me; e: R =p-Br, Ry=Me; h:R =p-OMe, R;=Me; k: R=Bn, Ry=Et;
c:R=0-Me, Ry=Me; f:R=p-CN, Ry=Me; it R=p-OH, Ry = Me; I: R = Ph(CH,),, R4 = Me

Scheme 4.6. Deracemization of racemic sulfoxides in a biphasic aqueous buffer/decane system
using whole cell MsrA and oxaziridine 18 by Nosek and MiSek.3%5

In 2022 a photo-biocatalytic deracemization of racemic sulfoxides 90a-h was instead
reported by Bierbaumer et al.,®® where the enzyme paMsrA was chosen as the most
promising biocatalyst from a pool of Msr enzymes previously studied by Chen et al.,*?
and coupled with the photocatalyst 92 isolated from the purple bacterium Rhodobacter
capsulatus ZY5 for the non-selective oxidation of the sulfide products 91a-h (Scheme
4.7). Notably, the photocatalyst was shown to be compatible in the aqueous environment
of the biocatalytic transformation, achieving excellent ees up to >99%. Other
photocatalysts including porphyrin derivatives, [Ru(bpy)s]Clz and Eosin Y were
investigated, but lower ees were achieved when coupled with paMsrA. Sulfoxides 90a-i
were converted into (R)-90a-i with excellent ee (>99%) and good HPLC recoveries (59-
91%) Interestingly, when the deracemization of sulindac was attempted using this
method, the (R)-enantiomer was obtained with 99% ee but with only 43% recovery,
indicating that perhaps in this case a KR was occurring. Consequently, the low recovery
rate of (R)-sulindac and the lack of reported isolated yield, highlight the need for further

investigation to ascertain a deracemization over a KR only.
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Scheme 4.7. Photo-biocatalytic deracemization of racemic sulfoxides using paMsrA and
photocatalyst 92 by Bierbaumer et al..3%6

The latest deracemization protocol was published by Peng et al., who reported a ‘one-
pot one-step’ biocatalytic cascade using a highly enantioselective MsrA and a non-
selective styrene monooxygenase (SMO) from Pseudomonas sp. coupled with a
trienzymatic recycling system shared between both biocatalysts (Scheme 4.8).37 The
Msr was chosen from their previous works as it showed excellent enantioselectivity and
high substrate scope and tolerance,348:349.351.352 whijle the SMO from Pseudomonas sp.
LQ26 was selected because of its high conversion rates and low stereoselectivity after
screening five genetically different enzymes. A combination of the two biocatalytic
processes was initially tested on sulfoxide 93a using whole cell MsrA and SMO as well
as stoichiometric NADPH. The deracemization product (R)-93a was obtained with >99%
ee and 72% isolated yield. After proving that the two enzymes can work together for the
deracemization of sulfoxides, the focus shifted towards the development of a
multienzyme system containing MsrA/Trx/Trxred/GDH/SMO as individual CFEs. Glucose
dehydrogenase (GDH) was selected to regenerate NADPH for both MsrA and SMO
allowing the use of catalytic amounts of the cofactor, while thioredoxin (Trx) and
thioredoxin reductase (Trxred) were used as the regenerating system for MsrA.
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Scheme 4.8. Multienzymatic deracemization of racemic sulfoxides using MsrA and SMO by
Peng et al..3%7

Upon combination of the enzyme, the group reported the successful deracemizations of
93a-n to afford (R)-93a-l in excellent ees (89-99%) and yields (86-99%). A scaleup
experiment was also carried out with 93m on a 1 L volume reaction and the enantiopure
product (R)-93m was obtained with 99% ee and 84% isolated yield. Although all these
pioneering studies show the remarkable efficacy of MsrA enzymes in the production of
(R)-sulfoxides via a reductive pathway, additional work is still needed to expand the
scope and industrial applicability of these biocatalysts. The main disadvantage is
perhaps the applicability of these protocols to only sulfoxides bearing methyl or, in some
cases, ethyl alkyl chains on the sterically unhindered part of the molecule. Additionally,
the enzymes so far studied as biocatalysts have been sourced only from Pseudomonas
sp., mammals, and E. coli, indicating the potential discovery of even better catalysts from

different species. Furthermore, while the Msr mechanism of reduction of MetSO has
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been widely explored, there are currently no studies on the mechanism of the enzymes
in which non-natural substrates, like small molecule sulfoxides, are reduced. Lastly, no
investigation has been reported on how the features of the three-dimensional structure
of Msrs and the modifications thereof affect the biocatalytic process.
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4.2 Aims of the project

The aim of this research project was to identify novel Msr enzymes that would be used
for the kinetic resolution of structurally diverse sulfoxides while simultaneously cultivating
a detailed understanding of the mechanism of action of this biocatalytic transformation.
This task was initially approached by screening a panel of Msrs from different
microorganisms and assessing their use as biocatalysts in the reduction of chiral
sulfoxides, which led to the discovery of the highly performing MsrA02 from
Saccharomyces cerevisiae. Due to the crystallography data of MsrA02 being available
in the literature, mutagenesis of cysteine residues and structural NMR studies were
subsequently performed as part of a series of mechanistic studies with the aim to
understand how the enzyme and sulfoxide substrates interact together and to have a
real time analysis of the conformational changes that occur at the active site during the
Kinetic resolution of racemic sulfoxides. With the mechanistic knowledge in hand, further
in silico engineering and mutagenesis approaches enabled the rational design and
successful development of a series of mutant MsrA biocatalysts with the aim to overcome
the limited substrate scope of the currently available MsrAs. This led to the identification
of MsrA33, a mutant of MsrA02, which was shown to reduce propyl-containing
sulfoxides.

Reductive pathway to enantiomerically pure sulfoxides

Previous works

MsrA from o
(,), Pseudomonas sp. :
PN st
Ar” "CHj MsrA Ar” " "CHj
HS SH EKR
DTToy deracemization
yort
DTT S—S
This work
new MsrA o}

biocatalysts

2 :
N S ~ . +
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o from different N
- microorganisms e~

R = Me, Et, nPr in-silico engineering
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NMR structural biology

Figure 4.4. Biocatalytic approaches for the deracemization of sulfoxides using MsrAs.
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4.3 Results and discussion

4.3.1 Msr02 biocatalysed kinetic resolution of sulfoxides

4.3.1.1 Screening of the Msr panel from Almac

This project commenced by identifying new Msrs from organisms that could perform KRs
of racemic small molecule sulfoxides. A library of 15 Msr enzymes selected from
literature and homology searching in public databases was first prepared by Almac and
consisted of a panel of diverse biocatalysts from different organisms as well as different
Msr types. These enzymes were then cloned into pET28a(+), transformed into
BL21(DE3) E. coli expression strain and protein production was induced by addition of 1
mM IPTG at 25 °C. After expression, the 15 Msr enzymes were harvested and freeze
dried as cell free extracts (CFE) to best preserve their activity over time. The Msrs were
then screened for the resolution of the racemic sulfoxide 28af, with the goal to identify
the best biocatalysts able to afford the enantiomer (R)-28af in high yields and ee.

The biotransformation conditions for the screening were initially adopted from previous
works.*13%2 Substrate 28af was dissolved in iPrOH (IPA) and added to a 100 mM KPi
buffer solution at pH = 8.0 containing 1.6 gL™* Msr CFE and 4.0 eq. of dithiothreitol (DTT)
to regenerate the enzyme. It was postulated that DTT might interact with the cell debris
in the CFE and oxidise to the cyclic form, becoming unavailable for the regeneration of
the enzymes and leading to a false negative result of the screening. Hence, an excess
of DTT was initially used to promote full regeneration of the biocatalyst. The mixture was
then shaken at 30 °C for 24 h, after which the yields and ees of the enantiomer (R)-28af
were calculated. The results are shown in Table 4.1. Most of the MsrA enzymes showed
excellent enantiospecificity and the enantiomer (R)-28af was obtained in high yields (up
to 50%), except for MsrA18 (Table 4.1, Entry 14). Interestingly, all the AB hybrid Msr
enzymes showed identical enantioselectivity to MsrAs, affording (R)-28af still in high ees
but generally lower yields than MsrAs indicating that (R)-28af started being reduced too.
Instead, MsrB03, frMsrO5 and MsrB21 proved to be unable to reduce the racemic
sulfoxide 28af (Table 4.1, Entries 3,4 and 15). This is however unsurprising because
both the species of Msr enzymes, B and fr, are believed to be far more specific to their
endogenous substrates, protein bound (R)-MetSO and free (R)-MetSO respectively, and
therefore a lower substrate acceptance was expected. After scrutinising the screening of
the Msrs, MsrA02 from Saccharomyces cerevisiae (Table 4.1, Entry 2) was selected as
the best enzyme for further studies not only due to the excellent yield and ee, but also

because compared to the other promising MsrAs, MsrA02 was the only enzyme that was
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not of bacterial origin, as S. cerevisiae is a yeast (Baker’s yeast) and belongs to the fungi
kingdom. It was therefore expected to behave the most different compared to what was
reported in the literature already. Furthermore, Baker’s yeast is a very commonly studied
organism as it is used in daily activities that vary from scientific research to bread making
and has the added benefit that several of its enzymes have been fully characterised,
including MsrA02. Therefore, it was envisioned that the mechanistic studies would
greatly benefit from the structural crystallographic data of Msr02 available in the
literature.3%

Table 4.1. Screening of Msr enzymes with sulfoxide 28af.

O Msrs (1.6 gL™) o
S 100 mMKPi, pH 8.0 ST S
+
/©/ 4.0 eq. DTT, 2.5% IPA /©/ /©/
28af 30°C, 24h (R)/(S)-28af 27af
Msr Msr 28af 28af 28af
Entry  Msr type species yield* % ee” % enant.’
1 01 A Escherichia coli 51 >99 (R)
2 A Saccharomyces 50 >0  (R)
cerevisiae
3 03 B Escherichia coli 90 4 (S)
4 05  FreeR Saccharomyces >99 <1 n.d.c
cerevisiae
5 07 A Mycobacterl_um a4 >99 R)
tuberculosis
6 08 AB hybrid Neisseria meningitidis 44 >99 (R)
7 09 A Staphylococcus aureus 55 >99 (R)
: Thermococcus
8 10  AB hybrid Kodakarensis 31 >99 (R)
Streptomyces
9 1 A griseochromogenes 54 >99 (R)
10 13 ABhybrid Streptococcus 48 >99  (R)
pneumoniae
11 15 AB hybrid Treponema denticola 54 >99 (R)
12 16 A Klebsiella pneumoniae 50 >99 (R)
Salmonella
13 17 A schwarzengrund 53 >99 (R)
14 18 A Serratia symbiotica >99 4 (R)
15 21 B Klebsiella oxytoca >99 1 n.d.c

aHPLC vyields are reported. Calculated using an Agilent Eclipse Plus C18 column and methyl
phenyl sulfoxide as internal standard (see Appendix VI for calibration curve data). °Determined

by chiral HPLC using a Chiralpak IC column. ¢®Not determined.
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4.3.1.2 Optimisation of the reaction conditions

Once MsrA02 was selected as the best enzyme, the enzymatic kinetic resolution of 28af
was optimised. The optimal concentration of the biocatalyst was investigated keeping
the concentration of 28af fixed at 8.0 mM and using 4.0 eq. of DTT. Firstly, the time of
reaction was shortened to 4 h as the *H-NMR yield of the enantiomer (R)-28af at 18 h
and 4 h (Table 4.2, Entries 1,2) was identical to the 24 h long experiment from the Msr
screening. Therefore, the reactions were carried out at 30 °C for 4 h (Table 4.2, Entries
2-6). In general, after 4 h a 50% *H-NMR vyield of (R)-28af was observed, suggesting
completion of the enzymatic kinetic resolution reaction. The best concentration for
MsrA02 was found at 1.0 gL™* (Table 4.2, Entry 5) while lower concentrations led to poorer
ees and yields. When the reaction was carried out without the enzyme, the sulfoxide
28af was fully recovered as the racemate (Table 4.2, Entry 6). The optimal concentration
of the substrate was then investigated (Table 4.2, Entries 7-10). Remarkably, the
biocatalytic transformation tolerates concentrations of substrate 28af up to 32-64 mM,
while at higher concentrations 28af was recovered as a racemic mixture (Table 4.2, Entry
10).

It was also noted that MsrAO2 could tolerate changes in some parameters and the
outcome of the reduction would not be affected. For instance, a higher temperature (37
°C) led to (R)-28af after 1 h with yield and ee (Table 4.2, Entry 11), which is comparable
to the conversion observed at 30 °C. Changing the cosolvent IPA with MeOH, EtOH or
CHsCN also did not seem to perturb enzymatic activity (Table 4.2, Entries 12-15).
Interestingly, when the reaction was carried out without any cosolvent or in the presence
of DMSO, sulfoxide 28af was recovered as racemate indicating that no reduction took
place (Table 4.2, Entries 16,17). It is plausible that DMSO could act as competitive
substrate for MsrA02, while in the absence of an organic cosolvent the substrate 28af is
not soluble enough in the buffer media to interact with the biocatalyst. A series of
experiments were performed to determine the optimal concentration of DTT. Even
though theoretically 0.5 eq. of DTT should suffice to reduce (S)-28af to 27af (as it is only
half of 28af racemate), it was found that at least 1.0 eq. of DTT was needed for the
regeneration of MsrAO2 (Table 4.2, Entries 18,19). It was then decided that 1.1 eq. of
DTT would be more appropriate conditions to move forward with the scope, as the slight
increase would ensure complete regeneration of the enzyme for each EKR reaction.
Unsurprisingly, no biocatalytic transformation occurred when no DTT was added to the
reaction mixture, confirming its crucial role in MsrA02 regeneration (Table 4.2, Entry 20
and Figure 4.5). The optimal reaction conditions were combined and set at 1.0 gL of
biocatalyst, 32 mM of 28af, 1.1 eq. of DTT and 30 °C, leading to (R)-28af with 48%
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isolated yield and 99% ee (Table 4.2, Entry 21). Similar results were obtained when a
higher concentration of the substrate (64 mM) was used (Table 4.2, Entry 22) proving
the robustness of the biotransformation. However, for the scope of reaction, the substrate
concentration was maintained at 32 mM, as different species of sulfoxides could have
poisoned the enzyme at higher concentrations. Lastly, the use of MsrA02 as whole cell
biocatalyst (Table 4.2, Entry 23) or as pure enzyme (Table 4.2, Entry 24) led to
enantiomerically pure (R)-28af in identical conversion and ee to the CFE. Where
possible, the use of CFE is favoured over whole cell or purified enzymes.

Table 4.2. Optimisation of the MsrAO2 biocatalysed KR of 28af.

2 g o
S MsrA02 & St_ S
- > (R) +
100 mM KPi pH 8.0

co-solvent

28af (R)-28af 27af
T °C, 280 rpm, 4h
ScMsrA? 28af DTT Co- Temp (R)-28af
Entry (gL (mM) (eq.) solvent °C yield® % eet %

1d 1.6 8.0 4.0 IPA 30 52 >99

2 1.6 8.0 4.0 IPA 30 51 (51)c 98 (>99)
3 1.0 8.0 4.0 IPA 30 54 (51)° 99 (>99)
4 0.4 8.0 4.0 IPA 30 53 (52)¢ 98 (97)
5 0.1 8.0 4.0 IPA 30 71(86)c 40 (30)
6 - 8.0 4.0 IPA 30 >99 <1

7 1.6 16 4.0 IPA 30 54 99

8 1.6 32 4.0 IPA 30 52 99

9 1.6 64 4.0 IPA 30 52 (48)° 99 (>99)
10f 1.6 128 4.0 IPA 30 97 5

11 1.6 8.0 4.0 IPA 37 47 99
12 1.6 8.0 4.0 MeOH 30 46 >99
13 1.6 8.0 4.0 EtOH 30 50 >99
14 1.6 8.0 4.0 IPA 30 54 >99
15 1.6 8.0 4.0 CHsCN 30 49 >99
16 1.6 8.0 4.0 DMSO 30 90 5

17 1.6 8.0 4.0 Neat 30 >99 5

18 1.6 8.0 1.0 IPA 30 45 99
19 1.6 8.0 0.5 IPA 30 69 (62)° 64
20 1.6 8.0 - IPA 30 >99 <1
21 1.0 32 1.1 IPA 30 53 (48)¢ 99
22 1.0 64 11 IPA 30 46 99
23 10" 32 1.1 IPA 30 (52)° >99
24 2.3 32 1.1 IPA 30 (52)¢ >909

a MsrA02 used as CFE. P 'H-NMR yields are reported. °Determined by chiral HPLC using
Chiralpak IC column. 9The biocatalytic reaction was carried out for 18 h. eHPLC conversion is
reported. f1h reaction time. 9Isolated yield. "Whole cell MsrA02 10 gL was used. Pure MsrAQ02

enzyme 100 pM was used.
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In fact, when using whole cell, not only was the process more sensitive to changes in the
reaction environment, but it also resulted in a much more difficult reaction workup and
product extraction as the broken cells tend to create emulsions that are very difficult to
separate. Instead, while the use of purified enzymes is acceptable in academia, in
industry it is largely avoided because the purification process is long compared to the
preparation of CFE (1 week vs 2 days) and the purified proteins also need to be stored
at lower temperatures compared to the freeze dried CFEs, which results in a less efficient

and more expensive production of enzymes.
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Figure 4.5. Proposed mechanism for the reduction of sulfoxides by MsrA biocatalysts.

4.3.1.3 Scope of the reaction

Once the best conditions of the biocatalytic reduction of 28af were identified, the
substrate scope for the MsrA02 biocatalysed reaction was investigated. Results are
reported in Table 4.3. The reactions were carried out using 1.0 gL of MsrA02 CFE
biocatalysts and 32 mM of the sulfoxide substrate unless stated otherwise. Isolated
yields are reported for the reaction products. Sulfoxides bearing a small methyl group
28a-ad (Table 4.3, Entries 1-11) were all kinetically resolved by MsrA02 with excellent
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ee (99%) and high isolated yields. Interestingly, while the electron donating or
withdrawing nature of the phenyl ring substituents did not significantly alter the outcome
of the reduction, their position on the phenyl ring seemed to affect the kinetics of the rate
of reaction, with sulfoxides 21laa and 21ad bearing groups in ortho position having the
longest reaction times of 28 and 81 h respectively. The effect of the substituents on the
reaction time can be explained from a steric hindrance perspective as ortho substituents
are much closer to the sulfoxide moiety compared to meta or para, making the first
nucleophilic attack from

Table 4.3. Substrate scope of the EKR of sulfoxides 28a-e.

o=y
MsrA02 (1.0 gL ™3 gcf‘ ]
Q 100 mM KPi pH s.o;hﬁ ¢ 9+
R OOR - RR, * RIOR
1 2 1.1 eq. DTT, 2.5% IPA 1 2 1 2
28a-e 30°C, 280 rpm, 4-48h (R)-28a-e 27a-e
Entry  Substrate R; R Time (h) ;Sigllgge% ee® %
1 28a Ph Me 4 35 >99
2 28b 4-F-CsHa4 Me 6 26 >99
3 28x 4-Br-CeHa Me 6 41 >99
4 28y 4-Cl-CsHa4 Me 4 38 >99
5 28z 3-CI-CsHa4 Me 6 40 >99
6 28aa 2-Cl-CsHa4 Me 28 30 >99
7 28ab 4-Ac-CeHa4 Me 4 50 >99
8 28ag 4-MeO-CeHa Me 4 43 >99
9 28ah 3-MeO-CsHa4 Me 6 35 >99
10 28ac 3-Me-CsHa Me 6 48 >99
11 28ad 4,2-Me-CeHs Me 81 41 >99
12 28ai° 2-Naph Me 28 n.d.f 74
13 28aj 1-Naph Me 24 n.d. 16
14 280 Bn Me 24 29 94
15 28ak Dodecyl Me 24 46 >99
16 28al CHsCO(CH2)2  Me 24 n.d. >99
17 28am PhSO(CH2)2 Me 8 49 >99
18 28c Ph Et 48 47 90
19 28d° 4-Me-CsHa Et 48 36 98
20 28g° 4-Br-CeHa Et 48 55 80
21 28v¢ Bn Et 24 36 96
22 28w Ph(CH2): Et 8 40 99
23 28te 2-PyCH:2 Et 24 n.d.f 54
24 28an¢ Ph nPr 24 n.d.f <1
25 28j¢ 4-MeO-CsHa nPr 24 n.d.f <1
26 28e Ph Allyl 7d n.d.f 16

alsolated yields after chromatographic purification of the (R)-sulfoxide PDetermined by chiral
HPLC using Chiralpak column IG or IC. €2.0 gL CFE MsrA02. 98 mM substrate, 10 gL CFE
MsrA02. €10 gL't CFE MsrA02. n.d. not determined.
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the Cysresidue in the active site kinetically unfavourable (Figure 4.6). Effects of the steric
hindrance can also be seen in the resolution of naphthyl-bearing sulfoxides 28ai and
28aj (Table 4.3, Entries 12,13). In both instances the biocatalytic reduction proved to be
less efficient compared to 28a-ad, as (R)-28ai was obtained in 74% ee and (R)-28aj in
only 16% ee after 28 and 24 h respectively, results attributed to the much bulkier aromatic
moieties. It could be hypothesised that the 2-naph group behaves as a phenyl ring with
a pseudo-meta substituent for 28ai, and similarly the 1-naph as a pseudo-ortho for 28aj
(Figure 4.7). The sulfoxides 28o-am (Table 4.3, Entries 14-17) bearing spacers between
the aromatic ring and sulfoxide moiety or alkyl R! groups on the sulfur atom were also
reduced by MsrA02 affording the corresponding (R)-enantiomers with high isolated
yields (up to 49%) and excellent ee (up to 99%). The diastereomers (R),(R)-28am and
(S),(R)-28am were obtained in a 1:1 ratio (see Appendix 1V) indicating that only the
terminal (S)-sulfoxide was fully reduced by the enzyme. MsrAO02 showed excellent
activity also on the substrates 28c-w bearing an Et substituent on the sulfur atom with
high yields and excellent ees (Table 4.3, Entries 18-22).
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Figure 4.6. Steric hindrance effects of aromatic substituents on the nucleophilic attack of
cysteine to the sulfoxide moiety.

(I)I X
S

ot @E\ ('s?\ E\

meta ortho pseudo-meta pseudo-ortho

Figure 4.7. Behaviour of naphthyl moieties in comparison to meta and ortho substituents.
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Remarkably, for phenyl-bearing 28c-ae the reaction time was 48 h, which reduced to 24
hfor 28v and 8 h for 28w. One hypothesis for this behaviour is that the longer the spacing
chain between the aromatic ring and the sulfoxide (as for 28v-w), the more flexible the
molecule is and, because the R? group for these substrates is an Et chain, the added
flexibility allows the molecule to easily access the catalytic Cys in the active site whilst
avoiding steric hindrance clashes. This also allowed 28v-w to be obtained in higher ees.
However, this cannot be said for the pyridyl derivative (R)-28t, an analogue of (R)-28v,
which was obtained with only 54% ee after 24 h (Table 4.3, Entry 23). One plausible
explanation is that due to the heteroaromatic ring, the electron distribution on the
molecule combined with the Et group disfavoured the reduction of the substrate. This is
also supported by the comparison between the electron distribution maps of 28t and 28v
(Figure 4.8) where it is shown that due to the pyridine ring, the electron density of the
sulfur atom is slightly increased making it less electrophilic. Lastly, the propyl derivatives
28an and 28j as well as the allyl substate 28| were not reduced by MsrA02 (Table 4.3,
Entries 24-26).

After the investigation of the scope of the biocatalysed KR, MsrA02 proved to be a
valuable addition to the reductive enzymes toolbox as a total of 23 (R)-sulfoxides ((R)-
28af-t) were obtained in good to excellent ees up to >99% and yields of up to 50%. This
is so far the largest scope of any MsrA enzyme reported in the literature.

Figure 4.8. Electrostatic potential surface (EPS) for 28v and 28t.
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It must be noted that even if the maximum theoretical yield expected for these reactions
was 50%, the empirical isolated yield detected after chromatographic purification was
slightly lower due to the difficulties associated with the extraction of the sulfoxide
compounds from the buffer media with EtOAc. Nevertheless, in most case the isolated
yields obtained were well above 40%. MsrA02 was not deemed a suitable biocatalyst for
the reduction of propyl, and allyl sulfoxides 28an-I but also for the naphthyl derivatives
28ai-aj. Therefore, the identification of an additional enzyme for the resolution of larger
and bulkier substrates was the next logical step in this research project.

4.3.1.4 Identification of other Msrs from Almac panel for the KR of larger substrates

The search for a biocatalyst capable of resolving the substrates that MsrA02 could not
effectively reduce began with an investigation of other enzymes from the initial panel.
Four Msrs were selected based on their initial performance with 28af and on their
relevant publications in the literature. For instance, MsrAO1 had already been used by
other groups for the EKR of non-natural sulfoxides, but the scope had always been
limited to less than 10 substrates and hence was chosen to assess its use with larger
ones. Instead, MsrABO8 and MsrAB10 were selected because of their structural
differences from MsrAs. Furthermore, MsrABO8 had a variety of publications on its
structural characterisation in the literature, while MsrAB10 was the only enzyme that
furnished (R)-28af in substantially lower yields (31%) compared to the remaining
enzymes, which signified a more efficient reduction activity. MsrAl6 instead was
selected because it performedvery similarly to MsrAO2 but did not benefit from structural
characterisation. With this selection in hand, screening reactions were performed using
the optimised reaction conditions for MsrA02 (32 mM substrate, 1.0 gL't Msrand 1.1 eq.
DTT) for 24 h. The results are reported in Table 4.4. In general, these WT enzymes did
not show a significant improvement from MsrA02. However, MsrA10 proved to be highly
effective in the reduction of 28ai when used at 8 mM concentration, affording the (R)-
enantiomer with excellent >99% ee (Table 4.4, Entry 1), whilst still being inactive on the
opposite sterically hindered regioisomer 1-naphtyl derivative 28aj (Table 4.4, Entry 2).
Some reductive activity was detected for sulfoxide 28I, where low ees were observed up
to 24% with MsrAO1 (Table 4.4, Entry 5).
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Table 4.4. Screening of Msr enzymes with bulkier sulfoxides.

Msrs (1.0 gL™)

2 100 mM KPi pH 8.0 o
RSR : rReSR, * RFOR
! 2 1.1 eq. DTT, 2.5% IPA ! 2 ! 2
28ai-l 30°C, 280 rpm, 24h (R)-28ai-| 27ai-l
Entry Substrate R, R, Msr ee? %
01 9
08 9
1 28ai 2-Naph Me 10 30
10° >99
16 32
01 <1
. 08 <1
2 28a] 1-Naph Me 10 <1
16 10
01 20
08 8
3 28t 2-PyCH: Et 10 <1
16 14
01 10
4 28] 4-Me-CeHa nPr (1)3 j
16 4
01 24
08 4
5 28| Ph Allyl 10 <1
16 18

aDetermined by chiral HPLC using Chiralpak column IG or IC. 8 mM substrate.

It was hypothesised that this allylic sulfoxide could have been unstable in the basic
aqueous enzymatic environment and had undergone a [2,3]-sigmatropic rearrangement
reaction which led to its degradation (Scheme 4.9).

Due to the unsuccessful results from the screening of the panel, rational mutagenesis
approaches and structural studies of MsrA02 were adopted for the development of an

alternative enzyme to broaden the scope of this biocatalytic transformation.
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Scheme 4.9. Rearrangement mechanism for the degradation of 28l in a basic aqueous
environment.

4.3.2 Structural and functional studies on MsrA02

The substrate scope study of this biocatalytic transformation clearly shows the ability of
MsrAO2 to catalyse the Kkinetic resolution of sulfoxides bearing a methyl and an ethyl
substituent on the sulfur atom. However, bulkier substrates bearing a propyl or an allyl
substituent were not reduced by MsrA02 or other MsrA wild type (WT) enzymes in
adequate yields and ees. Therefore, the next step in the expansion of substrate scope
was to engineer MsrA02 (and potentially other WT enzymes) using rational mutagenesis
to develop mutants capable of reducing bulkier sulfoxides. In order to proceed with the
mutagenesis studies, single point mutagenesis of Cys residues of MsrA02 and NMR
studies of the biocatalytic transformation were carried out with the aim of fully
understanding the catalytic cycle of MsrA02 and hence assessing which mutations could

be beneficial and which would have deleterious effects on the MsrA activity.

4.3.2.1 MsrA02 homology models for the structural analysis of the active site and
mechanism of catalysis

Although several sequences of MsrAs have been identified, structural characterisation
and investigation of the mechanism of action have only been resolved for a few species
including E. coli,33*38 M. tuberculosis,®*° N. meningitidis33336°-362 gnd coincidentally S.
cerevisiae.®* The alignment of the MsrA sequences from these species is shown in
Figure 4.9. It is apparent that the core structures of the MsrA enzymes are conserved
and that the alignment shows a great degree of similarity, with the greatest differences
in the C-terminal loop. Several crystallography and NMR studies contributed to the
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elucidation of the mechanism of action and the identification of the residues responsible
for activity. As mentioned previously, all Msr enzymes reduce MetSO in three defined
steps: first, in the reductive phase, a Cysresidue binds to the MetSO substrate forming
a Michaelis-like complex, which then collapses into a sulfenic acid intermediate with the
concomitant release of one molecule of Met, then the sulfenic acid forms an
intramolecular disulfide bond with a Cys in the C-terminal loop and finally the enzyme is
reduced to its original form by thioredoxin (Trx).32%363-35 For some MsrA enzymes, such
as E. coli,*** an extra Cysresidue is involved in the mechanism by forming an additional
disulfide bridge prior to the regeneration by Trx. In particular, in S. cerevisiae, and hence
in MsrA02, the active Cys residues are Cys25and Cys176 (highlighted in yellow in Figure
4.9).332 Interestingly, in all crystal and NMR structures of the various MsrAs, these two
Cysresidues (three for E. coli) are too far apart for easy interaction, indicating that major
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Figure 4.9. Sequence alignment of MsrAs from S. cerevisiae (UPID: B3LS55, PDB: 3PIL), N.
meningitidis (UPID: Q9K1N8), E. coli (UPID: POA744) and M. tuberculosis (UPID: POWJM5). N.
meningitidis is an AB hybrid Msr so the sequence showed here corresponds to the MsrA domain
of the enzyme (from residues Asn196 to Thr378). Cys25 and Cys176 are highlighted in yellow,
while the hydrophobic pocket formed by Phe26 and Trp27 and the hydrophilic pocket formed by
Tyr64, Glu76 and Tyrll6 are highlighted in green and cyan respectively. In S. cerevisiae, other
cysteine residues are represented by blue triangles. Secondary structure features are shown for
S. cerevisiae. Figure prepared using ESPript.366
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conformational changes during the catalytic cycle must take place to allow the formation
of the disulfide bond. There are three more Cys residues (represented by blue triangles
in Figure 4.9), but they are not believed to be involved in the mechanism as they are not
conserved in all species.®¥? In addition to the cysteine residues, the active site of MsrA02
(and other MsrAs) is also characterised by Phe26 and Trp27 (highlighted in green in
Figure 4.9), which form a hydrophobic pocket on one side of the cavity,and Tyr64, Glu76
and Tyr116 (highlighted in cyanin Figure 4.9), whichinstead constitute a local hydrophilic
region on the opposite side.333360.365 These two pockets play essential roles in the
stabilisation of MetSO during the initial two phases of the catalytic cycle (Scheme 4.10).

Free enzyme

Sulfenic acid Sulfonium cation

intermediate
R = WJ\OH

Scheme 4.10. Proposed mechanism of MetSO reduction and sulfenic acid formation
(PDB: 3PIL).
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In fact, the methyl group of MetSO interacts with the hydrophobic pocket formed by
Phe26 and Trp27, while Tyr64, Glu76 and Tyr116 are responsible for forming H-bonding
interactions with the oxygen of the sulfoxide (Scheme 4.10). Due to these anchoring
interactions, the electrophilic sulfur atom on the substrate is now in close proximity (3.3
A in N. meningitidis3*®) to Cys25 forming a Michaelis-like complex. The nucleophilic
attack is also favoured because the single S-O bond has now become highly polarised
due to the H-bonding interactions of the oxygen and the hydrophilic pocket.*® Following
the nucleophilic attack of Cys25, a sulfurane intermediate is formed in the rate
determining step in the reduction of MetSO via a proton transfer from the carbonyl of
Glu76. A further proton transfer from one of the two Tyr leads to the formation of a
sulfonium cation with the concomitant release of a water molecule. This, in turn, is
activated by Glu76 and attacks the catalytic cysteine forming the sulfenic acid

intermediate and one equivalent of the reduced Met is released.3%®

Interestingly, in all these stages of the reduction, no conformational changes were
detected in the structure of MsrA from S. cerevisiae and N. meningitidis. There are two
plausible explanations for these observations. The first is that the conformational
changes are happening very quickly and are not observed on NMR timescale. The
second is that the active sites of Msrs are optimised to bind the substrate efficienty
without the requirement of any conformational rearrangement. The latter is considered
the most probable explanation, because, coupled with the shallow shape of the active
site on the surface of the enzymes, is what allows MsrAs to access oxidised methionine
residues on structurally different peptides.3*

The second general step in the catalytic cycle of MsrA02 is the formation of a disulfide
bridge between Cys25 and Cys176. Crystal and NMR structures of MsrAs show drastic
global conformational changes in the backbone of the C-terminal loop, which completely
leaves its place and closes towards the active site to bring the second catalytic Cys
(Cys176 for MsrA02) into close proximity of Cys25-OH to form a disulfide bond.333:33%
This change in conformation comes with the unwinding of the a2 helix and the movement
of the a3-B4 segment. Also, in N. meningitidis, the loop where Cys25 is found undergoes
a slight reorientation and repositions the residue for a nucleophilic attack by Cys176.33°

In the final regeneration phase, MsrAsinteract with Trx to form an intermolecular disulfide
bond that ultimately regenerates the two free catalytic Cys residues. In MsrA02, the
disulfide bond exchange happens between Cys176 and Cys31 of Trx and it is believed
that the Ala159-His179 segment is directly involved with the binding to Trx.33®
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4.3.2.2 Cysteine to serine single point mutations

MsrA02 bears five cysteine residues in the protein sequence, namely Cys23, Cys25,
Cys44, Cys68 and Cysl76. It has been postulated through crystallography and NMR
studies that Cys25 and Cys176 are directly involved in the reduction of MetSO, while
Cys23, Cys44 and Cys68 do not seem to be involved in the catalytic cycle. It also
becomes evident that these residues are not involved in the reduction mechanism when
looking at the crystal structure of MsrA02 (PDB: 3PIL), as Cys23, although close to
Cys25, is pointing away from the active site and Cys44 is buried in the structure of the
enzyme (Figure 4.10). Additionally, Cys23 and Cys44 are completely non-conserved
across MsrA species. Instead, Cys68 is much closer to the active site (Figure 4.10) and
in some reports, it is hypothesised to interact with the active site in the oxidised crystal
form of the enzyme.®*® This is also supported by the fact that Cys68 is conserved in
higher organisms, while it is not found in lower ones. Therefore, to confirm the role of the
five cysteines in the reduction of 28af, single point mutations were carried out on MsrA02,
where each cysteine was individually mutated into a serine amino acid and five MsrA02
mutants (C23S, C25S, C44S, C68S and C176S) were then produced in E. coli T7
express cells. Serine was chosen because it has a similar shape and size to cysteine
but is unable to form disulfide bonds.

Figure 4.10. Crystal structure of MsrA02 (PDB: 3PIL) with the five cysteine residues highlighted
as sticks. C25 and C176 are key residues in the active site. Generated with Pymol.
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The results of the reactions using Msr02 cysteine mutants on 28af are reported in Table
4.5. Even though reactions were initially carried out using the optimised conditions of
reactions found for WT MsrA02, experiments were also carried out at higher
concentrations of the biocatalysts to avoid negative results potentially due to lower
enzyme concentration in the CFE and lower reaction rates of the mutants. As predicted,
the sulfoxide reducing activity of MsrA02_C25S and MsrA02_C176S was significantly
affected and, in both cases, 28af was recovered as a racemate (Table 4.5, Entries 2,5).
Interestingly, when MsrA02_C176S was used at 40 gL, a 36% ee was obtained. It was
hypothesised that this was due to the catalytic activity of the untouched Cys25, which
could still reduce 28af in a stoichiometric fashion. These results once again confirm that
Cys25 and Cys176 are the two key residues involved in the catalytic cycle, even when
non-natural sulfoxides like 28af are used. Then, the KR of 28af was not affected when
the MsrA02_C44S mutant was employed and (R)-28af was obtained with 99% ee at 10
gL? of mutant CFE (Table 4.5, Entry 1), which is in line with the reported literature and
confirms that Cys44 has no role in the catalytic cycle of MsrA02.

Table 4.5. Results of MsrA02 cysteine mutants catalysed reduction of 28af.

MsrA02 ey ]
9 Cys mutants go-’ Q
S._ 100 mM KPi pH 8.0)"3‘ g < S<
S R+
/©/ 1.1 eq. DTT, 2.5% IPA /©/ /©/
(o]
28af 30°C, 280 rpm, 24h (R)-28af 27af
Entry Slrgﬂlt(;t;i)grl]nt Enzyng}eL_cl:onc./ ce¥sd

1.0 26
1 C23s 10 67
40 80
0.23 <1

2 C25sbe 2.3 8
9.2 21

1.0 9
3 C44s 10 99
40 >99
0.23 >99
4 c68sbe 2.3 >99
9.2 >99

1.0 4
5 C176S 10 26
40 36
6 WT 1.0 >99

aDetermined by chiral HPLC using Chiralpak column IG. PPurified mutant MsrA02 enzyme used.

¢gL® of protein concentration calculated from 10, 100 and 400 M.
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MsrA02_C68S also seemed to have no negative effectson the catalytic activity of the
enzyme, as even at low concentrations (0.23 gL* of pure enzyme) >99% ee is obtained
(Table 4.5, Entry 4). Interestingly, instead, the mutation of the other totally unconserved
cysteine residue, Cys23, led to (R)-28af with poor ees (Table 4.5, Entry 1), especially at
low concentration of the enzyme. An overlap of the structure of the WT enzyme with the
C23S MsrA02 mutant one revealed that while Cys23 is not directly involved in the
catalytic cycle for the reduction of sulfoxide 28af, the replacement of this cysteine with a
serine residue destabilises the binding pocket (Figure 4.11). In fact, in MsrA02_C23S,
the hydroxide group on the serine side chain binds to Thr29 through an H-bond
interaction (Figure 4.11), leading to a significant conformational change in the
nucleophilic Cys25, which is now oriented away from the active site and is probably less
available for nucleophilic attack on the sulfoxide substrate (computational studies

performed by Dr. Carvalho, AlImac).

Figure 4.11. Comparison between the active sites of the WT enzyme (purple) and the C23S
variant (magenta). The serine hydroxide sidechain makes an H bond with Thr29, significantly
changing the loop of the Cys25.

4.3.2.3 NMR structural and mechanistic studies

To further investigate and elucidate the dynamics of the catalytic cycle, an NMR
structural study of the biocatalyst MsrAO2was carried out in collaboration with Dr Ortega-
Roldan and Ms Serrano-Sanchez from the University of Kent. The *N- and **C- labelled
MsrA02 enzymes were prepared at King’s College London and the biocatalytic reduction
of the sulfoxide 28af was studied by *>N-NMR. The 3*C,'*N-labelled MsrA02 was used to
assign most of the peaks of the protein in the NMR spectrum (Figure 4.12, Part A).
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Figure 4.12. 15N HSQC spectrum of MsrA02. Part A) Assigned >N HSQC of MsrA02 in its free,
reduced form. Part B) 15N SOFAST HMQC of MsrA02 collected at increasing 28af concentration

of 0 mM (black), 0.5 mM (blue) and 1 mM (red).

The >N-HSQC spectrum, containing one cross peak for every amide bond in the protein,
was collected and, using a standard suit of triple resonance NMR experiments, around
70% of the backbone resonances were identified, allowing us to identify residues
involved in the catalytic activity. SOFAST HMQC experiments were subsequently
collected at increasing substrate 28af concentrations in the presence of DTT, resulting
in modulation of both intensities and chemical shift positions of a subset of NMR
resonances following a slow exchange regime (Figure 4.12, Part B). A comparison of the
decay of intensities upon substrate addition at 0.5 and 1.0 mM shows that at the lower
concentration of 28af the most affected region of the protein is around Cys25, including
the beta strand at positions Phe74-Glu76 (Figure 4.13, in blue), suggesting that the
catalytic activity starts with the engagement of Cys25 with the substrate. In fact, a large
change in the chemical shift of amino acid residues usually is a result of substantial
change in the conformation of parts of the protein, indicating potential interactions of the
enzyme with the substrate. At 1.0 mM of 28af, large intensity changes extend from the
Cys25 to the whole beta strand between residues Phe74-Val80 and the area around fit,
reaching Cysl176 and its neighbouring residues (Figure 4.13, in red). Such changes
suggest that once the substrate is bound to Cys25, the area around Cys176 is involved
in the catalytic cycle, supported by the changes occurring in the helical region between
residues Glul6l to GIn172. The largest chemical shift changes between the free and
bound state are also found in the patch surrounding Cys25, Cys176, and the central beta

strand (Figure 4.13, in cyan). The spectrum for the bound state of the protein shows
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broader peaks, indicating that substrate binding induces significant dynamics on the
structure of MsrA02. Further addition of DTT reverts the spectrum of MsrAO02 back to the

apo form one.

Figure 4.13. Cartoon representation of the MsrA02 structure (PDB: 3PIL) with the residues
involved in the catalytic cycle of 28af highlighted. Residues with resonances undergoing
significant intensity losses upon addition of 0.5 mM or 1 mM of 28af are labelled in blue or red,
respectively. Residues with resonances undergoing significant chemical shift differences between

the free and bound forms are labelled in cyan. Cys25 and Cys176 sidechains are shown forclarity.

4.3.3 Mutagenesis studies and development of new Msr mutants

Once the role of the cysteine residues of MsrA02 was confirmed by mutagenesis and
the structural changes of the enzymes upon substrate binding were resolved using NMR,
the generation of mutant enzymes able to accept sulfoxide substrates bearing

substituents on the sulfur atom different from a methyl group was then investigated.

4.3.3.1 Insilico studies: docking of 28ag and 28j and design of new mutants

The first step towards the design of new mutant MsrA enzymes began with an in silico
investigation on the difference in the binding between smaller and larger substrates with
the WT MsrAO2 active site. Therefore, the substrates 28ag and 28j, bearing respectively

a methyl and a n-propyl chain on the sulfur atom, were docked by Dr Carvalho, from
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Almac, into the active site of WT MsrA02 (Figure 4.14). As previously mentioned, other
than the two key cysteines Cys25 and Cys176, the hydrophobic pocket formed by Phe26
and Trp27 and the hydrophilic region formed by Tyr64, Glu76 and Tyr116 play a key role
in the selectivity of the reaction as well as on the stability of the active site of the enzyme.
In the case of 28ag, the docking simulations showed that Tyr174 was also important to
position the catalytic Cys25 at a distance of 3.55 A from the S=0 group of 28ag and
facilitates the nucleophilic attack on the substrate (Figure 4.14, a). However, when
substrate 28j was docked into the MsrA02 active site, the sulfoxide group was now at a
distance of 6.60 A from Cys25, which is too far for the nucleophilic attack to effectively
take place (Figure 4.14, b), thus explaining the lack of activity of MsrA02. This was likely
due to steric hindrance clashes between the bulkier n-propyl side chain and the residues
of the active site, particularly with Phe26 and Trp27 in the hydrophobic pocket. Therefore,
a series of nine mutant enzymes of WT MsrAO02 (Table 4.6, Entries 1-9) were
computationally designed, targeting different areas of the enzyme with the aim of
allowing a shorter distance between the sulfoxide group of 28j and the Cys25 residue.

Y488 M2, / an
| ~e | Y116 ~=
| e

c25 W &

28 / ¢
c176

-
Y174

Y160

Figure 4.14. a) Docking of sulfoxide 28ag in MsrA02; Tyrl74 keeps Cys25 close to the
sulfoxide group. b) Docking of the sulfoxide 28j in MsrAQ2. c) Overlap of MsrA10 (light green)

over MsrA02 (grey). The second cysteine residue of MsrA10 is not in C-terminal region.
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Table 4.6. New panel of structurally different MsrA enzymes containing 12 mutant enzymes
from WT MsrA02 and MsrA10 and 7 new WT MsrAs.

Mutant MsrA WT WT Mutant

Entry code MsrA residue residue Position
1 MsrA31 02 Cys68 Thr a2-helix
2 MsrA32 02 Trp27 Phe Pocket
3 MsrA33 02 Phe26 Tyr Pocket
4 MsrA34 02 Gly28 Cys a1-helix
5 MsrA35 02 Leul6?7 Phe C-terminal loop
6 MsrA36 02 Tyrl74 Lys C-terminal loop
7 MsrA37 02 Tyrl74 Leu C-terminal loop
8 MsrA38 02 H179 Arg C-terminal loop

Gly28 Cys Pocket and C-

9 MsrA39 02 Tyrl74 Lys terminal loop
10 MsrA40 10 Ser52 Thr a2-helix
11 MsrA41 10 Phel8 Tyr Pocket
12 MsrA42 10 Tyrl69 Lys C-terminal loop

Entry New WT Msr Organism
13 MsrA43 Unspecified bacterium
14 MsrA44 S. piezotolerans
15 MsrA45 B. solimangrovi
16 MsrA46 Archaeon
17 MsrA47 C. Aenigmarchaeota archaeon
18 MsrA49 Lentisphaerae bacterium

The design of appropriate mutants proved to be more complicated than predicted
because of the high degree of flexibility of the enzyme active site. In fact, single point
mutations would affect the ability of the enzyme to maintain flexibility and activity was
lost. In particular, mutations in the pocketseemed to affectthe selectivity of the reduction,
while alterations in the C-terminal loop would be detrimental to the stability of the
enzyme. MsrA10, another novel enzyme that showed good activity on the substrate 21m,
was also investigated for rational mutagenesis. Interestingly, when the structures of
MsrA02 and MsrA10 were overlapped (Figure 4.14, c), it was realised that the second
cysteine recyclingwas found on the same a1-helix as Cys25 and not in the C-terminal
loop as in MsrA02. Therefore, mutations in the C-terminal region were expected to not
affectthe stability and activity of MsrA10 mutants. Thus, three additional MsrA10 mutants
bearing mutations in different areas of the enzyme were designed and produced (Table
4.6, Entries 10-12). Finally, six new WT MsrA enzymes that show different C-terminal
regions of MsrAO2 were also selected from the literature and homology searches in
public databases (Table 4.6, Entries 13-18) and added to the new panel of MsrA

prepared for screening on substrate 28j.
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4.3.3.2 Screening of novel mutant and WT enzymes Almac panel

The new MsrA02 and MsrA10 mutants and WT enzymes were cloned and expressed in
E. coli BL21(DE3) under the same conditions as the original panel of Msr enzymes and
prepared as CFE in 96-well plates. The 28] n-propyl substrate was used at a
concentration of 8 mM, while the enzymes were diluted to 10 gL in 100 mM KPi at pH
8.0 containing 1.1 eq. DTT. The plates were incubated for 24 h at 30 °C and 1000 rpm
and the ees were analysed by normal phase chiral chromatography. The results of the
screening are reported in Table 4.7. The best mutant enzyme was found to be MsrA33,
followed by MsrA31 and MsrA32, all of which afforded (R)-28j in moderate ees of 46%,
34% and 18% respectively. Unfortunately, the rest of the panel including MsrA10 mutants
and new WT MsrAsdid not appear to be active towards the reduction of 28j. Interestingly,
MsrA32 and MsrA33, which partially reduced 28j, bear mutations in the hydrophobic

pocket responsible for anchoring the methyl group of MetSO into the active site.

Table 4.7. Screening of MsrA mutants and new WT MsrA.

0 MsrA31-49 (10 gL™) o
/©/S\/\ 100 mM KPi pH 8.0 /©/S+\/\ /©/S\/\
» (R) +
MeO 1.1eq.DTT, 25% IPA  MeO MeO
28j 30°C, 1000 rpm, 24h (R)-28j 27j
Entry Enzyme (R)-28j ee* %

1 MsrA02 WT <1

2 MsrA31 34

3 MsrA32 18

4 MsrA33 46

5 MsrA34 <1

6 MsrA35 13

7 MsrA36 <1

8 MsrA37 <1

9 MsrA38 <1

10 MsrA39 <1

11 MsrA40 <1

12 MsrA41 <1

13 MsrA42 <1
14 MsrA43 <1

15 MsrA44 <1

16 MsrA45 <1

17 MsrA46 <1

18 MsrA47 6

19 MsrA49 <1

aDetermined by chiral HPLC using Chirapak IC column.
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One hypothesis for the improved activity of these two mutants is that by changing the
shape of the hydrophobic pocket (potentially enlarging it), bulkier alkylsubstituents, such
as n-propyl groups, can now dock themselves deeper into the active site, bringing the
sulfoxide moiety in close proximity to Cys25. To further confirm this, MD simulations were
performed by docking 28] in both WT MsrA02 and MsrA33, the best mutant of the
screening. The F26Y mutation allows 28] to be at 5.00 A from Cys25in MsrA33 (Figure
4.15), which compared to the previous 6.60 A in MsrA02, is a good distance for the
nucleophilic attack to take place. It is also possible to see how the arrangement of 28j in
the active site changes between the WT and the F26Y mutant. In fact, when docked into
the WT site, the n-propyl chain points in the opposite direction of the hydrophobic pocket
and into the solvent-exposed region, with the bulky 4-methoxy phenyl ring preventing a
good interaction between the S=0O moiety and Cys25. Instead, when docked into
MsrA33, the n-propyl chain is buried into the hydrophobic pocket, restoring the anchoring
interactions that allow 28j and Cys25 to react together.

Figure 4.15. The binding pose of 28] and mutant MsrA33 (adapted from PDB: 3PIL).

112



4.3.3.3 Optimisation of the rection conditions using MsrA33

With the best mutant for the reduction of bulkier substrates in hand, the optimisation of
the MsrA33 biocatalysed reduction of 28j began by investigating whether the optimised
reaction conditions for the WT MsrAO2 reaction could be applied in this scenario.
Unfortunately, when the mutant catalyst was used at a concentration of 1.0 gL and
exposed to 32 mM substrate (Table 4.8, Entries 1-3), 28] was recovered as a racemate.
However, the outcome of this first set of optimisation reactions was to be expected,
because it is known that, while enzymes engineered through rational mutagenesis can
present an improved activity towards a larger variety of substrates, these are often less
efficient compared to their parent WT enzyme. This is also why for the optimisation of
reaction conditions with MsrA33, the quantity of DTT was increased from 1.1 to 4.0, as
it was predicted that saturating the environment of reaction with the regenerating agent
would maximise the reducing activity of the enzyme and would also avoid false negative
results due to slow kinetics.

Table 4.8. Optimisation of reaction conditions with MsrA33.

o MsrA33 . _f?g;‘ o
i 100 mM KPil_ ‘& / “(*t; : <,
Jopatile A Ns AN O An
& .Il- > +
MeO 4.0 eq. DTT, 2.5% IPA MeO MeO
28] T°C, 250 rpm, th (R)-28j 27j
MsrA33 conc. 28j conc. . R)-28j
Entry /gL’ /JmM T/°C Time/h faez’b 0/(1)

1 1.0 8.0 30 24 4

2 1.0 32 30 24 <1

3 10 32 30 24 6

4 10 8.0 30 24 40

5 10 8.0 30 48 66

6 10 8.0 30 72 66

7 10 4.0 30 24 50

8 10 4.0 30 48 70

9 10 2.0 30 24 54
10 10 2.0 30 48 50
11 10 1.0 30 24 28
12 10 1.0 30 48 28
13 20 8.0 30 24 78
14 20 8.0 30 48 82
15 40 8.0 30 24 92
16 40 8.0 30 48 >99 (42)¢
17 20 8.0 37 24 6

aDetermined by chiral HPLC using a Chiralpak IC column. PReactions run in duplicates. °(HPLC
yield is reported. Calculated using an Agilent Eclipse Plus C18 column and methyl p-tolyl sulfoxide

as internal standard (see Appendix VI for calibration curve data).
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A series of time point experiments at 24, 48 and 72 h keeping the enzyme at 10 gL* and
28j at 8.0 mM (Table 4.8, Entries 4-6) revealed that the optimal reaction time was 48 h,
as (R)-28j was obtained in 66% ee at 48 h, a 25% increase from the 24 h mark, after
which no further change in ee was observed. Similar results were obtained for the 24
and 48 h time points when 28j was used at 4.0 mM (Table 4.8, Entries 7,8). Interestingly,
when 28j was used at 2.0 or 1.0 mM (Table 4.8, Entries 9-12) no improvementin ee was
observed after 24 h and for 1.0 mM 28j, the ee only reached 28%. The decreased
enzymatic activity as the substrate concentration is also reduced can be rationalised in
terms of collision theory, where the suboptimal 28] concentration is too dilute and cannot
trigger the activation of the enzyme. After selecting 8.0 mM as the most suitable
concentration of 28j, the concentration of MsrA33 was also assessed. A series of
reactions at 20 gL and 40 gL' MsrA33 (Table 4.8, Entries 13-16) were monitored at 24
and 48 h and generally afforded (R)-28j in much higher ees. Specifically, Entry 16 shows
that when 40 gL™* MsrA33 was reacted with 8.0 mM 28] for 48 h, (R)-28j was obtained in
>99% ee and 42% HPLC yield. In Entry 17, a reaction at 20 gL MsrA33 was carried out
at 37 °C to verify whether a slightly higher temperature and a lower enzyme loading also
would provide (R)-28j in excellent ee. Unexpectedly, the 7 °C increase in reaction
temperature proved to be deleterious for biotransformation, as 28j was recovered as a
racemate after 24 h. Hence, the conditions in Entry 16 were deemed optimal for the KR
of larger substrates by MsrA33.

4.3.3.4 Scope of the MsrA33 biocatalysed KR of large sulfoxides

After finding the ideal reaction conditions, the substrate scope of the biocatalytic
reduction of various sulfoxides with the mutant MsrA33 was finally investigated. The
results are reported in Table 4.9. All the sulfoxides 28j, 28an, 28k-ar bearing an n-propyl
substituent on the sulfur atom were obtained in good to high yields (Table 4.9, Entries 1-
6). The (R)-enantiomers of the derivatives 28j, 28k and 28ao were afforded with
excellent ees, while 28an, 28ap and 28ag were reduced less selectively. For instance,
(R)-28an was obtained in 37% yield with an ee of 65%, which clearly indicates that
MsrA33 was quite active on the substrate but was not very selective for the reduction of
(S)-28an compared to other sulfoxides. Instead, 28ap and 28aq were obtained in about
50% yield but the ee only reached 64 and 76% respectively.
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Table 4.9. Scope of the MsrA33 biocatalysed KR of larger sulfoxides.

MsrA33 (40 gL") "\ A AS~ ]
® 100 mM KPi pH 8.0&‘Q P ‘7; o
RT° R2 e RTS\Rz + RTS\RZ
4.0 eq. DTT, 2.5% IPA
28j-t 30°C, 280 rpm, 48h (R)-28j-t 28j-t
(R)-21
Entry Substrate R? R? yielda % ee® %
1 28] 4-MeO-CeHa nPr 42 >99
2 28an Ph nPr 37 65
3 28k 4-Me-CeHa nPr 40 99
4 28a0 4-Cl-CeHa nPr 46 92
5 28ap 4-Br-CeHa nPr 56 76
6 28aq 3-MeO-CeHa nPr 51 64
7 28ar 4-MeO-CeHa nBu 87 12
8 28g 4-Br-CeHa Et 39 >99
9 28t 2-PyCH:> Et 44 >99

aHPLC vyield is reported. Calculated using an Agilent Eclipse Plus C18 column and methyl p-tolyl
sulfoxide as internal standard (see Appendix VIfor calibration curve data). °Determined by chiral
HPLC using Chiralpak columns IG, IC or ID or Chiracel OD-H.

Unfortunately, when moving from a n-propyl to a n-butyl chain, as for sulfoxide 28ar, the
enzyme could no longer reduce the substrate as (R)-28ar was recovered in 12% ee and
87% vyield (Table 4.9, Entry 7). Sulfoxides 28g and 28t, which were poorly resolved by
MsrA02, were reacted with MsrA33 to assess whether the enzyme would retain
selectivity and activity for smaller substrates too. Interestingly, both (R)-28g and (R)-28t
were formed with ees of >99% and HPLC yields of 39% and 44% respectively (Table
4.9, Entries 8,9). The fact that the mutant enzyme showed promiscuity between the two
enantiomers explains why the recorded HPLC yields of the (R)-sulfoxides with excellent

ees are lower than 50%, as both enantiomers can be reduced by MsrA33.

4.3.4 Development of a deracemization method

In the course of the PhD, the photobiocatalytic®*® and multienzymatic®*’ deracemization
publications aforementioned were released. While the ‘one-pot one-step’ biocatalytic
cascade proposed by Peng et al.*>*” proved to be a robust scalable protocol that could
be applied on a large substrate scope, the photobiocatalytic presented by Bierbaumer et
al.**¢ had a restricted scope and it was limited to analytical scale production of (R)-
sulfoxides. In the photobiocatalytic methodology, the authors were also suspicious that

in some instances their method might have only kinetically resolved some of the

115



substrates rather than fully deracemized them. Another disadvantage of this
photobiocatalytic protocol was that the sulfide photocatalyst used for the oxidation had
to be harvested from the purple bacterium Rhodobacter capsulatus ZY5, which was
described as a laborious, time consuming and expensive process that only yielded 40
mg of photocatalyst per litre of cell culture. Therefore, we wanted to try the development
of a simplified deracemization methodology using our MsrA02 enzymes (WT and mutant)
and cheap commercially available organic photocatalysts (Scheme 4.11). In comparison
to the ones in the literature, this protocol would, in fact, provide a simplified alternative

for the deracemization of sulfoxides, applicable to a large substrate scope.

5
MsrA02 N L .
o 100 mM KPi pH 8.0 "oy ed | 9+
S< 7 ST + S<
1 2 1 2 1 2
RR 1.1 eq. DTT, 2.5% IPA ROR RR
28 30°C, 280 rpm, th (R)-28 27

Racemic photocatalytic oxidation
e
8 - &

Scheme 4.11. Schematic representation of a deracemization protocol using MsrAs and
chemical oxidation methods.

4.3.4.1 Identification of best commercially available photocatalyst for the
deracemization of 28af and optimisation of the reaction conditions

The investigation began by assessing which commercially available photocatalysts could
furnish racemic sulfoxides in the conditions of the MsrA02 biotransformation. The focus
was on organic photoactivators because it was predicted that these would be the most
compatible with enzymes and would also avoid the use of transition metals. It is also
worth mentioning that heterogeneous photocatalysts based on TiO2 were also found to
be quite effective for racemic sulfoxidation protocols, but in most reports, they required
manipulations to maximise their performance.?33¢7-372 Therefore, as the goal was to
keep the deracemization process simple and effortless, the use of TiOz based catalysts
was avoided. Based on the literature,®”® rose Bengal 95,3436 eosin Y 96231377378 and
NHPI 97 232 were chosen as photocatalysts, as they all provided racemic sulfoxides from
sulfide precursors in excellent yields and selectivity, with only traces of sulfone reported
in all cases. Furthermore, fluorescein 98 was selected as well because, despite the lack
of reports on its ability to oxidise sulfides, it is structurally similar to rose Bengal and eosin
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Y. Methyl p-tolyl sulfoxide 27af was selected as the starting sulfide for the development
of the photocatalytic sulfoxidation. The starting conditions were set identical to those of
the optimised MsrA02 KR, exceptthat DTT was initially omitted to avoid interference with
the sulfoxidation and IPA was substituted with CHsCN as this did not seem to affect the
performance of MsrA02 (Section 4.3.1.2, Table 4.2) but it appeared to be a more suitable
cosolvent for the photocatalysts. Results of the screening are reported in Table 4.10.
After irradiating under visible light for 1.5 h, it was found that the organic dyes 95-98 led
to either quantitative conversionin case of rose Bengal and eosin Y (Table 4.10, Entries
2,3) or partial conversion with fluorescein (Table 4.10, Entry 4). Interestingly, full recovery
of starting sulfide 27af was observed when NHPI 97 was used as a photocatalyst
instead. A series of experiments in which EDTA was added to the reaction as a sacrificial
electron donor was also performed to see whether it would lead to an improvement in
the sulfoxidation. Unfortunately, in all cases, addition of EDTA led to poorer TLC

conversions and no improvement was found for NHPI either (Table 4.10, Entries 5-8).

Table 4.10. Screening of organic photocatalysts for the racemic oxidation of 27af to 28af.

Organic Q

S._ photocatalyst (5 mol%) S
100 mM KPi pH 8.0
EDTA, 2.5% MeCN
27af 1.5h 28af

rose bengal 95 R4-R, = Cl, R5-R; = |
eosin 'Y 96 R1-R4 = H, R5-R7 = Br

hite light fluorescein 98 R4-R; = H

QA white lig

0]
N-OH
(0]
NHPI 97
Entry Photocatalyst EDTA TLC conversion?
1 NHPIP - No
2 Rose bengal - Quant.
3 Eosin Y¢ - Quant.
4 Fluorescein - Yes
5 NHPIP 1.0eq No
6 Rose bengal 1.0eq Yes
7 Eosin Y¢ 1.0 eq Yes
8 Fluorescein 1.0 eq Yes

aQualitative TLC conversion for fast analysis. 10 mol % of catalyst used. Green light used.
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Therefore, rose Bengal and eosin Y were then selected for the development of the
photobiocatalytic deracemization protocol. The next step was then to combine the
selected photocatalysts with MsrA02. As expected, the biocatalytic reaction without any
photocatalysts led to (R)-28af in 99% ee (Table 4.11, Entry 1). Upon addition of 96 and
96, the ee of (R)-28af dropped to 14% and 26% respectively (Table 4.11, Entries 2,3).
This indicated either that the photobiocatalytic reaction kinetics were slower and the
system was quenched too early resulting in poor ees, or that the photocatalyst was
poisoning the enzyme, thus resulting in lower ees. To rule out the latter hypothesis, a
sequence of control reactions was carried out using eosin Y 96 as it performed better.
Initially, increasing the concentration of MsrAO02 (Table 4.11, Entries 4-6) resulted in
progressively higher ees, peaking at 97% when 8.0 gL of MsrA02 was used (Table
4.11, Entry 6). Unfortunately, the approximate HPLC conversion of this reaction was
around 50%, indicating that even in this case a kinetic resolution was obtained. The fact
that a high ee was only achieved when the MsrA02 concentration was increased by 8-
fold emphasised that the low ee observed in Entry 3 was indeed caused by inactivation
of the enzyme by the photocatalyst.

Table 4.11. Photobiocatalytic method and control reactions for the deracemization of 28af.

o
S+
(R)
H,0
/©/ /©/ \ / 2
(R)-28af 27af
MsrAO hotocat
DTTox ”
28af
Entry Photocatalyst MsrAQ2 /gL* (R)-28af ee? %
1 No 1.0 99
2 Rose Bengal® 1.0 14
3 Eosin Y 1.0 26
4 Eosin Y 3.0 28
5 Eosin Y 4.0 40
6 Eosin Y 8.0 97
7 Eosin Y 1.0 13¢

aConditions of reaction: 1.1 eq. DTT, 100 mM KPi pH 8.0, 2.5% ACN, 5 mol % photocatalyst, 45
min intervals of light irradiation, 15 min darkness. Overall time 18 h. PWhite light used. °Reaction

in the dark
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In fact, as the concentration of MsrA02 was increased, the percentage of active enzyme
also increased, giving a higher ee. This was further confirmed with an overnight reaction
carried out in the dark in the presence of eosin Y 96, where only 13% ee was obtained
(Table 4.11, Entry 7) clearly suggesting enzyme inactivation by the photocatalyst. Hence,
eosin Y 96 was inadequate for the development of a photobiocatalytic deracemization
protocol. Another strategy for the photocatalytic oxidation of sulfoxides was published by
Nevesely et al., where the photocatalyst riboflavin or its derivative, riboflavin tetraacetate
(RFTA), successfully catalysed the oxidation of a broad range of sulfides under blue light
irradiation in a mixture of 15:85 water:CHsCN with no overoxidation observed.379:38
Riboflavin is commonly synthesised by most organisms as it is the precursor for the
coenzymes flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), which
are used for redox reaction processes.®! Therefore, it was envisioned that, as riboflavin
is endogenous to both E. coli and S. cerevisiae cells,*132 MsrA02 should be able to
tolerate both riboflavin and RFTA as photocatalysts. As MsrA02 was found to be inactive
in the reaction conditions reported by Nevesely and colleagues (85% CHsCN), a series
of reactions was carried out to verify whether riboflavin or RFTA could catalyse the
oxidation of 27af in a more water-based environment. The results are reported in Table
4.12. When riboflavin was reacted in 100-85% water no oxidation to 28af was observed
(Table 4.12, Entries 1,2). Similar results were obtained for RFTA in 85% water (Table
412, Entry 3).

Table 4.12. Screening of conditions for the sulfoxidation of 27af catalysed by flavine
photocatalysts.

OAc

AcO

Riboflavin “'OAc

S or RFTA S
/©/ water:MeCN /©/ :
Sc(OTf)3, 1-6h !
27af 28af I
D blue light

OAc

Riboflavin RFTA
Entry Photocat. P/hr?]tglcozt. Water:CH;CN S;Cn(]CgIT(Qf TLC conv.2
1 Riboflavin 5 100:0 - -
2 Riboflavin 10 85:15 - -
3 RFTA 10 85:15 - -
4 Riboflavin 10 85:15 20 -
5 Riboflavin 10 1:1 20 -
6 Riboflavin 10 97.5:2.5 20 -
7 RFTA 10 85:15 20 -
8 RFTA 2 15:85 - Quant.
9 Riboflavin 1 15:85 - Quant.

aQualitative TLC conversion for fast analysis.
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The addition of scandium triflate Sc(OTf)s as a cocatalyst, which forms a complex with
riboflavin and was shown to aid electron transfers between reacting species in the
photocatalytic aerobic oxidation of ethylbenzene by Muhldorf and Wolf,3® did not
improve the oxidative ability of the photocatalysts in varying ratios of water:CHsCN (Table
4.12, Entries 4-7). Finally, two reactions using riboflavin and RFTA were set up under
the conditions of the reported paper to verify whether the results could be reproduced
and, in both cases, quantitative conversion to 28af was observed on TLC (Table 4.12,
Entries 8,9). Therefore, the results from the optimisation of the sulfoxidation conditions
clearly highlight the incompatibility of both riboflavin and RFTA as photocatalysts under
the conditions of the biocatalysed KR of MsrA02.
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4.4 Final considerations and conclusions

In this project, the enantioselective synthesis of a wide range of aromatic and aliphatic
(R)-sulfoxides was achieved through the kinetic resolution of racemic sulfoxides starting
materials utilising the novel MsrA02 enzyme from S. cerevisiae. Methionine sulfoxide
reductases are unconventional biocatalysts for the synthesis of chiral sulfoxides as,
traditionally, oxidative enzymes such as peroxidases and peroxygenases have been
used to access such molecules instead. The use of reductive instead of oxidative
enzymes in the synthesis of enantiomerically pure sulfoxides offers substantial
advantages from a synthetic point of view, such as the use of the cheap co-substrate
DTT at low concentrations in place of the expensive cofactor NADPH and related
recycling systems, or even avoiding peroxide reagents which can lead to overoxidation
by-products. Also, while existing oxidative enzymes are often incompatible with
substrates bearing multiple oxidation sites, MsrAs can be used on substrates that
present a wide range of other functional groups as they are specific exclusively for
sulfoxide moieties. Other benefits of this methodology include the use of MsrA02 CFE,
which allowed for much lower dry powder loadings per volume compared to the whole
cell freeze dried powder, and its production was much less process intensive compared
to the purified form. The use of the enzyme as a CFE also allowed for quite high substrate
concentrations, up to 64 mM, which are often avoided when using either whole cell or
purified biocatalysts due to enzyme inactivation.

This project also aimed to understand the mechanism of action of MsrA02 for the
reduction of non-natural substrates. Hence, in the first step of this investigation, single
point mutants, where the five cysteine residues (Cys23, Cys25, Cys44, Cys68, and
Cys147) were mutated to serine, confirmedthat the highly conserved Cys25 and Cys176
were responsible for the catalytic activity. It was also revealed that the C23S mutation
had a detrimental effect on activity because modelling suggested it caused a
conformational change in the active site, misplacing Cys25 from its ideal position and
preventing a good interaction with the substrate. The role of Cys25 and Cys176 was also
confirmed by NMR studies, where the significant shift of the residue signals upon
substrate binding indicated high activity and conformational changes around the two
residues.

One of the main limitations of the protocol developed in this project was that MsrA02 was
mainly active on methyl- and some ethyl-substituted sulfoxides, but it showed no activity
on bulkier ones. Through in silico and MD studies, it was found that the longer alkyl

chains of some substrates prevented a close interaction between the S=O moiety and
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Cys25, explaining why MsrA02 would not be able to reduce larger sulfoxides. Therefore,
9 MsrA02 and 3 MsrA10 mutants holding mutations on different parts of their structure
were designed and developed into a hew enzyme panel along with 6 new WT MsrAs
from different species, which had significantly different C-terminal regions. Among these
novel enzymes, MsrA33 was identified as the most promising biocatalyst as it led to the
production of 28j in 46% ee, improved to >99% and 42% HPLC yield after optimising the
reaction conditions. It was hypothesised that the improved substrate scope of MsrA33
was due to the F26Y mutation in the hydrophobic pocket of the active site. This is in fact
responsible for interacting with the aliphatic substituent of the substrate, and it was
demonstrated in silico that it allowed the larger substrates to be in close proximity with
the catalytic Cys25. While MsrA33 appeared to be a less robust enzyme compared to
MsrA02, as for instance it was very sensitive to the reaction environment, its discovery

and development demonstrates the unexplored potential of MsrA enzymes.

The development of a simple photobiocatalytic deracemization strategy based on
commercially available photocatalysts was attempted. While such a deracemization
process was proposed by Bierbaumer et al.,**® the group had to employ a photocatalyst
isolated from a cyanobacterium, whose production is lengthy and tedious, resulting in a
process that is overall too expensive to pursue in industry. Therefore, a series of
commercially available organic dyes, namely rose Bengal 95, eosin Y 96 and fluorescein
98, the organic photo-inducer NHPI 97 and the FAD precursor riboflavin with its
tetraacetate derivative, RFTA, were selected from the literature and assessed for their
ability to catalyse photoinduced oxidations under the same conditions as MsrA02.
Unfortunately, none of these photocatalysts led to the expected deracemization results.
In fact, while the organic dyes promoted sulfide oxidation in buffer but inactivated
MsrA02, NHPI 97, riboflavin and RFTA were found to be completely inactive in aqueous
solutions.
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Chapter 5. General final remarks

Sulfoxides are ubiquitous organosulfur molecules that find applications in many areas of
chemistry. For example, they can be essential intermediates in the synthesis of other
target compounds or can also be crucial moieties in molecules such as ligands and
drugs. Over the years, a plethora of new methodologies emerged in the literature for the
efficient synthesis of both chiral and achiral sulfoxides. However, driven by the need to
find greener and safer alternatives to traditional synthetic routes, researchers turned to
biocatalysis for the development of more environmentally friendly sulfoxidation
strategies. Biocatalysis is the application of wild type or engineered enzymes as
biodegradable, biocompatible and non-toxic feedstock-derived catalysts for chemical
transformations. Furthermore, the use of enzymes can offer advantages over traditional
catalysts, such as excellent regio-, chemo- and enantioselectivity gained through millions
of years of evolution or, in recent years, enzyme mutagenesis. Therefore, in this thesis,
three different biocatalytic approaches to the synthesis of sulfoxides were investigated.
Each project presented unigue unconventional features that made the research stand

out from other reports already presented in the literature.

In the first project described in Chapter 2, immobilised Candida antarctica lipase B
(CALB) was utilised in combination with ethyl acetate (EtOAc) for the development of a
novel, green and scalable synthesis of racemic sulfoxides. In this protocol, the
commercially available CALB catalysed the formation of the peracetic acid in situ from
urea hydrogen peroxide (UHP) and EtOAc, which served both as reaction solvent and
enzyme substrate. A total of 17 alkyl-aryl sulfoxides, 6 carbonyl- and 2 hydroxyl- bearing
sulfides and the active pharmaceutical ingredient omeprazole sulfide were successfully
and, in most cases, quantitatively oxidised to the corresponding sulfoxides. Moreover,
scale-up and CALB recyclability experiments demonstrated the applicability of this
protocol for the industrial production of sulfoxides. One of the benefits of this
methodology is the overall improved atom economy as the use of EtOAc as solvent and
CALB substrate avoids the need of both stoichiometric amounts of potentially explosive
oxidants, such as mCPBA, and acid or ester additives as peracid precursors.
Additionally, EtOAc is considered a green solvent compared to the chlorinated ones,
usually employed for the synthesis of sulfoxides.

In Chapter 3, two flavoprotein monooxygenases from Almac’s own in-house library,
namely Baeyer-Villiger monooxygenase (BVMO) 145 and flavine-containing
monooxygenase (FMO) D9, were identified for the enantioselective and

enantiocomplementary synthesis of chiral sulfoxides that carry multiple functional groups
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prone to oxidation. In this project, only BVMO145 has been investigated due to time
constraints and it showed excellent enantioselectivity for the synthesis of 7 alkyl-aryl (S)-
sulfoxides, which were obtained in varying conversions. Whilst additional investigation is
currently undergoing in the group, some preliminary conclusions emerged from this
project. For instance, it was observed that the prochiral sulfide substrates may require a
longer alkyl chain substituent to induce hydrophobic interactions with the active site of
the enzyme, and that an ethylene spacer between the sulfur atom and aromatic ring may
facilitate the binding of the substrate in the active site. Additionally, although an aromatic
ring was tolerated, it was postulated that para and electron withdrawing substituents may
have detrimental effectson the sulfoxidation activity of BVMO145 due to steric hindrance
and reduction of the nucleophilicity of sulfide substrates, an essential property that
sulfides need to have to react with flavoprotein monooxygenases. All these hypotheses
will soon be tested through in silico docking of the substrates and by expanding the scope
of BVMO145. It was then predicted that when the full assessment of these biocatalyst is
completed, the information provided by this study will be the foundations for the further
development of improved engineered enzymes that have an improved chemoselectively

towards the oxidation of sulfides.

The final project presented in Chapter 4 focused on the use of a relatively new class of
reductive biocatalysts, the methionine sulfoxide reductase A (MsrA) enzymes, for the
production of (R)-sulfoxides. The use of these enzymes is advantageous compared to
traditional oxidative enzymes because MsrAs need a much simpler and cheaper
recycling system based on the sacrificial co-substrate dithiothreitol. Additionally, they are
active exclusively on sulfoxide moieties and hence they can be used with substrates that
have other functional groups. Therefore, the project began with the identification of the
novel MsrA02 from Saccharomyces cerevisiae, which was selected from a panel of wild
type MsrAs, for the development and optimisation of the kinetic resolution of sulfoxide
racemates. With a total of 24 alkyl aryl sulfoxides resolved with enantiomeric excesses
of up to >99%, MsrA02 has the largest scope reported in the literature to date. However,
not all sulfoxides were substrates of MsrA02, especially those bearing an alkyl chain
longer than an ethyl group. This was found to be a common drawback among all MsrA
procedures, and therefore we decided to develop an engineered enzyme through rational
mutagenesis capable of resolving bulkier sulfoxide substrates. First, an assessment of
the key residues for activity was carried out by both by enzyme mutagenesis and NMR
studies, which confirmedthat Cys25 and Cys176 are the two cysteine residues essential
for enzyme activity. Then in silico substrate docking and molecular dynamics studies
were carried out with wild type MsrA02 to understand why larger substrates were not
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tolerated in the active site. Finally, a panel of 13 mutants was developed and it was found
that MsrA33, which bears the F26Y mutation in the hydrophobic pocket of the active site,
could resolve propyl-containing sulfoxides in enantiomeric excesses of up to >99%. This
is the first example of directed mutagenesis of MsrA enzymes.

These three biocatalytic methodologies have demonstrated that it is possible to find new
and alternative green protocols for the synthesis of sulfoxides. | hope that this research,
along with the many other groups that choose to work within biocatalysis, can be one
small step forward towards the change of the chemical industry for a greener, safer, and
sustainable future.
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Chapter 6. Experimental

6.1 General methods

Reagents and solvents were used as supplied from the vendor without further
purification. Thin layer chromatography plates (Merk, silica gel 60 Fzss, aluminium
backed) were viewed under UV light and stained using KMnO4 developed using heat.
MgSOa (Sigma Aldrich, anhydrous = 98.0 %) was used as the drying agent. Column
chromatography was performed on silica gel for flash chromatography (Sigma Aldrich,
40-63 pm particle size, 60 A pore size). Microwave irradiations were conducted using a
CEM Discover Synthesis Unit. Products were characterised by *H NMR, *C NMR and
F NMR spectra where applicable obtained from one of the following: a) Bruker
(Germany) Ascend400 Spectrometer (61 400 MHz, dc 101 MHz, o 376 MHz) at 300 K;
b) Bruker (Germany) Avance lll 400 (64 400 MHz, &6c 101 MHz) at 300 K; c) Bruker
(Germany) Avance Neo 500 (s+ 500 MHz, dc 126 MHz) at 300 K. Chemical shifts are
reported in ppm relative to the reference peaks of the solvents: CDCls(*H NMR 7.26 and
13C NMR 77.16) unless stated otherwise. Coupling constants (J) are reported in Hz,
multiplicities are specified as singlet (s), doublet (d), triplet (t), quartet (q), pentet (p),
sextet (sx), septet (h), multiplet (m).

HPLC/UPLC and LC-MS analysis was carried out using one of the following: a) Agilent
series 1100 LC/MSD system coupled with UV detector at | = 254 nm, 2 =240 nm, 3=
210 nm, and an atmospheric pressure chemical ionization (APCI) source; b) Agilent
series 1250 UPLC system coupled with UV detector at 1 = 254 nm, 2 =240 nm, 3 = 210
nm. The columns used are specified in each section of the Experimental chapter. High
resolution mass spectra were acquired on a Waters LCT Premier XE instrument or an
Agilent 6510 QToF, using electrospray ionisation methods in the positive mode (ESI+).
Infrared spectra were obtained using a Perkin Elmer Spectrum 100 FTIR Spectrometer
operating in ATR mode. Optical rotation data was obtained using a Bellingham + Stanley
ADP430 polarimeter.

Protein purification was performed on an AKTA Fast Protein Liquid Chromatography
(FPLC) Instrument (GE Healthcare) with a UV detector set at 280 nm. Purification was
carried out a 5 mL His-Trap™ Fast Flow nickel affinity column (GE) and a HiLoadTM
16/600 Superdex 200pg size exclusion chromatography column (GE) where appropriate.
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6.2 Chapter 2. Methods

Synthetic methods

6.2.1 General procedure for the synthesis of sulfides 27

Sulfides 27a, 27b, 270 and 27r were purchased and used without any further purification.
For the remaining sulfides, the appropriate thiophenol or benzylthiol (1.36 mmol) and
haloalkane (2.04 mmol) were added to a microwave (MW) vial and dissolved in water (2
mL), K2COs(1.36 mmol) and, for bromo- and chloro- alkanes, Nal (0.13 mmol) were then
added to the vial and the resulting reaction mixture was stirred at 140 °C in intervals of 5
minutes under microwaveirradiation until completion was observed on TLC. The reaction
was then extracted in EtOAc (3 x 2mL) and the collected organic layers were washed
with water (1 x 2mL), brine (2 x 2mL), dried on MgSO4 and evaporated under vacuum.
The desired sulfides 27 were obtained as pale yellow oils and proved to be pure enough
to be used in the next step without any further purification.

6.2.1.1 Ethyl(phenyl)sulfane (27c)3*

Synthesised from thiophenol and bromoethane. Yellow oil, >99% yield. *H NMR (400
MHz, CDCls)d 7.40 — 7.16 (m, 5H, Ar), 2.97 (q, J = 7.4 Hz, 2H, 8-H), 1.35 (t, J = 7.4 Hz,
3H, 9-H) ppm. BC NMR (101 MHz, CDCls) & 136.7 (5), 129.0 (4,6), 128.9 (1,3), 125.8
(2), 27.7 (8), 14.4 (9) ppm.

6.2.1.2 Ethyl(p-tolyl)sulfane (27d)3®®

Synthesised from thiocresol and bromoethane. Oil, 64% yield. *H NMR (400 MHz,
Chloroform-d) & 7.77 (d, J =8.2 Hz, 2H, 4,6-H), 7.35 (d, J = 8.2 Hz, 2H, 1,3-H), 3.09 (q,
J=7.3Hz, 2H, 8-H), 2.44 (s, 3H, 10-H), 1.25 (t, J = 7.3 Hz, 3H, 9-H) ppm. 1*C NMR (101
MHz, CDCls) & 144.61 (5), 135.7 (4,6), 129.7 (1,3), 128.23 (2), 50.7 (8), 21.6 (10), 7.48

9).

127



6.2.1.3 Ethyl(4-methoxyphenyl)sulfane (27¢)38¢

6
1 S\/g
5 g

5 4
MeO 3

Synthesised from thiophenol and bromoethane. Yellow oil, 22% yield. *H NMR (400 MHz,
Chloroform-d) 6 7.35 (d, J = 8.8 Hz, 2H, 4,6-H), 6.85 (d, J = 8.8 Hz, 2H, 1,3-H), 3.79 (s,
3H, OMe), 2.84 (g, J = 7.4 Hz, 2H, 8-H), 1.25 (t, J = 7.4 Hz, 3H, 9-H) ppm. $3C NMR (101
MHz, CDCls) & 158.9 (2), 133.3 (4,6), 126.6 (1,3), 114.6 (5), 55.4 (OMe), 29.9 (8), 14.7
(9) ppm.

6.2.1.4 (4-Chlorophenyl)(ethyl)sulfane (27f)38¢

Synthesised from 4-chlorothiophenol and bromoethane. Colourless oil, 68% yield. *H
NMR (400 MHz, CDCls) 8 7.26 (s, 4H, Ar),2.93 (q, J=7.4Hz, 2H,8-H), 1.31 (t, J=7.4
Hz, 3H, 9-H) ppm. C NMR (101 MHz, CDCls) 6 135.2 (5), 131.7 (2), 130.3 (4,6), 129.0
(1,3), 27.9 (8), 14.3 (9) ppm.

6.2.1.5 (4-Bromophenyl)(ethyl)sulfane (27g)3

Synthesised from 4-bromothiophenol and bromoethane. Oil, 68% yield. 1H NMR (400
MHz, Chloroform-d) & 7.40 (d, J = 8.6 Hz, 2H, 4,6-H), 7.19 (d, J = 8.6 Hz, 2H, 1,3-H),
293 (q, J = 7.4 Hz, 2H, 8-H), 1.32 (t, J = 7.4 Hz, 3H, 9-H) ppm. *C NMR (101 MHz,
CDClz) 8 136.0 (5), 131.9 (4,6), 130.4 (1,3), 119.5 (2), 27.7 (8), 14.3 (9) ppm.

6.2.1.6 (2-Chlorophenyl)(ethyl)sulfane (27h)

6
CEY
5 3
) 4
3 Cl

Synthesised from 2-chlorothiophenol and bromoethane. Pale yellow oil, 99% vyield. H
NMR (400 MHz, CDCl3) 6 7.38 (dd,J=7.9, 1.5 Hz, 1H, Ar), 7.31 — 7.20 (m, 2H, Ar), 7.15
—7.06 (m, 1H, Ar), 2.98 (g, J = 7.4 Hz, 2H, 8-H), 1.38 (t, J = 7.4 Hz, 3H, 9-H) ppm. *C
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NMR (101 MHz, CDCls) 6 136.3 (5), 132.8, 129.5, 127.6, 127.0, 126.0, 26.3 (8), 13.6 (9)
ppm.

6.2.1.7 (2-Bromophenyl)(ethyl)sulfane (27i)

1 2 S\/g
5 8
CE
3 Br
Synthesised from 2-bromothiophenol and bromoethane. Pale yellow oil, 99% yield. *H
NMR (400 MHz, CDCls) 6 7.55 (dd, J = 8.0, 1.6 Hz, 1H, Ar), 7.31 — 7.19 (m, 2H, Ar), 7.02
(ddd, J=8.0, 7.0, 1.6 Hz, 1H, Ar), 2.97 (q, J = 7.4 Hz, 2H, 8-H), 1.39 (t, J = 7.4 Hz, 3H,

9-H) ppm. *C NMR (101 MHz, CDCls) & 138.4 (5), 132.9, 127.7, 127.4, 126.2, 123.0,
26.8 (8), 13.7 (9) ppm.

6.2.1.8 (4-Methoxyphenyl)(propyl)sulfide (27j)38¢

6 S 9
IS AN
3 4
MeO 3

Synthesised from 4-methoxythiophenol and iodopropane. Pale yellow oil, 95% vyield. *H
NMR (400 MHz, CDCls) 6 7.40 (d, J = 8.9 Hz, 2H, 4,6-H), 6.89 (d, J = 8.9 Hz, 2H, 1,3-
H), 3.81 (s, 3H, OMe), 2.85 (t, J = 7.3 Hz, 2H, 8-H), 1.67 (sx, J = 7.3 Hz, 2H, 9-H), 1.06
(t, J=7.3 Hz, 3H, 11-H) ppm. **C NMR (101 MHz, CDCls) 5 158.8 (2), 133.0 (4,6), 127.0
(5), 114.5 (1,3), 55.2 (OMe), 37.8 (8), 22.7 (9), 13.3 (11) ppm.

6.2.1.9 Propyl(p-tolyl)sulfane (27k)38’

6 9
1 S\/\
5 & 11
4
2
10 3

Synthesised from thicresol and iodopropane. Pale yellow oil, 51% yield. *H NMR (400
MHz, CDCls) 6 7.33 (d, J = 8.3 Hz, 2H, 4,6-H), 7.15 (d, J = 8.3 Hz, 2H, 1,2-H), 2.92 (t,J
= 7.3 Hz, 2H, 8-H), 2.38 (s, 3H, 10-H), 1.72 (h, J = 7.3 Hz, 2H, 9-H), 1.09 (t, J = 7.3 Hz,
3H, 11-H) ppm. *C NMR (101 MHz, CDCls) & 135.8 (5), 133.2 (2), 129.9 (4,6), 129.6
(1,3), 36.4 (8), 22.7 (10), 21.0 (9), 13.4 (11) ppm.
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6.2.1.10 Allyl(phenyl)sulfane (271)34

6 S 9 b 12
1 X
©/5 5 10
2 4 H
5 13

Synthesised from thiophenol and allyloromide. Pale yellow oil, 60% yield. *H NMR (400
MHz, CDCls) 6 7.38 — 7.15 (m, 5H, Ar), 5.88 (ddt, J = 17.0, 10.0, 6.8 Hz, 1H, 9-H), 5.14
(dd, J =17.0, 1.5 Hz, 1H, 12-H), 5.07 (ddd, J =10.0, 1.5, 0.9 Hz, 1H, 13-H), 3.55(d, J =
6.8 Hz, 2H, 8-H) ppm. *C NMR (101 MHz, CDCls) & 135.9 (5), 133.6 (9), 129.9 (4,6),
128.8 (1,3), 126.2 (2), 117.7 (10), 37.2 (8).

6.2.1.11 But-3-en-1-yl(phenyl)sulfane (27m)3s8

12
6 9 H
1 S\/\/\ﬂ
8 10
2 4

Synthesised from thiophenol and 4-bromo-1-butene. Oil, 65% yield. *H NMR (400 MHz,
Chloroform-d) 6 7.38 — 7.33 (m, 2H, Ar), 7.32 —= 7.25 (m, 2H, Ar), 7.21 — 7.16 (m, 1H, Ar),
5.86 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H, 10-H), 5.13 — 5.04 (m, 2H, 12,13-H), 2.99 (t, J=7.9
Hz, 2H, 8-H), 2.40 (td, J = 7.9, 6.7 Hz, 2H, 9-H) ppm. *C NMR (101 MHz, CDCls) 5 136.5
(5), 129.4, 129.0, 126.1 (2), 116.4 (11), 33.5 (8), 33.2 (9) ppm.

6.2.1.12 But-3-en-1-yl(p-tolyl)sulfane (27n)3°

Synthesised from thicresol and 4-bromo-1-butene. Pale yellow oil, 72% yield. *H NMR
(400 MHz, CDCls) 6 7.27 (dd, J = 7.1, 2.0 Hz, 2H, 4,6-H), 7.10 (d, J = 8.1 Hz, 2H, 1,3-
H), 5.90 — 5.78 (m, 1H, 10-H), 5.11 — 5.01 (m, 2H. 12,13-H), 2.94 (t,J = 7.1 Hz, 2H, 8-
H), 2.36 (dt, J = 8.3, 7.1 Hz, 2H, 9-H), 2.32 (s, 3H, 14-H) ppm. *C NMR (101 MHz,
CDClI) 8 136.5 (5), 132.6 (10), 130.2 (2), 129.7 (1,3), 128.6 (4,6), 116.1 (11), 33.8 (14),
33.5 (8), 21.0 (9) ppm.
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6.2.1.13 Allyl(benzyl)sulfane (27p)3%

Synthesised from benzylmercaptan and allylbromide. Yellow oil, 55% yield. *H NMR (400
MHz, CDCls) 6 7.36 — 7.19 (m, 5H, Ar), 5.88 — 5.73 (m, 1H, 4-H), 5.18 — 5.03 (m, 2H, 5-
H), 3.67 (s, 2H, 1-H), 3.04 (d, J = 7.1 Hz, 2H, 3-H) ppm. *3C NMR (101 MHz, CDCls) &
138.3 (6), 134.2 (4), 129.0 (7,11), 128.5 (8,10), 127.0 (9), 117.3 (5), 34.9 (1), 34.1 (3)
ppm.

6.2.1.14 2-(Phenylthio)propanenitrile (27q)3°*

Synthesised from thiophenol and 2-bromopropionitrile. Yellow oil, 76% yield. *H NMR
(400 MHz, CDClz) 6 7.64 — 7.60 (m, 2H, 4,6-H), 7.42 — 7.37 (m, 3H, 1-3-H), 3.80 (9, J =
7.3 Hz, 1H, 8-H), 1.61 (d, J = 7.3 Hz, 3H, 10-H) ppm. **C NMR (101 MHz,CDCls) 6 134.8
(5), 130.5 (4,6), 129.7 (1,3), 129.5 (2), 119.9 (CN), 31.4 (8), 18.8 (10) ppm.

6.2.2 General procedure for the synthesis of sulfides 38a-c

Thiophenol (14.3 mmol) was added to a solution of NaHCOs (14.3 mmol) in water (8 mL)
at RT,followed by the appropriate o,B-unsaturated ketone/aldehyde 21 (7.14 mmol). The
resulting mixture was stirred until the reaction was completed as observed on TLC. The
reaction was then extracted in EtOAc (3x10 mL), the collected organic layers were
washed with water (1x20 mL) and brine (2x20 mL), dried on MgSOa4 and evaporated
under reduced pressure. The crude product was purified by column chromatography
using a hexane/EtOAc (10:1) eluting system to afford the desired sulfides 27a-c.

6.2.2.1 4-(Phenylthio)butan-2-one (38a)3°?

Synthesised from thiophenol and 3-buten-2-one. Yellow oil, 92% vyield. *H NMR (400
MHz, CDCls) 6 7.42 — 7.15 (m, 5H, Ar), 3.15 (t, J = 7.3 Hz, 2H, 9-H), 2.77 (t, J = 7.3 Hz,
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2H, 8-H), 2.15 (s, 3H, 11-H) ppm. *C NMR (101 MHz, CDCls) & 206.5 (10), 135.7 (5),
129.6 (4,6), 129.0 (1,3), 126.3 (2), 43.1 (9), 30.1 (11), 27.5 (8) ppm.

6.2.2.2 4-(Phenylthio)pentan-2-one (38b)3%

3
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Synthesised from thiophenol and 4-chloropentan-2-one. Pale yellow oil, 82% yield. *H
NMR (400 MHz, CDCls) 6 7.42 (d, J = 7.0 Hz, 2H, 4,6-H), 7.29 (dt, J = 14.7, 7.0 Hz, 3H,
1,3-H), 3.70 (m, 1H, 8-H), 2.76 (dd, J = 15.3, 6.9 Hz, 1H, 9-H), 2.57 (dd, J = 15.3, 6.9
Hz, 1H, 9-H), 2.14 (s, 3H, 11-H), 1.30 (d, J = 6.7 Hz, 3H, 13-H) ppm. *C NMR (101 MHz,
CDCls) 6 206.6 (11), 134.2 (5), 132.4(2), 129.0 (4,6), 127.3 (1,3), 50.4 (8), 38.2 (9), 30.6
(11), 21.0 (13) ppm.

6.2.2.3 3-(Phenylthio)butanal (38c)3%*

’ 13
2 4 o
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Synthesised from thiophenol and crotonaldehyde. Colourless oil, 73% yield. *H NMR
(400 MHz, CDCls) 8 9.66 (d, J =1.9 Hz, 1H, 11-H), 7.34 (d, J = 6.4 Hz, 2H, 4,6-H), 7.27
—7.14 (m, 3H, 1,3-H), 3.60 (sx, J = 6.8 Hz, 1H, 8-H), 2.66 — 2.43 (m, 2H, 9-H), 1.27 (d,
J = 6.8 Hz, 3H, 13-H) ppm. *C NMR (101 MHz, CDCls) & 200.3 (10), 133.6 (5), 133.0
(4,6),129.1 (1,3), 127.7 (2), 50.1 (8), 37.6 (9), 21.2 (13) ppm.

6.2.3 General procedure for the synthesis of sulfides 38d-f

Thiophenol (1.95 mmol) and the appropriate 1-bromoketone 22 (1.50 mmol) were
consecutively added to a solution of NaHCOs (3.45 mmol) previously dissolved in water
(8 mL). The reaction mixture was stirred at RT until completion was observed on TLC.
The reaction was extracted in ethyl acetate (3x4 mL), the collected organic layers were
washed with water (1x10 mL) and brine (2x10 mL), dried on MgSOa4 and evaporated
under reduced pressure. The crude product was then purified by column
chromatography using a hexane/EtOAc (10:1) eluting system to afford the desired
sulfides 27d-f.
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6.2.3.1 3-(Phenylthio)-2-propanone (38d)3%

¢}
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Synthesised from thiophenol and 1-bromoacetone. Yellow solid, 85% yield. *H NMR (400
MHz, CDCls) & 7.42 — 7.17 (m, 5H, Ar), 3.69 (s, 2H, 8-H), 2.30 (s, 3H, 10-H) ppm. 3C
NMR (101 MHz, CDCls) & 203.5 (9), 134.7 (5), 129.5 (4,6), 129.2 (1,3), 126.9 (2), 44.7
(8), 28.0 (10) ppm.

6.2.3.2 1-(Phenylthio)-2-butanone (38e)3%°

Synthesised from thiophenol and 1-bromo-2-butanone. Pale oil, 98% yield. *H NMR (400
MHz, CDCls) 6 7.39 — 7.19 (m, 5H, Ar), 3.70 (s, 2H, 8-H), 2.64 (q, J = 7.3 Hz, 2H, 10-H),
1.08 (t, J = 7.3 Hz, 3H, 12-H) ppm. *C NMR (101 MHz, CDCls) & 206.2 (9), 135.0 (5),
129.5 (4,6), 129.1 (1,3), 126.8 (2), 43.6 (8), 33.9 (10), 7.9 (12) ppm.

6.2.3.3 1-(Phenylthio)-2-pentanone (38f)3%
] o]

] s 10 12
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Synthesised from thiophenol and 1-bromo-3-methyl-2-butanone. Colourless oil, 54%
yield. *H NMR (400 MHz, CDCl3) & 7.42 — 7.17 (m, 5H, Ar), 3.78 (s, 2H), 2.96 (p, J = 6.9
Hz, 1H, CH), 1.12 (d, J = 6.9 Hz, 6H) ppm. *C NMR (101 MHz, CDCls) & 208.9, 129.6
(2C), 129.1 (2C), 126.8, 42.5, 38.7, 18.4 ppm.

6.2.4 General procedure for the synthesis of sulfides 40

Ketones 38a or 38c (1.00 mmol) were reduced using NaBH4 (1.50 mmol) previously
dissolved in MeOH (20 mL). The resulting mixture was stirred until the reaction was
completed as observed on TLC. Upon completion, MeOH was evaporated under

reduced pressure and the residue dissolved in EtOAc (20 mL), washed with water (1x20
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mL) and brine (2x 20 mL), dried on MgSO4sand evaporated under reduced pressure. The
crude product was purified by column chromatography to afford the desired sulfides
40a,c.

6.2.4.1 4-(Phenylthio)butan-2-ol (40a)3

2©i OH

8
s S 3%12
Oil, 97% yield. *H NMR (400 MHz, CDCls) 8 7.39 — 7.33 (m, 2H, 4,6-H), 7.34 — 7.24 (m,
2H, 1,3-H), 7.23 = 7.15 (m, 1H, 2-H), 3.98 (sx, J = 6.2 Hz, 1H, 10-H), 3.12 — 2.97 (m, 2H,
8-H), 1.83 —1.73 (m, 2H, 9-H), 1.67 (s, 1H, OH), 1.22 (d, J = 6.2 Hz, 3H, 12-H) ppm. 3C
NMR (101 MHz, CDCls) & 136.5 (5), 129.3 (4,6), 129.0 (1,3), 126.1 (2), 67.1 (10), 38.2
(8), 30.3 (9), 23.8 (12) ppm.

6.2.4.2 3-(Phenylthio)butan-1-ol (40c)

2 2 4 12 OH
e L 5,

6 9
Oil, 68% yield. 'H NMR (400 MHz, CDCls) & 7.47 — 7.40 (m, 2H, Ar), 7.35 — 7.28 (m, 2H,
Ar), 7.28 — 7.21 (m, 1H, Ar), 3.89 — 3.71 (m, 2H, 10-H), 3.41 (sx, J = 6.8 Hz, 1H, 8-H),
2.06 (s, 1H, OH), 1.93 — 1.73 (m, 2H, 9-H), 1.33 (d, J = 6.8 Hz, 3H, 12-H) ppm. 3C NMR

(101 MHz, CDCl) & 134.8 (5), 132.3 (4,6), 129.0 (1,3), 127.0 (2), 60.6 (10), 40.4 (8),
39.2 (9), 21.6 (12) ppm.

6.2.5 Synthesis of (but-3-en-1-yloxy)benzene 333%

12 H
6 9
OH 1 O\/\/\ﬁH
©/ + Br/\/\ ©/5 8 10 13
2 4
32 3
phenol 33

Phenol (1.35 mmol) and 4-bromobut-1-ene 32 (2.70 mmol) were added to a microwave
(MW)vial and dissolved in CHsCN (2 mL). K2COs (3.37 mmol) and Nal (0.13 mmol) were
then added to the vial and the resulting reaction mixture was stirred at 120 °C for 2 h.

The reaction was then gently evaporated under vacuum to remove CHsCN and
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redissolved in 2 mL EtOAc and 2 mL water. Then, it was extracted in EtOAc (3 x 2mL)
and the collected organic layers were washed with water (1 x 2mL), brine (2mL), dried
on MgSQOa4 and evaporated under vacuum. The crude product was then purified by silica
flash chromatography using a 95:5 hexane:EtOAc eluent system to afford ether 33 as an
oil (80 mg, 40% yield). *H NMR (500 MHz, CDCls) 6 7.32 — 7.25 (m, 2H, 4,6-H), 6.98 —
6.88 (m, 3H, 1-3-H), 5.92 (ddt, J = 17.1, 10.2, 6.8 Hz, 1H, 10-H), 5.18 (dg, J = 17.1, 1.6
Hz, 1H, 14-H), 5.11 (dq, J = 10.2, 1.6 Hz, 1H, 13-H), 4.02 (t, J = 6.8 Hz, 2H, 8-H), 2.55
(aqt, J = 6.8, 1.6 Hz, 2H, 9-H).

6.2.6 Synthesis of chiral acids 47 and 52

0]
O (0]
P i i NOH OH
m or OH N or HN (@]
N OH e NaOH, H,0 0
2 rt, o/n

47

L-proline L-phenylglycine

52

L-proline or L-phenylglycine (0.26 mmol) was dissolved in 500 uL 4% NaOHiaq) solution.
Then, pivaloyl chloride (0.31 mmol) was added to the amino acid solution and the
resulting mixture was stirred overnight at RT. Then, 3M HCI was used to acidify the
solution and the protected amino acid was extracted in EtOAc (3x5 mL) and the collected
organic layers washed with water (1x5 mL) and brine (1x5 mL), dried over MgSO4 and
dried at the rotary evaporator. The crude material was recrystallised from a mixture of
hexane and EtOAc and was then used without any further purification.

6.2.6.1 Pivaloyl-L-proline (47)3%"

White solid, 58% vield. H NMR (400 MHz, CDCls) & 4.55 (dd, J = 8.0, 4.0 Hz, 1H, 4-H),
3.71 (m, 2H, 2-H), 2.17 - 1.91 (m, 4H, 1,5-H), 1.27 (s, 9H, 12-14-H).
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6.2.6.2 Pivaloyl-L-phenylglycine (52)3%

17

White solid, 65% yield. *H NMR (400 MHz, CDCls) & 7.42 — 7.28 (m, 5H, Ar), 6.70 (s, 1H,
NH), 5.53 (d, J = 6.7 Hz, 1H, 7-H), 1.21 (s, 9H, 12-14-H).

Biocatalytic methods

6.2.7 General procedure for the biocatalytic oxidation of sulfides using CALB

The appropriate sulfide (0.22 mmol), CALB (20 % w/w) and UHP or H202 (0.24 mmol)
were added to a round bottom flask containing ethyl acetate (1 mL). The reaction was
stirred for 2-24 h at 37 °C and monitored by TLC until completion. Upon completion,
CALB was removed from the reaction mixture by filtration using a celite plug and then
rinsed with ethyl acetate (3x2 mL) and quenched with 10 mL 10% Na2S203(aq) followed
by 10 mLof H20. The collected aqueous layer was then extracted with ethyl acetate (3x5
mL), the collected organic layers were washed with water (1x10 mL) and brine (2x10
mL), dried on MgSOa4 and evaporated under reduced pressure. The crude product was
then purified by silica flash chromatography using an appropriate hexane:EtOAc eluting

system.

6.2.7.1 Methyl phenyl sulfoxide (28a)3%°

Oil, 89 % yield. *H NMR (400 MHz, Chloroform-d) & 7.70 — 7.59 (m, 2H, 4,6-H), 7.57 —
7.45 (m, 3H, 1-3-H), 2.71 (s, 3H, 8-H) ppm. *C NMR (101 MHz, CDCls) & 145.9 (5),
131.1 (4,6), 129.5 (1,3), 123.6 (2), 44.1 (8) ppm.
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6.2.7.2 1-Fluoro-4-(methylsulfinyl)benzene (28b)3%9:400

Pale yellow oil, 85% yield. *H NMR (400 MHz, Chloroform-d) & 7.67 — 7.60 (m, 2H, 4,6-
H), 7.24 — 7.17 (m, 2H,1,3-H), 2.70 (s, 3H, 8-H) ppm. 3C NMR (101 MHz, CDCls) &
164.48 (d, J = 251.4 Hz, 5-C), 141.31 (2-C), 125.99 (d, J = 8.9 Hz, 4,6-C), 116.83 (d, J
= 22.6 Hz, 1,3-C), 44.30 (d, J = 1.4 Hz, 8-C).'°F NMR (376 MHz, CDCls)d -108.61 (F)

ppm.

6.2.7.3 (Ethylsulfinyl)benzene (28c)**
o]
6

1 9
1 S\/
O
2 4

3

Pale yellow oil, 63 % yield. *H NMR (400 MHz, Chloroform-d) & 7.65 — 7.57 (m, 2H, 4,6-
H), 7.54 — 7.45 (m, 3H, 1-3-H), 2.96 — 2.83 (m, 1H, 8-H), 2.76 (dq, J = 13.2, 7.4 Hz, 1H,
8-H), 1.19 (t, J = 7.4 Hz, 3H, 9-H) ppm. 2*C NMR (101 MHz, CDCls) 8 143.5 (5), 131.0
(2), 129.3 (4,6), 124.3 (1,3), 50.4 (8), 6.1 (9).

6.2.7.4 (Ethylsulfinyl)-4-methylbenzene (28d)3°

Yellow oil, 71% yield. *H NMR (400 MHz, Chloroform-d) & 7.52 — 7.43 (m, 2H, 4,6-H),
7.29 (d, J=7.9 Hz, 2H, 1,3-H), 2.84 (dq, J = 13.2, 7.4 Hz, 1H, 8-H), 2.73 (dg, J = 13.2,
7.4 Hz, 1H, 8-H), 2.39 (s, 3H, 10-H), 1.16 (t, J = 7.4 Hz, 3H, 9-H) ppm. *C NMR (101
MHz, CDCls) 6 141.4 (5), 140.2 (2), 129.9 (4,6), 124.3 (1,3), 50.4 (8), 21.5 (10), 6.1 (9).

6.2.7.5 1-(Ethylsulfinyl)-4-methoxybenzene (28e)%2
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Yellow oil, 60% yield. *H NMR (400 MHz, Chloroform-d) & 7.58 — 7.51 (m, 2H, 1,3-H),
7.05 -6.99 (m, 2H, 4,6-H), 3.85 (s, 3H, OMe), 2.91 —2.71 (m, 2H, 8-H), 1.17 (t, J = 7.4
Hz, 3H, 9-H) ppm. *C NMR (101 MHz, CDCls) 6 162.1 (2), 134.4 (5), 126.2 (4,6), 114.8
(1,3), 55.6 (OMe), 50.6 (8), 6.3 (9) ppm.

6.2.7.6 1-Chloro-4-(ethylsulfinyl)benzene (28f)*%

Oil, 67% yield. 'H NMR (400 MHz, Chloroform-d) & 7.53 (d, J = 8.6 Hz, 2H, 1,3-H), 7.48
(d, J = 8.6 Hz, 2H, 4,6-H), 2.94 — 2.80 (m, 1H, 8-H), 2.80 — 2.66 (m, 1H, 8-H), 1.17 (t, J
= 7.4 Hz, 3H, 9-H) ppm. 3C NMR (101 MHz, CDCls) & 142.0 (5), 137.2 (2), 129.5 (4.6),
125.7 (1,3), 50.4 (8), 5.9 (9) ppm.

6.2.7.7 1-Bromo-4-(ethylsulfinyl)benzene (28g)*°*

Yellow oil, 67% yield. *H NMR (400 MHz, Chloroform-d) & 7.67 — 7.62 (m, 2H, 4,6-H),
7.49 — 7.44 (m, 2H, 1,3-H), 2.88 (dq, J = 13.3, 7.4 Hz, 1H, 8-H), 2.72 (dg, J = 13.3, 7.4
Hz, 1H, 8-H), 1.18 (t, J = 7.4 Hz, 3H, 9-H) ppm. **C NMR (101 MHz, CDCls) 5 142.6 (5),
132.5 (4,6), 125.9 (1,3), 125.5 (2), 50.4 (8), 5.9 (9). MS (APCI): m/z = 232.1, 234.1
[M+H]".

6.2.7.8 1-Chloro-2-(ethylsulfinyl)benzene (28h)4°%
(0]
6 I 9
Y
5 3
4
2 cl
3
Yellow oil, 81 % yield: *H NMR (400 MHz, Chloroform-d) 6 7.88 (dd, J= 7.8, 1.7 Hz, 1H,
Ar), 7.52 (td, J =7.5, 1.5 Hz, 1H, Ar), 7.47 — 7.37 (m, 2H, Ar), 3.13 (dg, J = 14.2, 7.4 Hz,
1H, 8-H), 2.86 (dq, J =14.2, 7.4 Hz, 1H, 8-H), 1.25 (t, J= 7.4 Hz, 3H, 9-H) ppm. *C NMR

(101 MHz, CDClIs) 6 141.1 (5), 131.8, 130.1 (4), 129.8, 127.7, 126.6, 47.1 (8), 5.6 (9)
ppm. MS (APCI): m/z = 189.1 [M+H]*.
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6.2.7.9 1-Bromo-2-(ethylsulfinyl)benzene (28i)*®
0

6 I 9

1 S\/
X,
4

2 Br

3
Pale yellow oil, 80 % yield: *H NMR (400 MHz, Chloroform-d) 6 7.85 (dd, J =8.0, 1.8 Hz,
1H, Ar), 7.62 — 7.50 (m, 2H, Ar), 7.40 — 7.32 (m, 1H, Ar), 3.13 (dg, J = 13.6, 7.4 Hz, 1H,
8-H), 2.85 (dqg, J = 13.6, 7.4 Hz, 1H, 8-H), 1.25 (t, J = 7.4 Hz, 3H, 9-H) ppm. 3C NMR

(101 MHz, CDCls) & 143.0 (5), 133.1, 132.4, 128.4, 127.1, 118.9 (4), 47.5 (8), 6.0 (9)
ppm. MS (APCI): m/z = 232.1-234.1 [M+H]".

6.2.7.10 1-Methoxy-4-(propylsulfinyl)benzene (28j)*°’

6 1 9
5 8 12
MeO™ 2 4
3

Yellow oil, 79 % yield. *H NMR (400 MHz, Chloroform-d) & 7.51 (d, J = 8.8 Hz, 2H, 4,6-
H), 6.97 (d, J = 8.8 Hz, 2H, 1,3-H), 3.79 (s, 3H, OMe), 2.81 — 2.70 (m, 1H, 8-H), 2.70 —
2.59 (m, 1H, 8-H), 1.76 — 1.52 (m, 2H, 9-H), 0.98 (t, J = 7.4 Hz, 3H, 12-H) ppm. *C NMR
(101 MHz, CDCls) & 161.9 (2), 134.9 (4,6), 125.9 (1,3), 114.7 (5), 59.4 (OMe), 55.5 (8),
16.0 (9), 13.3 (12) ppm. MS (APCI): m/z = 199.1 [M+H]".

6.2.7.11 1-Methyl-4-(propylsulfinyl)benzene (28k)*%®

Yellow oil, 68 % yield. H NMR (400 MHz, CDCls) & 7.51 (d, J = 8.1 Hz, 2H, 4,6-H), 7.31
(d,J = 8.1 Hz, 2H, 1,3-H), 2.88 — 2.65 (m, 2H, 8-H), 2.41 (s, 3H, 10-H), 1.85 — 1.56 (m,
2H, 8-H), 1.03 (t, J = 7.4 Hz, 3H, 12-H) ppm. *C NMR (101 MHz, CDCL:) & 141.5 (5),
141.0 (2), 130.0 (4,6), 124.2 (1,3), 59.5 (8), 21.5, 16.1, 13.4 (9) ppm. MS (APCI): m/z =
183.1 [M+H]".
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6.2.7.12 (Allylsulfinyl)benzene (28l)%*

(e]
6 g 9 H 14
1 AN
©/5 5 1
2 4 H
5 15

Yellow oil, 68 % yield. *H NMR (400 MHz, CDCls) & 7.64 — 7.56 (m, 2H, 4,6-H), 7.49 (m,
3H, 1-3-H), 5.63 (m, 1H, 9-H), 5.31 (dd, J = 10.2, 1.4 Hz, 1H, 14-H), 5.17 (dd, J = 17.0,
1.4 Hz, 1H, 15-H), 3.62 — 3.42 (m, 2H, 8-H) ppm. *C NMR (101 MHz, CDClz) & 142.9
(5), 131.1 (2), 129.1 (4,6), 125.3 (9), 124.3 (1,3), 123.9 (11), 60.9 (8) ppm.

6.2.7.13 (But-3-en-1-ylsulfinyl)benzene (28m)®°

)
6 9

1 g\/\/12
©/5 8 1
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3

Yellow oil, 58 % yield. *H NMR (400 MHz, Chloroform-d) & 7.64 — 7.59 (m, 2H, 4,6-H),
7.55—-7.46 (m, 3H, 1-3-H), 5.79 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, 11-H), 5.15 - 5.01 (m,
2H, 12-H), 2.94 — 2.76 (m, 2H, 9-H), 2.60 — 2.45 (m, 1H, 8-H), 2.39 — 2.24 (m, 1H, 8-H)
ppm. *C NMR (101 MHz, CDCls) & 143.8 (5), 135.0 (11), 131.1 (2), 129.4 (4,6), 124.2
(1,3), 117.2 (12), 56.2 (8), 26.3 (9) ppm.

6.2.7.14 1-(But-3-en-1-ylsulfinyl)-4-methylbenzene (28n)3°

Pale yellow oil, 73 % yield. *H NMR (400 MHz, CDClIs) 8 7.51 (d, J = 8.1 Hz, 2H, 4,6-H),
7.33 (d, J = 8.1 Hz, 2H, 1,3-H), 5.86 — 5.73 (m, 1H, 11-H), 5.14 — 5.03 (m, 2H, 12-H),
2.84 (t, J = 7.8 Hz, 2H, 8-H), 2.57 — 2.45 (m, 1H, 9-H), 2.42 (s, 3H, 13-H), 2.39 — 2.27
(m, 1H, 9-H) ppm. *C NMR (101 MHz, CDCls) & 141.6 (5), 140.7 (2), 135.1 (11), 130.1
(4,6), 124.3 (1,3), 117.1 (12), 56.4 (8), 26.4 (13), 21.6 (9) ppm.

6.2.7.15 Benzyl methyl sulfoxide (280)4%°

140



Yellow oil, 82% yield. *H NMR (400 MHz, Chloroform-d) & 7.44 —7.32 (m, 3H, Ar), 7.31
—7.26 (m, 2H, Ar), 4.07 (d, J = 12.8 Hz, 1H, 7-H), 3.93 (d, J = 12.8 Hz, 1H, 7-H), 2.46 (s,
3H, 9-H) ppm. ¥C NMR (101 MHz, CDCls) & 130.2 (4,6), 129.8 (5), 129.1 (1,3), 128.6
(2), 60.5 (7), 37.4 (90 ppm. MS (APCI): m/z = 155.1 [M+H]".

6.2.7.16 Allyl benzyl sulfoxide (28p)3%4

White crystal, 86% yield. *H NMR (400 MHz, Chloroform-d)d 7.42 — 7.27 (m, 5H, Ar),
6.00 — 5.85 (m, 1H, 4-H), 5.52 — 5.34 (m, 2H, 5-H), 4.05 — 3.92 (m, 2H, 1-H), 3.43 (ddt,
J =132, 7.4, 1.1 Hz, 1H, 3-H), 3.27 (ddt, J = 13.2, 7.4, 1.1 Hz, 1H, 3-H) ppm. 3C NMR
(101 MHz, CDCls) 6 130.1, 130.0, 129.0, 128.4, 125.8, 123.7, 56.9, 54.2 ppm.

6.2.7.17 2-(Phenylsulfinyl)propanenitrile (28q)

O

S8 CN

1
5
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3
1:1.4 Mixture of diastereoisomers. Colourless oil, 78 % yield. *H NMR (400 MHz, CDCls)
0 7.86 — 7.52 (m, 5H, Ar), 3.71 (q, J = 6.7 Hz, 1H, 8-H), 3.63 (g, J = 7.3 Hz, 1H, 8-H),
1.60 (d, J = 7.3 Hz, 2H, 10-H), 1.56 (d, J =7.2 Hz, 1H, 10-H) ppm. C NMR (101 MHz,

CDCl) & 140.3 (5), 139.2 (5), 132.9 (2), 132.6 (2), 129.5 (4,6), 129.4 (4,6), 125.0 (1,3),
124.9 (1,3), 115.6 (CN), 115.1 (CN), 51.3 (8), 49.7 (8), 12.2 (10), 10.8 (10) ppm.

6.2.7.18 1-(Butylsulfinyl)butane (28r)%"*

Oil, 89% yield. *H NMR (400 MHz, Chloroform-d) & 2.72 — 2.53 (m, 4H, 4,6-H), 1.80 —
1.63 (m, 4H, 3,7-H), 1.57 — 1.35 (m, 4H, 2,8-H), 0.94 (t, J = 7.4 Hz, 6H, 1,9-H) ppm. *C
NMR (101 MHz, CDCls) 6 52.3 (4,6), 24.7 (3,7), 22.2 (2,8), 13.8 (1,9) ppm.
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6.2.7.19 4-(Phenylsulfinyl)butan-2-one (39a)*1°

Oil, 71% yield. *H NMR (400 MHz, CDCls) & 7.60 — 7.39 (m, 5H, Ar), 3.16 (ddd, J = 13.5,
8.2, 6.3 Hz, 1H, 8-H), 2.93 (ddd, J = 18.0, 8.2, 6.3 Hz, 1H, 8-H), 2.82 (ddd, J = 13.5, 8.2,
5.2 Hz, 1H, 9-H), 2.61 (ddd, J = 18.0, 8.2, 5.2 Hz, 1H, 9-H), 2.09 (s, 3H, 11-H) ppm. 3C
NMR (101 MHz, CDCls) 5 205.2 (10), 143.3 (5), 131.1 (2), 129.3 (4,6), 123.9 (1,3), 50.0
(8), 34.7 (9), 29.7 (11) ppm.

6.2.7.20 4-(Phenylsulfinyl)pentan-2-one (39b)
2 2 4 14
ke
5 8
1 6 ﬁj\g)mk“
o]

1:1.4 Mixture of diastereoisomers. Qil, 42 % yield. *H NMR (400 MHz, CDCls) 6 7.63 —
7.45 (m, 10H, Ar), 3.27 (dt, J = 14.0, 6.5 Hz, 2H, 8-H), 3.18 (dd, J = 18.1, 6.5 Hz, 1H, 8-
H), 2.85 (dd, J = 18.1, 3.8 Hz, 1H, 8-H), 2.49 (ddd, J = 18.1, 14.0, 8.1 Hz, 2H, 9-H), 2.21
(s, 3H, 11-H), 2.07 (s, 3H, 11-H), 1.29 (d, J = 7.0 Hz, 3H, 14-H), 0.99 (d, J = 7.0 Hz, 3H,
14-H) ppm. **C NMR (101 MHz, CDCls) & 205.4 (10), 205.2 (10), 141.8 (5), 141.2 (5),
131.3 (2), 130.9 (2), 129.1 (4,6), 129.0 (4,6), 124.9 (1,3), 124.7 (1,3), 54.8 (8), 53.6 (8),
43.7 (9), 41.5 (9), 30.5 (11), 29.7 (11), 14.6 (14), 10.3 (14) ppm. HRMS (APCI) m/z calcd.
for C11H1502S* [M+H]* 211.0787; found 211.0785.

6.2.7.21 1-(Phenylsulfinyl)propan-2-one (39d)**

Oil, 67% yield. *H NMR (400 MHz, CDClz) & 7.73 — 7.63 (m, 2H, 4,6-H), 7.55 (m, 3H, 1-
3-H), 3.88 (d, J = 13.7 Hz, 1H, 8-H), 3.81 (d, J = 13.7 Hz, 1H, 8-H), 2.25 (s, 3H, 11-H)
ppm. *C NMR (101 MHz, CDCls) 8 199.5 (9), 143.0 (5), 131.7 (2), 129.6 (4,6), 124.1
(1,3), 68.8 (8), 32.1 (11) ppm.
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6.2.7.22 1-(phenylsulfinyl)butan-2-one (39¢e)*?

13

Oil, 81% yield. '"H NMR (400 MHz, CDCls) & 7.67 — 7.59 (m, 2H, 4,6-H), 7.51 (m, 3H, 1-
3-H), 3.89 (d, J = 13.7 Hz, 1H, 8-H), 3.76 (d, J = 13.7 Hz, 1H, 8-H), 2.48 (dg, J = 12.1,
7.2 Hz, 2H, 11-H), 0.99 (t, J = 7.2 Hz, 3H, 13-H) ppm. *C NMR (101 MHz, CDCls) &
202.1 (9), 143.2 (5), 131.7 (2), 129.5 (4,6), 124.1 (1,3), 68.0 (8), 38.5 (11), 7.3 (13).

6.2.7.23 3-Methyl-1-(phenylsulfinyl)butan-2-one (39f)

14 13

Oil, 68% yield. *H NMR (400 MHz, Chloroform-d) 8 7.70 — 7.61 (m, 2H, 4,6-H), 7.52 (dd,
J=5.2, 2.0 Hz, 3H, 1-3-H), 4.00 (d, J = 14.2 Hz, 1H, 8-H), 3.81 (d, J = 14.2 Hz, 1H, 8-
H), 2.56 (h, J = 7.0 Hz, 1H, 11-H), 1.08 (d, J = 7.0 Hz, 3H, 13-H), 0.99 (d, J = 6.9 Hz, 3H,
14-H) ppm. ¥C NMR (101 MHz, CDClz) & 205.6 (9), 143.6 (5), 131.7 (2), 129.5 (4.,6),
124.2 (1,3), 67.0 (8), 42.3 (11), 17.5 (13), 17.4 (14) ppm. HRMS (APCI) m/z calcd. for
CuH1502S* [M+H]* 211.0787; found 211.0786.

6.2.7.24 4-(Phenylsulfinyl)butan-2-ol (41a)

3
2
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1:1 Mixture of diastereoisomers. Oil, 67% yield. *"H NMR (400 MHz, Chloroform-d) 7.69
—7.43 (m, 10H, Ar), 4.00 — 3.78 (m, 2H, 8-H), 3.15 — 2.96 (m, 2H), 2.96 — 2.80 (m, 2H),
2.01-1.88 (m, 1H), 1.80 (p, J= 7.8, 7.4 Hz, 2H, 9-H), 1.75 — 1.63 (m, 1H), 1.19 (d, J =
6.0 Hz, 6H, 11-H) ppm. *C NMR (101 MHz, CDCls) & 143.4 (5), 143.2 (5), 131.1 (2),
131.1 (2), 129.4 (4,6), 129.4 (4,6), 124.3 (1,3), 124.2 (1,3), 66.6 (8), 66.4 (8), 53.8 (10),
53.7 (10), 32.1 (9), 31.6 (9), 23.6 (11), 23.6 (11) ppm. HRMS (APCI) m/z calcd. for
C10H1502S* [M+H]* 199.0787; found 199.0784.
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6.2.7.25 3-(Phenylsulfinyl)butyl acetate (41b)
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1:1 Mixture of diastereoisomers. Oil, 74% yield. *H NMR (400 MHz, Chloroform-d) d 7.64
—7.43 (m, 5H, Ar), 4.30 (m, 1H, 8-H), 4.22 —4.05 (m, 1H, 8-H), 4.16 — 4.04 (m, 2H), 2.89
—2.81 (m, 1H), 2.77 (m, 6.5 Hz, 1H), 2.32 — 2.23 (m, 1H), 2.05 (s, 3H, 15-H), 2.00 (s,
3H, 15-H), 1.74 —1.62 (m, 3H), 1.21 (d, J = 7.0 Hz, 3H, 16-H), 1.06 (d, J = 7.0 Hz, 3H,
16-H) ppm. *3C NMR (101 MHz, CDCls) 6 171.0 (13), 170.9 (13), 141.4 (5), 141.3 (5),
131.4 (2), 131.0 (2), 129.1 (4,6), 129.1 (4,6), 125.3 (1,3), 124.9 (1,3), 61.6 (10), 61.5
(10), 56.4 (8), 56.1 (8), 29.7 (9), 27.8 (9), 21.1 (15), 21.0 (15), 13.0 (16), 10.6 (16) ppm.
HRMS (APCI) m/z calcd. for C12H170sS* [M+H]* 241.0893; found 241.0886.

6.2.7.26 Omeprazole 43%*

Brown solid, 73% yield. *H NMR (400 MHz, Chloroform-d) & 12.01 (br s, 1H, NH), 8.20
(s, 1H, 6-H), 7.63 (br s, 1H, 4-H), 7.33 — 7.23 (br s, 1H, 6-H), 6.94 (d, J = 9.0 Hz, 1H,
7H), 6.88 (s, 0.5H), 4.79 — 4.65 (m, 2H, 1-H), 3.84 (s, 3H, 8-H), 3.63 (s, 3H, 8-H), 2.22
(s, 3H, 9-H), 2.14 (s, 3H, 7-H) ppm. 3C NMR (101 MHz, CDCls) & 164.6, 149.9, 148.9,
127.2, 126.5, 60.8, 60.0, 55.9, 13.5, 11.6 ppm. MS (APCI): m/z = 346.1 [M+H]".

6.2.8 CALB recycling experiments

The sulfide 27a (20 mmol), CALB (20 % w/w) and UHP (22 mmol) were added to a round
bottom flask containing EtOAc (50 mL) stirred at 37 °C. The reaction was stirred for 24 h
and monitored by TLC. Upon completion, CALB was removed through filtration using a
Buchner funnel and washed with CHsCN/H20 (9:1) (3x10 mL) to remove urea, followed
by EtOAc (3x10 mL). The recovered CALB was air dried first and then placed in a
desiccator to ensure full dryness for the next cycle. The filtrate was instead cooled to
0°C and quenched with 30 mL 10% NazS203(aq). The organic layer was washed with

water (1x) and brine (2x), dried on MgSO4 and evaporated under reduced pressure. The
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crude product analysed by NMR to determine conversion to sulfoxide. Quantities for the
next reaction were calculated on the isolated dried CALB.

6.2.9 General procedure for the two step-one pot photocatalytic production of
H,O, and sulfoxidation by CALB

6.2.9.1 Method 1: Monophasic

Methyl phenyl sulfide 27a (0.20 mmol) and CALB (20 % w/w) were added to a round
bottom flask containing 2-EAQ (0.01 mmol, 5 mol %) suspended in a mix of EtOAc and
EtOH (1 mL), which had been previously saturated with oxygen by bubbling compressed
air through for 10 min. The reaction was stirred for 2-24 h under white light irradiation
(5W) and monitored by TLC. Then, CALB was removed from the reaction mixture by
filtration using a celite plug and then rinsed with EtOAc (3x2 mL) and quenched with 5
mL 10% NazS20s3q followed by 5 mL of H20. The collected aqueous layer was then
extracted with EtOAc (3x5 mL), the collected organic layers were washed with water
(1x10 mL) and brine (1x10 mL), dried on MgSO4 and evaporated under reduced
pressure. The conversion was determined by NMR from the crude product.

6.2.9.2 Method 2: Biphasic

Methyl phenyl sulfide 27a (0.20 mmol) and CALB (20 % w/w) were added to a round
bottom flask containing 2-EAQ (0.01 mmol, 5 mol %) suspended in a 1:4 water/toluene
(or DCM) biphasic system (4 mL), which had been previously saturated with oxygen by
bubbling compressed air through for 10 min. The reaction was stirred for 2-24 h under
white light irradiation (5W) and monitored by TLC. Then, CALB was removed from the
reaction mixture by filtration using a celite plug and then rinsed with toluene or DCM (3x2
mL) and quenched with 5 mL 10% Naz2S:0s@q). The collected aqueous layer was then
extracted with EtOAc (3x5 mL), the collected organic layers were washed with water
(1x10 mL) and brine (1x10 mL), dried on MgSOs and evaporated under reduced
pressure. The conversion was determined by NMR from the crude product.

6.2.10 General procedure for the synthesis of chiral sulfoxides using chiral acids

Methyl phenyl sulfide 27a (0.10 mmol), CALB (20 % w/w) and UHP or H202 (0.11 mmol)
were added to a round bottom flask containing toluene (1 mL) and the appropriate chiral
acid (0.10 mmol). The reaction was stirred for 2-24 h at 37 °C and monitored by TLC.
Then, CALB was removed from the reaction mixture by filtration using a celite plug and
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then rinsed with diethyl ether (3x2 mL) and quenched with 5 mL 10% Na2S20s3(q) followed
by 5 mL of H20. The collected aqueous layer was then extracted with diethyl ether (3x5
mL), the collected organic layers were washed with water (1x10 mL) and brine (2x10
mL), dried on MgSO+ and evaporated under reduced pressure. The conversion was
determined by NMR from the crude product and the enantiomeric excess was checked
by normal phase chiral HPLC using a Daicel Chiralpak IC® (0.5um, 4.6mm x 250mm)
chiral column.
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6.3 Chapter 3. Methods

Synthetic methods

6.3.1 General procedure for the synthesis of sulfides 27 and 38

Sulfides 270 and 27a-b, 27x-ad were commercially available. The synthetic methods
and characterization of sulfides 27g, 27}, 38a, 38d, 38f are described in sections 6.2.1,
6.2.2 and 6.2.3. The remaining sulfides were synthesised using one of the two following
methods. Crude sulfides 27 were purified by flash column chromatography using an
appropriate eluent mixture of EtOAc or Et2O and hexane to afford the resulting pure
sulfide.

6.3.1.1 Method A: microwave synthesis

R1_X
MW, 140 °C
N SH N S\R1
R R
= H,0, 5-15 min =

The appropriate thiophenol or benzylthiol (3.0 mmol) and halo-alkane (3.6 mmol) were
added to a microwave (MW) vial and dissolved in water (10 mL). K2COs (4.5 mmol) and
Nal (0.3 mmol) were then added to the vial and the resulting reaction mixture was stirred
at 140 °C in intervals of 5 minutes under microwave irradiation until completion was
observed on TLC. The reaction was then extracted in EtOAc (3x2 mL) and the collected
organic layers were washed with water (1x2 mL), brine (2x2 mL), dried on MgSO4 and

evaporated under vacuum.
6.3.1.2 Method B: NaH synthesis

m NaH
n X S/(/\)\
/(/\)\SH + ©/(/\L @
DMF, N, 0 °C

21

Methanethiol or ethanethiol (3.0 mmol) and NaH (6.0 mmol) were stirred in anhydrous
DMF (10 mL) under N2 for 30 min on ice. Then, a halo-arylalkane (3.6 mmol) was added
to the mixture and the reaction was stirred until completion was observed on TLC. The
reaction was quenched with ice, extracted with EtOAc (5x5mL) and the collected organic
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layers were washed with water (10x5 mL), brine (2x5 mL) to ensure full removal of DMF
from the crude. The collected organic layer was the dried over MgSO4 and evaporated

under vacuum.

6.3.1.3 2-((Propylthio)methyl)pyridine (27s)

Synthesised using Method B from 2-(bromomethyl)pyridine hydrobromide and
propanethiol. Pale yellow oil (62% vyield). vmax/cm™: 2960, 1590, 1433. H NMR (400
MHz, Chloroform-d) & 8.44 (d, J = 4.1 Hz, 1H), 7.57 (td, J = 7.7, 1.8 Hz, 1H), 7.30 (d, J
=7.9Hz, 1H),7.07 (ddd, J=7.6, 4.9, 1.2 Hz, 1H), 3.76 (s, 2H), 2.43 —2.35 (m, 2H), 1.51
(sx,J =7.3 Hz, 2H), 0.87 (t, J = 7.3 Hz, 3H). *C NMR (101 MHz, CDCls) & 159.0, 149.1,
136.6, 123.0, 121.7, 38.1 (7), 33.7 (9), 22.5 (10), 13.4 (11). HRMS (ESI) m/z calcd. for
CoH12ON3*2S* [M+H]* 168.08415; found 168.0840.

6.3.1.4 2-((Ethylthio)methyl)pyridine (27t)

Synthesised using Method B from 2-(bromomethyl)pyridine hydrobromide and
ethanethiol. Colourless oil (642 mg, 64% yield). vmax/cm™: 2925, 1590, 1433. 'H NMR
(400 MHz, CDCls) 6 8.45 (ddd, J =4.9, 1.9, 0.9 Hz, 1H, 2-H), 7.60 (td, J = 7.6, 1.9 Hz,
1H, 6-H), 7.32 (dt, J = 7.8, 1.2 Hz, 1H, 1-H), 7.10 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H, 5-H),
3.79 (s, 2H, 7-H), 2.44 (q, J = 7.4 Hz, 2H, 9-H), 1.16 (t, J = 7.4 Hz, 3H, 11-H). *C NMR
(101 MHz, CDCls) 6 159.0 (4), 149.0 (2), 137.1 (6), 123.3 (5), 122.0 (1), 37.8 (7), 25.8
(9), 14.6 (11). HRMS (ESI) m/z calcd. for CsH12N3*2S* [M+H]* 154.06850; found 154.0685.

6.3.1.5 2-((Benzylthio)methyl)pyridine (27u)**®

6 16
1 5 17 15
| 4 10
= S
2 14
7 9 13

Synthesised using Method B from 2-(bromomethyl)pyridine hydrobromide and benzyl
mercaptan. Red oil (46% yield). *H NMR (400 MHz, Chloroform-d) 6 8.43 (ddd, J = 4.9,
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1.9, 0.9 Hz, 1H), 7.48 (td, J = 7.7, 1.9 Hz, 1H), 7.23 — 7.14 (m, 4H), 7.13 — 7.07 (m, 1H),
7.01 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 3.63 (s, 2H), 3.57 (s, 2H). 13C NMR (101 MHz,
CDCI3) & 158.50, 149.13, 137.95, 136.50, 128.93, 128.34, 126.87, 122.99, 121.73,
37.38, 35.81.

6.3.1.6 Benzyl(ethyl)sulfane (27v)*4

Synthesised using Method B from benzylmercaptan and bromoethane. Colourless oil
(476 mg, 95% vyield). *H NMR (400 MHz, CDCls) 6 7.34 — 7.28 (m, 4H, Ar), 7.27 - 7.21
(m, 1H, Ar), 3.73 (s, 2H, 7-H), 2.43 (q, J = 7.5 Hz, 2H, 9-H), 1.23 (t, J = 7.4 Hz, 3H, 11-
H).C NMR (126 MHz, CDCls) & 138.8 (4), 129.0 (3,5), 128.6 (2,6), 127.0 (1), 36.0 (7),
25.4 (9), 14.5 (11).

6.3.1.7 Ethyl(phenethyl)sulfane (27w)

Synthesised using Method B from (2-bromoethyl)benzene and ethanethiol. Pale yellow
oil (485 mg, 97% yield). vmax/cm™: 2923, 1452, 1263. 'H NMR (400 MHz, CDCls) 6 7.35
—7.18 (m, 5H, Ar), 2.90 (m, 2H, 8-H), 2.80 (m, 2H, 7-H), 2.57 (g, J = 7.4 Hz, 2H, 10-H),
1.28 (t, J = 7.4 Hz, 3H, 12-H). *C NMR (101 MHz, CDCls) 8 140.9 (2), 128.6, 126.5 (5),
36.5 (8), 33.3 (7), 26.2 (10), 14.9 (12). HRMS (ESI) m/z calcd. for C10H15*S* [M+H]"
167.08890; found 167.0887.

6.3.2 General procedure for the synthesis of racemic sulfoxides standards 28

Q
S. mCPBA S.
RL\ R4 _ RL\ R1
| / | /
DCM, 0°C
21a-t 22a-t

Sulfoxide 28a was commercially available. The synthetic methods and characterization
of sulfoxides 280, 28b, 289, 39a, 39d, 39f are described in sections 6.2.4. Other racemic

sulfoxides were synthesised as follows the appropriate sulfide (2.0 mmol, 1.0 eq.) was
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dissolved in DCM (10 mL) and stirred at 0 °C. mCPBA (2.2 mmol, 1.1 eq) in DCM (10
mL) was added dropwise using a dropping funnel and the reaction was monitored by
TLC for 1-24 h until completion. The reaction was dried under reduced pressure and
purified by flash column chromatography using an appropriate eluent mixture of EtOAc

and hexane to afford the resulting sulfoxide.

6.3.2.1 2-((Propylsulfinyl)methyl)pyridine (28s)

Yellow oil (35% yield). 'H NMR (400 MHz, CDCls) 5 8.60 (d, J = 4.6 Hz, 1H, Ar), 7.71 (td,
J =77, 1.8Hz 1H, Ar), 7.37 (d, J = 7.8 Hz, 1H, Ar), 7.31 — 7.23 (m, 1H, Ar), 4.18 (d, J
=12.8 Hz, 1H, 7-H), 4.08 (d, J = 12.8 Hz, 1H, 7-H), 2.75 — 2.58 (m, 2H, 9-H), 1.89 — 1.72
(m, 2H, 10-H), 1.05 (t, J = 7.4 Hz, 3H, 11-H). 3C NMR (101 MHz, CDCls) & 151.0, 149.9,
137.1, 125.5, 123.2, 59.7, 53.7, 16.4, 13.5. HRMS (ESI) m/z calcd. for CsH1aON32S*
[M+H]* 184.07906; found 184.0793.

6.3.2.2 2-((Ethylsulfinyl)methyl)pyridine (28t)

Colourless oil (242 mg, 81% vyield). vmax/cm™: 2970, 2930, 1433, 1041. *H NMR (400
MHz, CDClz) 5 8.62 — 8.56 (m, 1H, Ar), 7.70 (td, J = 7.8, 1.8 Hz, 1H, Ar), 7.37 (d, J= 7.8
Hz, 1H, Ar), 7.30 — 7.22 (m, 1H, Ar), 4.17 (d, J = 12.8 Hz, 1H, 7-H), 4.07 (d, J = 12.8 Hz,
1H, 7-H), 2.78 (dg, J = 13.2, 7.6 Hz, 1H, 9-H), 2.66 (dq, J = 13.2, 7.6 Hz, 1H, 9-H), 1.34
(t, J =7.6 Hz, 3H, 11-H). *C NMR (101 MHz, CDCls) 8 151.0 (4), 149.9 (2), 137.01 (6),
125.5 (5), 123.2 (1), 59.0 (7), 45.0 (9), 6.8 (11). HRMS (ESI) m/z [M+H]* calcd. for
CsH120N3*2S* [M+H]* 170.0634; found 170.0631.

6.3.2.3 2-((Benzylsulfinyl)methyl)pyridine (28u)

6 16
15 o 7 15
| 4 U 10
7 S
2> 14
7 9 13
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Brown amorphous solid (75% vyield). vmax/cm: 2918, 1581, 1433. 'H NMR (400 MHz,
CDCI3) 5 8.59 (ddd, J =5.0, 1.9, 1.0 Hz, 1H), 7.65 (td, J= 7.7, 1.8 Hz, 1H), 7.40 — 7.26
(m, 6H),7.22 (ddd, J=7.6, 4.9, 1.2 Hz, 1H), 4.12 (d, J = 9.4 Hz, 1H), 4.09 (d, J = 9.4 Hz,
1H), 3.94 (d, J = 8.5 Hz, 1H), 3.90 (d, J = 8.5 Hz, 1H). *C NMR (101 MHz, CDCI3) 5
150.94, 149.83, 136.74, 130.43, 129.90, 128.84, 128.28, 125.60, 122.98, 57.82, 57.25.
HRMS (ESI) m/z [M+H]* calcd for C1sH12aNOS 232.07906, found: 232.0791.

6.3.2.4 ((Ethylsulfinyl)methyl)benzene (28v)3°5:415

White solid (198 mg, 66% vyield). *H NMR (500 MHz, CDCls) & 7.40 — 7.32 (m, 3H, Ar),
7.31—-7.27 (m, 2H, Ar), 4.02 (d, J = 13.0 Hz, 1H, 7-H), 3.93 (d, J = 13.0 Hz, 1H, 7-H),
2.72 — 2.49 (m, 2H, 9-H), 1.33 (t, J = 7.5 Hz, 3H, 11-H). *C NMR (126 MHz, CDCls) &
130.2 (4), 130.1 (3,5), 129.1 (2,6), 128.5 (1), 57.9 (7), 44.3 (9), 6.7 (11).

6.3.2.5 (2-(Ethylsulfinyl)ethyl)benzene (28w)

Pale yellow oil (258 mg, 86% yield). vma/cm™: 2930, 1452, 1014. 'H NMR (400 MHz,
CDCl) 7.38 —7.28 (m, 2H, 4,6-H), 7.28 — 7.20 (m, 3H, 1-3-H), 3.21 — 3.01 (m, 2H, 8-
H), 3.02 — 2.82 (m, 2H, 7-H), 2.78 — 2.67 (m, 2H, 10-H), 1.33 (t, J = 7.6 Hz, 3H, 12-H).
13C NMR (101 MHz, CDCls) & 139.1 (5), 128.9 (4,6), 128.7 (1,3), 126.9 (2), 53.2 (8), 45.9
(7), 29.0 (10), 6.8 (12). HRMS (ESI) m/z calcd. for C1oH150%S* [M+H]* 183.0838; found
183.0839.

6.3.2.6 1-Bromo-4-(methylsulfinyl)benzene (28x)*%°

White crystalline solid (193 mg, 90% vyield). *H NMR (400 MHz, Chloroform-d) 6 7.68 (d,
J =8.6 Hz, 2H, 4,6-H), 7.53 (d, J = 8.6 Hz, 2H, 1,3-H), 2.72 (s, 3H, 8-H). 3C NMR (101
MHz, CDCls) 6 145.1 (5), 132.8 (4,6), 125.6 (2), 125.3 (1,3), 44.2 (8).

151



6.3.2.7 1-Chloro-4-(methylsulfinyl)benzene (28y)*%°

White solid (359 mg, 99% vyield). *H NMR (400 MHz, Chloroform-d) & 7.62 — 7.57 (m, 2H,
4,6-H), 7.54 - 7.49 (m, 2H, 1,3-H), 2.72 (s, 3H, 8-H). 1*C NMR (101 MHz, CDCls) 6 144.1
(5), 137.1 (2), 129.5 (4,6), 124.8 (1,3), 43.9 (8).

6.3.2.8 1-Chloro-3-(methylsulfinyl)benzene (28z)%°

Pale yellow oil (362 mg, 99% yield). *H NMR (400 MHz, Chloroform-d) 5 7.68 — 7.65 (m,
1H, 4-H), 7.52 — 7.45 (m, 3H, 1,2,6-H), 2.74 (s, 3H, 8-H). 3C NMR (101 MHz, CDCls) &
148.1 (5), 135.9 (3), 131.3, 130.7, 123.8, 121.8, 44.2 (8).

6.3.2.9 1-Chloro-2-(methylsulfinyl)benzene (28aa)3*°
6
CE>
5 8
4
2 cl
3
Pale yellow oil (125 mg, 57% yield). *H NMR (500 MHz, CDCls) & 7.97 (dd, J = 7.9, 1.7
Hz, 1H), 7.54 (td, J = 7.6, 1.3 Hz, 1H), 7.45 (td, J = 7.6, 1.7 Hz, 1H), 7.40 (dd, J = 7.9,
1.3 Hz, 1H), 2.83 (s, 3H, 8-H). *C NMR (126 MHz, CDCls) & 143.8 (5), 132.1, 130.0,

129.9, 128.3, 125.5, 41.8 (8).

6.3.2.10 (4-(Methylsulfinyl)phenyl)ethan-1-one (28ab)40°:416

White amorphous solid (434 mg, 87% yield). *H NMR (400 MHz, Chloroform-d) & 8.09 —
7.98 (m, 2H, 4,6-H), 7.73 — 7.64 (m, 2H, 1,3-H), 2.70 (s, 3H, 11-H), 2.58 (s, 3H, 8-H). *C
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NMR (101 MHz, CDCls) & 197.0 (10), 150.9 (5), 139.0 (2), 129.1 (4,6), 123.7 (1,3), 43.8
(8), 26.8 (11).

6.3.2.11 1-Methyl-3-(methylsulfinyl)benzene (28ac)*°

Colourless oil (312 mg, 88% yield). *H NMR (400 MHz, Chloroform-d) 8 7.49 (dt, J = 1.5,
0.8 Hz, 1H, Ar), 7.43 — 7.38 (m, 2H, Ar), 7.33 — 7.27 (m, 1H, Ar), 2.72 (s, 3H, 8-H), 2.43
(t,J=0.8 Hz, 3H, 10-H). *C NMR (101 MHz, CDCls) 6 145.4, 139.5, 131.7, 129.0, 123.6,
120.5, 43.8 (8), 21.3 (10).

6.3.2.12 2,4-Dimethyl-1-(methylsulfinyl)benzene (28ad)*°®

1

Colourless oil (275 mg, 83% yield). *H NMR (500 MHz, CDCls) 6 7.83 (d, J =8.0 Hz, 1H,
4-H), 7.25 (dd, J = 8.0, 1.8 Hz, 1H, 3-H), 7.01 (d, J = 1.8 Hz, 1H, 1-H), 2.66 (s, 3H, 8-H),
2.36 (s, 3H, 10-H), 2.34 (s, 3H, 11-H). 3C NMR (126 MHz, CDCls) 5 141.2 (5), 141.0 (2),
134.0, 131.6, 128.3, 123.3, 42.4 (8), 21.3 (11), 18.1 (10).

Biocatalysis methods

6.3.3 Screening of BVMO and FMO enzymes panel using 27s

BVMO/FMO (10 gL™)

A 50 mM Tris-HCI pH 8.0 (i/o. (if 0
| | : +
NS N S NT S

2.0 mM NADP, 2.0 gL™" GDH, (RIS)
27s 5.5 eq. Glucose, 2.0 % ACN, (R/S)-28s 29s
30°C,18h

To initiate the reaction, 20 pL of a 60 mM stock solution in CHsCN of the relevant sulfide
substrate 27s (1.2 mM final concentration) was added to each well in a deep 96-well
plate containing NADP (2.0 mM, 1.7 eq.), GDH (2.0 gL?), glucose (27.5 mM, 5.5 eq.)
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and the enzyme (10 gL*) in 980 uL 50 mM Tris-HCI buffer pH 8. The reaction was shaken
at 30 °C for 18 h. Upon completion, a 30 L aliquot of each well was extracted with EtOAc
(3x50 L), centrifuged at maximum speed (12500 rpm, 5 min) and the collected organic
layers were analysed by normal phase HPLC using Chiralpak IC chiral columns to
determine the enantiomeric excess (see Appendix Il for conditions). The remaining
reaction mixture was quenched with 700 pL of CHsCN and the conversion was calculated

by reversed phase HPLC using a Kromasil C18 column.

6.3.4 General procedure for the asymmetric oxidation of substrates 27 and 38
using BVYMO145

o
S BVMO145 (10 gL™) &+
P O
R1 R2 . R1 (S) RZ
50 mM Tris-HCI pH 9.0
270r38 25 mM NADP, 1.0 gL' GDH, (nggg’r
50 mM Glucose, 2.0% ACN, (S)-

220 rpm, 37 °C, 4 h

14 pL of a 250 mM stock solution in CHsCN of the relevant sulfide substrate 27 (5.0 mM
final concentration), was added to 686 pL 50 mM Tris-HClbuffer pH 9.0 containing NADP
(0.25 mM, 0.05 eq.), GDH (1.0 gL?), glucose (50 mM, 10 eq.) and BVMO145 (10 gL?)
to initiate the reaction. The reaction was shaken at 37 °C for 4 h. Upon completion, a 30
pL aliquot was extracted with EtOAc (3x50 uL), centrifuged at maximum speed (12500
rpm, 5 min) and the collected organic layers were analysed by normal phase HPLC using
Chiralpak IC or IG chiral columns to determine the enantiomeric excess (see Appendix
[l for conditions). The remaining reaction mixture was quenched with 700 puL of CHsCN
and the conversion was calculated by reversed phase HPLC using a Kromasil C18

column.

Computational methods

Quantum chemical computations were performed using Spartan Pro. Two molecular
structures were optimised at the Hartree-Fock/6 -31G* level of theory, in the gas phase,
while the ESP was calculated using a constant electronic density of 0.002 au. The ESP
values were shown by means of coloured maps on isodensity surface (range between -
28 and 29 a.u).
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6.4 Chapter 4. Methods

Synthetic methods

6.4.1 General procedure for the synthesis of sulfides 27

Sulfides 27af, 27a-b, 27x-z, 27aa-ad, 270, and 27al were commercially available. The
synthetic methods and characterization of sulfides 27c, 27d, 279, 27j, 27k and 27I are
described in sections 6.2.1 and sulfides 27v-w, 27t in section 6.3.1. The remaining
sulfides were synthesised using either Method A or Method B described in section 6.3.1.
In both cases, sulfides 27 were used in the next oxidative step to obtain sulfoxides 28 as
crude if sufficiently clean on *H NMR, otherwise they were purified by flash column
chromatography using an appropriate eluent mixture of EtOAc or Et2O and hexane to

afford the resulting sulfide.

6.4.1.1 Methyl(naphthalen-2-yl)sulfane (27ai)*'’

Synthesised using Method B from 2-naphthalenethiol and iodomethane. Amorphous
white solid (495 mg, 99% yield). *H NMR (400 MHz, CDCls) & 7.76 (m, 3H, Ar), 7.63 —
7.57 (m, 1H, Ar), 7.52 - 7.35 (m, 3H, Ar), 2.59 (s, 3H, 12-H). *C NMR (101 MHz, CDCls)
6 136.1, 133.9, 131.3, 128.2, 127.7, 126.8, 126.6, 125.7, 125.2, 123.4, 15.8 (12).

6.4.1.2 Methyl(naphthalen-1-yl)sulfane (27aj)**’

-

S

6 10
19
2 8

3 7

Synthesised using Method A from 1-naphthalenethiol and iodomethane. Pale yellow oil
(188 mg, 63% vyield). *H NMR (400 MHz, CDCls) 8 8.33 — 8.22 (m, 1H, Ar), 7.90 — 7.80
(m, 1H, Ar), 7.72 — 7.63 (m, 1H, Ar), 7.60 — 7.48 (m, 2H, Ar), 7.46 — 7.36 (m, 2H, Ar),
2.59 (s, 3H, 12-H). *C NMR (101 MHz, CDCls) & 136.0 (10), 133.8, 131.8, 128.7, 126.4,
126.3, 126.0, 125.8, 124.4, 123.8, 16.4 (12).
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6.4.1.3 Methyl(2-(phenylthio)ethyl)sulfane (27am)

9 1 3
10 S\/\S/
8

11 @3

12
Synthesised using Method A from (2-bromoethyl)(phenyl)sulfane and metanethiol.
Colourless oil (324 mg, 68% vyield). vmax/cm™: 2913, 1437, 1024. *H NMR (500 MHz,
CDCls) & 7.39 — 7.34 (m, 2H, 9,13-H), 7.30 (t, J = 7.7 Hz, 2H, 10,12-H), 7.24 — 7.17 (m,
1H, 11-H), 3.16 — 3.07 (m, 2H, 2-H), 2.75 —2.68 (m, 2H, 1-H), 2.13 (s, 3H, 3-H). *C NMR
(126 MHz,CDCI3)  135.6, 130.1, 129.2, 126.6, 33.8, 33.8, 15.7. HRMS (ESI) m/z calcd.
for C13H120N32S,* [M+H]* 185.04532; found 185.0452.

6.4.1.4 (Propylsulfinyl)benzene (27an)38

6 10

1 S o
SAS
2 4

3

Synthesised using Method A from thiophenol and iodopropane. Pale yellow oil (217 mg,
72% yield). 'H NMR (500 MHz, CDCls) § 7.34 — 7.23 (m, 4H, Ar), 7.18 — 7.13 (m, 1H, Ar),
2.89 (t, J= 7.3 Hz, 2H, 8-H), 1.67 (sx,J =7.3 Hz, 2H, 10-H), 1.02 (t, J = 7.3 Hz, 3H, 11-
H).

6.4.1.5 (4-Chlorophenyl)(propyl)sulfane (27a0)*8

Synthesised using Method A from 4-chlorothiophenol and iodopropane. Pale yellow oil
(460 mg, 92% yield). *H NMR (400 MHz, CDCls) § 7.34 — 7.27 (m, 4H, Ar), 2.93 (t, J =
7.3 Hz, 2H, 8-H), 1.71 (sx, J = 7.3 Hz, 2H, 10-H), 1.07 (t, J = 7.3 Hz, 3H, 11-H). *C NMR
(126 MHz, CDCls) 8 135.6 (5), 131.8 (2), 130.5 (4,6), 129.1 (1,3), 36.0 (8), 22.6 (10),
13.5 (11).

6.4.1.6 (4-Bromophenyl)(propyl)sulfane (27ap)**®
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Synthesised using Method A from 4-bromothiophenol and iodopropane. Yellow oil (495
mg, 99% vyield). *H NMR (500 MHz, CDClIs) & 7.38 (d, J = 8.5 Hz, 2H, 4,6-H), 7.18 (d, J
= 8.5 Hz, 2H, 1,3-H), 2.87 (t, J = 7.3 Hz, 2H, 8-H), 1.66 (sx, J = 7.3 Hz, 2H, 10-H), 1.02
(t,J=7.3 Hz, 3H, 11-H). **C NMR (126 MHz, CDCl3)5 136.4 (5), 132,0 (4,6), 130.6 (1,3),
119.5 (2), 35.8 (8), 22.5 (10), 13.5 (11).

6.4.1.7 (3-Methoxyphenyl)(propyl)sulfane (27aq)

Synthesised using Method A from 3-methoxythiophenol and iodopropane. Yellow olil
(419 mg, 84% yield). vmax/cm™: 2960, 1588, 1227, 1039. 'H NMR (400 MHz, CDCls) &
7.19 (t,J = 8.0 Hz, 1H, 1-H), 6.93 — 6.85 (m, 2H, Ar), 6.70 (dd, J = 8.3, 2.4 Hz, 1H, 2-H),
3.80 (s, 3H, OMe), 2.90 (t, J = 7.3 Hz, 2H, 8-H), 1.69 (sx,J = 7.3 Hz, 2H, 10-H), 1.03 (t,
J=7.4Hz,3H, 11-H).1*CNMR (126 MHz,CDCls) & 159.9 (3), 138.5, 129.8,121.1, 114.3,
111.4, 55.4 (OMe), 35.5 (8), 22.7 (10), 13.6 (11). HRMS (ESI) m/z calcd. for C10H15032S*
[M+H]* 183.08381; found 183.0835.

6.4.1.8 (4-Methoxyphenyl)(butyl)sulfane (27ar)3®

6 10
1 S\/\/
/@? 8 1

MeO 2 4

3

Synthesised using Method A from 4-methoxythiophenol and iodobutane. Pale yellow oil
(430 mg, 86% yield). *H NMR (500 MHz, CDCls) & 7.34 (d, J = 8.8 Hz, 2H, 4,6-H), 6.84
(d, J =8.8 Hz, 2H, 1,3-H), 3.80 (s, 3H, OMe), 2.82 (t, J = 7.3 Hz, 2H, 8-H), 1.60 — 1.52
(m, 2H, 10-H), 1.46 — 1.37 (m, 2H, 11-H), 0.90 (t, J = 7.1 Hz, 3H, 12-H). 1*C NMR (126
MHz, CDCls) & 158.8 (2), 133.0 (4,6), 127.1(5), 114.6 (1,3), 55.5 (OMe), 35.6 (8), 31.6
(10), 22.0 (11), 13.8 (12).

12

6.4.2 General procedure for the synthesis of racemic sulfoxides 28

S. mCPBA S.
TN Rq . TN R4
Ru _ Ro- P
DCM, 0°C

27 28
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Sulfoxides 28af, 28a and 28ak were commercially available. The synthetic methods and
characterization of sulfoxides 28a-I and 280 are described in section 6.2.7 and sulfides
28t and 28v-ad in section 6.3.2. The remaining racemic sulfoxides were synthesised as
follows: the appropriate sulfide (2.0 mmol, 1.0 eqg.) was dissolved in DCM (10 mL) and
stirred at 0 °C. mCPBA (2.2 mmol, 1.1 eq) in DCM (10 mL) was added dropwise using a
dropping funnel and the reaction was monitored by TLC for 1-24 h until completion. The
reaction was dried under reduced pressure and purified by flash columnchromatography
using an appropriate eluent mixture of EtOAc and hexane to afford the resulting

sulfoxide.

6.4.2.1 Methoxy-4-(methylsulfinyl)benzene (28ag)**®

MeQ™ 2 4
3

Off white solid (241 mg, 73% yield). *H NMR (400 MHz, Chloroform-d) & 7.63 — 7.57 (m,
2H, 4,6-H), 7.06 — 6.99 (m, 2H, 1,3-H), 3.85 (s, 3H, OMe), 2.71 (s, 3H, 8-H). *C NMR
(101 MHz, CDCls) & 162.2 (5), 136.6 (2), 125.7 (4,6), 115.0 (1,3), 55.7 (MeO), 44.1 (8).

6.4.2.2 Methoxy-3-(methylsulfinyl)benzene (28ah)*¢

Colourless oil (386 mg, 77% yield). *H NMR (400 MHz, Chloroform-d) 6 7.44 —7.38 (m,
1H, 4-H), 7.27 - 7.24 (m, 2H, Ar), 7.13 (ddd, J = 7.7, 1.9, 0.9 Hz, 1H, Ar), 7.02 (ddd, J =
8.3, 2.6,0.9 Hz, 1H, Ar), 3.87 (s, 3H, OMe), 2.73 (s, 3H, 8-H). **C NMR (101 MHz, CDCls)
5 160.7 (3), 147.3 (5), 130.5 (1), 117.6, 115.7, 108.1 (4), 55.8 (OMe), 44.2 (8).

6.4.2.3 (Methylsulfinyl)naphthalene (28ai)**®

O
6 10 I
1 S\
9 12
2 8
3 7

White crystals (170 mg, 57% yield). *H NMR (400 MHz, CDCls) 6 8.22 (d, J = 0.7 Hz, 1H,
Ar), 7.99 (d, J = 0.7 Hz, 1H, Ar), 7.97 — 7.89 (m, 2H, Ar), 7.67 — 7.55 (m, 3H, Ar), 2.80
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(s, 3H, 12-H). C NMR (101 MHz, CDCls) 6 129.8, 128.7, 128.2, 128.0, 127.5, 124.2,
119.6, 44.0 (12). 3 quat carbons.

6.4.2.4 (Methylsulfinyl)naphthalene (28aj)*°

O 12
~g”

White amorphous solid (106 mg, 85% vyield). *H NMR (400 MHz, CDCls) & 8.17 (dd, J =
7.3, 1.2 Hz, 1H, Ar), 7.99 — 7.86 (m, 3H, Ar), 7.65 (dd, J = 8.2, 7.3 Hz, 1H, Ar), 7.61 —
7.51 (m, 2H, Ar), 2.82 (s, 3H, 12-H). *C NMR (101 MHz, CDCls) & 141.6, 133.5, 131.3,
129.2, 128.6, 127.3, 126.8, 125.8, 122.2, 121.4, 43.0 (12).

6.4.2.5 (Methylsulfinyl)butan-2-one (28al)

MS/ !

3 I
O

Pale yellow oil (312 mg, 99% yield). vmax/cm™1: 2996, 2913, 1709. *H NMR (500 MHz,
CDCl5) 8 3.08 — 3.00 (m, 1H), 2.97 (td, J = 7.2, 2.6 Hz, 2H), 2.85 — 2.76 (m, 1H), 2.57 (s,
3H, 7-H), 2.23 (d, J = 0.9 Hz, 3H, 1-H). *C NMR (126 MHz, CDCls) & 205.3 (2), 47.7,
39.1, 35.6, 30.0 (1). HRMS (ESI) m/z calcd. for CsH1102%S* [M+H]* 135.0474; found
135.0475.

6.4.2.6 ((2-(Methylsulfinyl)ethyl)sulfinyl)benzene (28am)

1:1 Mix of diastereomers. White crystalline solid (166 mg, 85% yield). vmax/cm™: 2911,
1421, 1019. *H NMR (500 MHz, CDCls) & 7.64 — 7.48 (m, 10H, Ar), 3.43 — 3.32 (m, 2H),
3.23 (ddd, J =13.1, 10.4, 5.3 Hz, 1H), 3.10 — 2.97 (m, 3H), 2.97 — 2.88 (m, 1H), 2.66
(ddd, J = 13.1, 10.4, 4.9 Hz, 1H), 2.59 (s, 3H, 3-H), 2.56 (s, 3H, 3-H). 3C NMR (126
MHz, CDCls) & 142.6 (8), 142.4 (8), 131.6 (9,13), 131.6 (9,13), 124.1 (10,12), 124.0
(10,12), 48.8 (2), 48.5 (2), 45.5 (1), 45.4 (1), 39.0 (3), 39.0 (3). HRMS (ESI) m/z calcd.
for CoH1302%2S?* [M+H]*" 217.0352; found 217.0348.

159



6.4.2.7 (Propylsulfinyl)benzene (28an)*?

)
6 10

I

1 S o

5 4 11
A5

3

Yellow oil (366 mg, 99% yield). *H NMR (500 MHz, CDCls) 6 7.66 — 7.59 (m, 2H, 4,6-H),
7.55 - 7.46 (m, 3H, 1-3-H), 2.86 — 2.71 (m, 2H, 8-H), 1.87 — 1.74 (m, 1H, 9-H), 1.73 —
1.60 (m, 1H, 9-H), 1.05 (t,J = 7.4 Hz, 3H, 11-H). *3C NMR (126 MHz, CDCls) 6 144.3 (5),
131.3 (2), 129.6 (4,6), 124.6 (1,3), 59.6 (8), 16.3 (10), 13.6 (11).

6.4.2.8 1-Chloro-4-(propylsulfinyl)benzene (28a0)**

Colourless oil (183 mg, 61% yield). *H NMR (500 MHz, CDClsz) & 7.58 — 7.54 (m, 2H, 4,6-
H),7.52 — 7.47 (m, 2H, 1,3-H), 2.83 - 2.69 (m, 2H, 8-H), 1.87 — 1.73 (m, 1H, 10-H), 1.72
—1.58 (m, 1H, 10-H), 1.05 (t, J = 7.4 Hz, 3H, 11-H). *C NMR (126 MHz, CDCls) & 142.6
(5), 137.3 (2), 129.7 (4,6), 125.6 (1,3), 59.4 (8), 15.9 (10), 13.4 (11).

6.4.2.9 1-Bromo-4-(propylsulfinyl)benzene (28ap)

Colourless oil (278 mg, 99% yield). vmax/cm™: 2963, 1470, 1005. *H NMR (500 MHz,
CDCl) 5 7.65 (d, J = 8.4 Hz, 2H, 4,6-H), 7.49 (d, J = 8.5 Hz, 2H, 1,3-H), 2.82 — 2.68 (m,
2H, 8-H), 1.87 — 1.73 (m, 1H, 10-H), 1.71 — 1.58 (m, 1H, 10-H), 1.04 (t, J = 7.4 Hz, 3H,
11-H). 3C NMR (126 MHz, CDCls) & 143.3 (5), 132.5 (4,6), 125.8 (1,3), 125.5 (2), 59.3
(8), 15.9 (10), 13.4 (11). HRMS (ESI) m/z calcd. for CoH12BrO%2S* [M+H]* 246.9714;
found 246.9785, 248.9758.
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6.4.2.10 1-Methoxy-3-(propylsulfinyl)benzene (28aq)

Pale yellow oil (232 mg, 77% yield). vmax/cm™: 2963, 1479, 1025. *H NMR (400 MHz,
CDClIs)® 7.39 (td, J = 7.8, 1.5 Hz, 1H, Ar), 7.23 (dd, J = 2.6, 1.5 Hz, 1H, Ar), 7.10 (dt, J
=7.8, 1.2 Hz, 1H, Ar), 7.0 (ddd, J = 8.3, 2.6, 1.2 Hz, 1H, Ar), 3.86 (s, 3H, OMe), 2.86 —
2.68 (m, 2H, 8-H), 1.87 —1.73 (m, 1H, 10-H), 1.73 — 1.58 (m, 1H, 10-H), 1.09 — 1.00 (m,
3H, 11-H). 23C NMR (101 MHz, CDCls) & 160.6 (5), 145.6 (3), 130.2 (4), 117.5 (6), 116.2
(2), 108.6 (1), 59.4 (OMe), 55.7 (8), 16.1 (10), 13.4 (11). HRMS (ESI) m/z calcd. for
CoH1502%2S* [M+H]* 199.0787; found 199.0784.

6.4.2.11 1-Methoxy-4-(butylsulfinyl)benzene (28ar)*?2

6 9 10 13
1 S~
/@g 8 11
MeQO™ 2 4
3

Yellow oil (195 mg, 65% vyield). '"H NMR (500 MHz, CDClz) 8 7.56 (d, J = 8.8 Hz, 2H, 4,6-
H), 7.02 (d, J = 8.8 Hz, 2H, 1,3-H), 3.85 (s, 3H, OMe), 2.84 — 2.71 (m, 2H, 8-H), 1.73 —
1.52 (m, 2H, 10-H), 1.51 — 1.34 (m, 2H, 11-H), 0.91 (t, J = 7.3 Hz, 3H, 13-H). 3C NMR
(126 MHz, CDCl:) & 162.0 (5), 135.0 (2), 126.1 (4,6), 114.9 (1,3), 57.3 (OMe), 55.6 (8),
24.4 (10), 22.0 (11), 13.8 (13).

6.4.3 Synthesis of riboflavin tetraacetate (RFTA)3

Riboflavin (1.33 mmol, 1.0 eqg.) was dissolved in acetic anhydride (10 mL) and pyridine
(10 mL) and the resulting solution was stirred under reflux for 20 min. The reaction
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mixture was the cooled to rt, diluted with DCM (25 mL) and poured into ice cold 1 M
HClag) (15 mL). The aqueous phase was extracted with DCM (3x5mL) and the combined
organic phase was washed with 1 M HClg) (1x5 mL) and water (2x5 mL) and was then
dried over MgSO4 and evaporated under reduced pressure. The crude product was
purified by silica columnchromatography using a 9:1 DCM/MeOH eluent system to afford
RFTA as a yellow solid (736 mg, 99% yield). *H NMR (400 MHz, CDCls) 6 8.31 (s, 1H,
NH), 8.05 (d, J =5.2 Hz, 1H, Ar), 7.57 (d, J = 7.6 Hz, 1H, Ar), 5.66 (d, J = 7.7 Hz, 1H),
5.49 - 5.38 (m, 2H), 4.44 (dd, J =12.4, 2.8 Hz, 2H), 4.28 — 4.21 (m, 2H), 2.57 (d, J= 2.8
Hz, 3H), 2.45 (d, J = 2.8 Hz, 3H), 2.29 (d, J = 1.3 Hz, 3H), 2.22 (d, J =4.6 Hz, 3H), 2.08
(d, J =0.8 Hz, 3H), 1.76 (s, 3H).

Molecular biology and biocatalysis methods

6.4.4 Preparation of Msr WT enzymes panel

The Msr genes were synthesised and cloned in pET28a(+) and used to transform
BL21(DE3) E. coli competent cells and plated on nutrient agar plates containing 50
pg/mL kanamycinwhichwere incubated at 37 °C overnight. Single colonies foreach Msr
gene were used to inoculate a 10 mL culture tube containing LB media (10 g tryptone, 5
g yeast extract and 10 g NaCl per litre) and 50 pg/mL kanamycin which was incubated
at 37 °C overnight with at 220 rpm. This 10 mL primary culture was then used to inoculate
a 1L culture of LB media containing kanamycin (50 pg/mL) in a 2 L shake flask. The
culture was incubated at 37 °C in an orbital shaker until ODeoo reached ~0.6. At this point
the incubation temperature was reducedto 25 °C and 1 mM IPTG added to induce gene
expression overnight. Following the incubation, the culture was centrifuged to pellet the
bacterial material, and the pellet resuspended in 0.1 M Potassium Phosphate buffer, pH
7.4. The pellet was then subjected to sonication (10 secs on, 10 sec off for 6 cycles) to
lyse the E. coli cells. The lysate was centrifuged for 15 min at 4000 rpm to pellet the
cellular debris. The supernatant was retained and lyophilised to generate freeze dried
cell free extract (CFE) to be used in all subsequent experiments.

6.4.5 Purification of S. cerevisiae MsrA02 from CFE

1.6 g of MsrA02 CFE (Almac) was resuspended in Buffer A (20 mM Tris base pH 8.0,
100 mM NaCl, 20 mM imidazole and 10% v/v glycerol and 1 mM DTT) and was

centrifuged at 4000 rpm for 20 minutes. A 5 mL His-Trap™ Fast Flow nickel affinity
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column was washed with water (7 CV) and equilibrated with Buffer A (7 CV). The filtered
supernatant was loaded onto the nickel affinity column and the column was flushed with
Buffer A (1.6 CV). The protein was eluted with Buffer B (20 mM Tris base pH 8.0, 100
mM NacCl, 200 mM imidazole and 10% v/v glycerol), the fractions of the purification were
analysed by SDS-Page (expected molecular weight including the 6xHis tag of 23.3 kDa).
The fractions containing the protein of interest were pooled and concentrated, and buffer
exchanged in Buffer C (20 mM Tris base pH 8.0, 100 mM NaCl and 10% v/v glycerol) by
centrifugation on ultrafiltration unit (10 KDa MWCO, Cytiva, Sweden). When the volume
reached approximately 1.5 mL, it was mixed with an equal amount of Buffer D (20 mM
Tris base pH 8.0, 100 mM NaCl and 30% v/v glycerol), divided into 100 pL aliquots, snap
frozen and stored at -80 °C. The final concentration was assessed through Bradford
method.

6.4.6 General procedure for the kinetic resolution of substrates 28 using MsrA02

o) MsrA02 o
I N

100 mM KPi pH 8.0

SN X SN X S
Ri— > Ri_ + Rl
= 1.1 eq DTT, 2.5% IPA = =

28 30 °C, 4-48h (R)-28 27

315 pL of a 1.28 M stock solution in IPA of the relevant racemic substrate 28 (32 mM
final concentration), was added to 12.3 mL 100 mM KPi buffer pH 8.0 containing DTT
(35.2 mM, 1.1 eq.) and MsrAO02 to initiate the reaction. The reaction was monitored by
taking 10 pL aliquots, which were extracted with EtOAc (3x20 pL) and injected into the
appropriate HPLC chiral column. Upon completion, the reaction was extracted with
EtOAc (5x5 mL) by centrifugation (5300 rpm, 5 min, 4 °C). The organic phase was dried
over MgSOs4 and evaporated under reduced pressure and the resulting crude was
purified by flash column chromatography using a mixture of EtOAc and hexane to afford
the resulting enantiopure (R)-sulfoxide. Compounds were purified on neutral alumina
(AlsO2) and the final enantiomeric excess was determined using Chiralpak IC or IG chiral
columns (see Appendix VI for conditions). The isolated yields and optical rotation data

of (R)-sulfoxides are reported in Appendix II.
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6.4.6.1 Synthesis of ethyl(2-(phenylsulfinyl)ethyl)sulfane (27r) through the kinetic
resolution of ((2-(methylsulfinyl)ethyl)sulfinyl)benzene (28r)

o MsrAQ2 o o
I 100 mM KPi pH 8.0 I (R) 8 I 1 3
S\/\S/ > S\/\S+/ + 9 - S\/\S/
©/ O  1.1eqDTT, 25% IPA ©/ o 10@; ?
28am 30°C, 8h (R)-28am " 27am-2

253 pL of a 1.28 M stock solution in IPA of 28am (32 mM final concentration), was added
to 10.0 mL 100 mM KPi buffer pH 8.0 containing DTT (35.2 mM, 1.1 eq.) and MsrA02 to
initiate the reaction. The reaction was monitored by taking 10 pL aliquots, which were
extracted with EtOAc (3x20 L) and analysed by HPLC fitted with a Chiralpak IC chiral
column. After 8 h, the reaction was extracted with EtOAc (10x5 mL) by centrifugation
(5300 rpm, 5 min, 4 °C). The collected organic phase was dried over MgSO4 and
evaporated under reduced pressure and the resulting crude was purified on neutral
alumina (AlsOz) by flash column chromatography using 100% EtOAc first followed by
95:5 DCM/MeOH to afford both (R)-28am (see 6.4.1.15 and Appendix Il) and 27am-2 as
a yellow oil (32 mg, 49% vyield). vmax/cm™: 3397, 2911, 1440, 1036. *H NMR (500 MHz,
CDCls) 8 7.63 — 7.57 (m, 2H, 8,12-H), 7.54 — 7.46 (m, 3H, 9-11-H), 3.09 — 2.94 (m, 2H,
2-H), 2.87 (ddd, J = 13.4, 9.7, 6.3 Hz, 1H, 1-H), 2.64 — 2.58 (m, 1H, 1-H), 2.09 (s, 3H, 3-
H). 2*C NMR (126 MHz, CDClz) 3 143.2 (7), 131.3 (10), 129.5 (8,12), 124.1 (9,11), 56.5
(2), 26.3 (1), 15.7 (3). HRMS (ESI) m/z calcd. for CoH1302%2S?* [M+H]*" 201.0399; found
201.0402.

6.4.7 Preparation of C28S and C68S MsrA02

6.4.7.1 General considerations

The plasmid encoding WT MsrA02 gene (pET28a-Msr-Xhol-Ndel) was obtained by
Almac. PCR kit QuikChange Il was purchased by Agilent Technologies and the primers

were purchased from Merk Life Science.
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Desired Nucleotide Forward primer Reverse primer

point change (5’-3’) (3’-5)
mutation
C25S TGC—HTCC CACCCTGGCGTGCGG GACCGCACGCCAAGG
TTCCTTTTGGGGCSC AAAACCCCGTGGCTC
CGAGCACATGTACCG GTGTAC
C68S TGC—-TCC AGCTATAAGCGT TCGATATTCGCA
GTTTCCGGTGGC CAAAGGCCACCG
GACACC CTGTGG

6.4.7.2 Site directed mutagenesis

Site directed mutagenesis was performed by PCR according to Phusion High-Fidelity
PCR Master Mix manufacturer’s instructions using pET28a-Msr-Xhol-Ndel as template.
Ina PCRtube 12.5 pL of Phusion High-Fidelity PCR Master Mix, 1.25 pL x 10 uM primers
(final concentration 0.5 uM), 1 uL WT template DNA and 9 L sterilised water were added
and the PCR sequence started (1) initial denaturation at 95 °C, 30 sec; 2) a: 95 °C, 30
sec, b:55 °C, 1 min, ¢:68°C, 6 min. Repeat for 25 cycles; 3) hold at 4 °C). After PCR, the
template of the reaction was digested with Dpnl (1 hour 1 pL, Thermofisher). On
completion, 2 pL of the reaction mixture were used to transform 50 pL of ToplO
competent E. coli cells. Single colonies were selected and incubated overnight in 15 mL
of LB media with 50 pg/mL kanamycin. The DNA plasmid was extracted and purified with
the QIAprep® Spin Minikit (QIAGEN). The resulting DNA was analysed by agarose gel
after incubation with Xhol, Bgll and BssSI digestive enzymes. The mutated sequence

was confirmed by sequencing (Genewiz, Azenta Life Sciences).

6.4.7.3 Gene expression and purification

The purified MsrA02_C25S or C68S plasmids were used to transform E. coli T7 express
competent cells and the resulting cell mixture was plated on LB agar (50 pgmL?
kanamycin) and incubated overnight at 35 °C. A single colony of transformed cells was
used to incolulate 100 mL preculture in LB media with kanamycin (50 pgmL?) and
incubated overnight at 37 °C and 220 rpm. The overnight precultures were used to
inoculate 2x1L cultures in LB media with kanamycin (50 pgmL?). When the ODsw
reached 0.6-0.8 the expression of the protein was induced with 0.5 mM isopropyl-3-D-
thiogalactopyranoside (IPTG) and incubated overnight at 25 °C. Cells were harvested by
centrifugation (18,000 rpm, 45 min, 4 °C), resuspended in cell lysis buffer (Buffer A,
pepstatin, protease cocktail, lysozyme, DNAase, 1 mM DTT) and lysed using a IXT4A
(Constant System LTD) cell disruptor (25 psi, 4 °C). After centrifugation (20,000 rpm, 1

h, 4 °C), the CFE was loaded onto a His-Trap™ Fast Flow nickel affinity column and
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purified following the procedure described in Section 2.2. The final concentration was
assessed through Bradford method.

6.4.8 Activity assay of C25S and C68S MsrA02

Reactions were run in duplicates in a final volume of 1.0 mL in microcentrifuge tubes.
C25S or C68S MsrA02 was used directly from the previously prepared stock and was
diluted to three diffferentconcentrations (10, 100 and 400 mM)in 100 mM KPi buffer (pH
8.0) containing 8.8 mM DTT. 25 pL of a 320 mM stock solution of 28af in IPA were added
to the reactions and the microcentrifuge tubes were shaken at 30 °C and 280 rpm for 18
h. The reactions were extracted using 3x250 pL EtOAc and the enantiomeric excess was

determined using a Chiralpak IG chiral column.

6.4.9 Activity assay of C23S, C44S and C176S MsrA02

Reactions were run in duplicates in a final volume of 500 pL. The CFE of the mutants
C23S, C44S and C176S of MsrA02 were provided in 96-well plates containing 10 mg of
lyophilised powder each. Each mutant was redissolved in 100 mM KPi buffer (pH 8.0) to
1.0, 10 and 40 mg/mL final concentrations. Then, 12.5 yuL 352 mM DTT in buffer and
12.5 pL of a 320 mM stock solution of 28af in IPA was added to each well to initiate the
reaction. The plate was incubated for 18 hat 30 °C and 1000 rpm. 500 pL of CHsCN was
added to each well to quench the reaction and the plates were centrifuged for 20 min at
4000 rpm and 4 °C to get rid of cell debris. To determine the activity of the mutants, 5 pL
aliqguots were injected into a Phenomenex chiral Lux i-Amylose-3 column and the

enantiomeric excess was determined.

6.4.10 Identification of other Msrs for the kinetic resolution of bulkier sulfoxides

The CFE of 13 Msrs and EVC was provided by Almac in 96-well plates as 10 mg of
lyophilised powder. Each well was resuspended in 950 pL 100 mM KPi buffer (pH 8.0)
and split into two wells of a fresh 96-well plate (475 pL each). Then, 12.5 pL 352 mM
DTT in buffer and 12.5 pL of a 320 mM sulfoxide solution in IPA or CHsCN were added
to each well to initiate the reaction. The plate was shaken for 18 h at 30 °C and 1000
rpm. 500 pL of CHsCN were added to the wells to quench the reaction and the plates
were centrifuged for 20 min at 4000 rpm and 4 °C to get rid of cell debris. To determine
the final concentration of the remaining sulfoxide, 1 yL aliquots were injected into a UPLC
Agilent Eclipse Plus C18 column and analysed with the following method: 0.5 mL/min,
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25 °C; T0, water:CHsCN 90:10; T4min, water:CHsCN 40:60, hold for 1.5 min; T6émin,
water:CHsCN 90:10, hold for 1 minute. Total time 7 minutes.

6.4.11 General procedure for the kinetic resolution of sulfoxides using MsrA33

(o) MsrA33 o}
I =
S. 100 mM KPi pH 8.0 §* S.
Ri—\ R > R©/ Ri 4 REj/ R;
= 4.0 eq DTT, 2.5% IPA = =
21u-af 30 °C, 48h (R)-21u-af 22u-af

25 pL of a 320 mM stock solution in IPA of the relevant racemic substrate 28 (8.0 mM
final concentration), was added to 975 pL 100 mM KPi buffer pH 8.0 containing DTT (16
mM, 4.0 eq.) and MsrA33 (40 gL?) to initiate the reaction. The reaction was shaken at
30 °C for 48 h. Upon completion, a 30 pL aliquot was extracted with EtOAc (3x50 L),
centrifuged (12500 rpm, 5 min) and the collected organic layers were analysed by normal
phase HPLC using Chiralpak IC, IG or ID chiral columns to determine the enantiomeric
excess. The remaining reaction mixture was quenched with 500 pL of CHsCN and 25 pL
of compound 28af was added as internal standard. The conversion was calculated by
reversed phase HPLC using an Agilent Eclipse Plus C18 column (Calibration curves for

the conversion are described in Appendix VI).

Computational methods

6.4.12 Modelling

The crystal structure of MsrA02 from Saccharomyces cerevisiae (pdb code 3PIL)*?® was
used as the initial structure. The acetate molecule was deleted, and hydrogens were
added with Molprobity.*?* For the variants, single point mutations were introduced using
a rotamer library. Afterwards, the structures were geometry optimized and subjected to
molecular dynamics simulations. GROMACS#*?5 cluster analysis was conducted to select

the most representative structures from the simulations.

The substrates 28ag and 28] were optimized with the exchange-correlation functional
B3LYP,*?6 the 6-31g(d) basis set and Polarizable Continuum Model (PCM).#?” The point
charges were calculated resorting to the RESP methodology, from a single point
calculation using Hartree-Fock with the 6-31g(d) basis set.
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6.4.13 Molecular Docking

Molecular docking was performed using Autodock4.2 with the Lamarckian genetic
algorithm (LGA)*?® using a grid around the sulfur atom of the nucleophilic cysteine. A
total of 1000 LGA runs were carried out per system. The population was 300, the GA
elitism=1, the maximum number of generations was 27000 and the maximum number of
energy evaluations was 2500000. The top ranked structure corresponds to lowest
binding energy structure of the most populated cluster with the lowest mean binding
energy.

6.4.14 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed with GROMACS*?>withthe amber
parm99SB*?° force field. One initial energy minimization was performed, followed by two
equilibration steps to slowly heat the system from 0 to 300 K (in canonical and isothermal-
isobaric ensembles, respectively). Temperature and pressure coupling were 300 K and
1 bar, respectively and periodic boundary conditions (PBC) were used. Production runs
were performed in an isothermal-isobaric ensemble. For each enzyme 3 replicas of the
production simulations (100 ns) were carried out at 300 K. The time step was setto 2 fs
and LINCS“*¥* constraints were applied to all bonds involving hydrogen atoms. The
particle mesh Ewald (PME) method*** was used to calculate electrostatic interactions.

6.4.15 Quantum Chemistry Calculations

Quantum chemical computations were performed using Spartan Pro. Two molecular
structures 28v and 28t were optimised at the Hartree-Fock/6-31G* level of theory, in the
gas phase, while the ESP was calculated using a constant electronic density of 0.002
au. The ESP values were shown by means of coloured maps on isodensity surface
(range between -28 and 29 a.u).

NMR studies methods

6.4.16 Production of >N and 3C labelled MsrA02 and MsrA02_C25S

The purified MsrA02 and MsrA02_C25S plasmids were transformed into T7 express
competent cells and the resulting cell mixture was plated on LB agar (50 pgmL™*

kanamycin) and incubated overnight at 35 °C. A single colony of transformed cells was
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used to inoculate 1.0 mL SOC media with kanamycin (50 pgmL™?) and incubated at 30
°C and 220 rpm until cloudy. Then 150 pL of the SOC media was used to inoculate 50
mL M9 media (100 mM NaH2PO4, 100 mM KH2PO4, 100 mM NaCl, 1 mM MgSOs4, 0.1
mM CaClz, 1 mM Thiamine-HCI, 22 mM 3C glucose, 19 mM *NH4Cl) with kanamycin
(50 pgmLt) and incubated overnight at 37 °C. The overnight M9 preculture was used to
inoculate 500 mL of M9 media and incubated at 30 °C. When ODsoo reached 0.6-0.8 the
expression of the protein was induced with 0.5 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) and incubated overnight at 25 °C. Cells were harvested by centrifugation (18,000
rpm, 45 min, 4 °C), resuspended in cell lysis buffer (Buffer A, pepstatin, protease cocktall,
lysozyme, DNAase, 1 mM DTT) and lysed using a IXT4A (Constant System LTD) cell
disruptor. After centrifugation (20,000 rpm, 1 h, 4 °C), the CFE was loaded onto a His-
Trap™ Fast Flow nickel affinity column and purified following the procedure described in

Section 2.2. The final concentration was assessed through Bradford method.

6.4.17 NMR spectroscopy

Spectra were acquired on a Bruker Avance lll spectrometer at a proton frequency of
600MHz using a QCIP cryoprobe at 25 °C. NMR spectra were processed using
NMRPipe**? and analyzed using NMRView.***Backbone *HN, *N, and **C, assignments
were obtained from triple resonance HNCA, HN(CO)CA, CBCA(CO)NH, HNCACB, and
HNCO spectra collected on ®N- and *°C- labelled MsrA02 enzyme. Backbone
resonances are deposited on the BMRB (51733).

Development of a deracemization method

6.4.18 Screening of commercially available photocatalysts for the oxidation of

sulfides in the enzymatic reaction conditions

Each photocatalyst 95-98 was dissolved in 2.3 mL 100 mM KPi buffer pH 8.0 to a
concentration of 5 mol% and 10 mol% for 98. EDTA (36 nmol) was subsequently added
to the mixture if appropriate. Then, methyl p-tolyl sulfide 27af (5 mg, 36 nmol) was
dissolved in 575 pL CHsCN and added to the mixture. The reaction was stirred under
white light irradiation (5W) and monitored by TLC for 1.5 h for qualitative conversion to
methyl phenyl sulfoxide 28af.
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6.4.19 Photobiocatalytic deracemization method using eosin Y 96

To initiate the reaction, 50 pL of a 1.28 M stock solution of 28af in CHsCN (32 mM final
concentration), was added to 1.950 mL 100 mM KPi buffer pH 8.0 containing DTT (35.2
mM, 1.1 eq.), eosin Y 96 (5 mol %) and MsrA02 in varying concentrations. The reaction
was stirred and irradiated using a green LED light (5W) for intervals of 1 h and 15 min
darkness. After 18 h, the reaction was quenched and extracted with EtOAc (3x100 pL)
and injected into a Daicel Chiralpak 1G (0.46 cm x 25 c¢cm) chiral HPLC column to
determine the enantiomeric excess.

6.4.20 Use of riboflavin and riboflavin tetraacetate (RFTA) for the oxidation of
sulfides in the enzymatic reaction conditions

Riboflavin or RFTAwere dissolved in 1 mL of a mix of water and CHsCN in varying ratios
to achieve a concentration of 10 mol %. Sc(OTf)3(20 mol %) was subsequently added
to the mixture if needed. Then, methyl p-tolyl sulfide 27af (2 mg, 14 nmol) was added to
the mixture and the reaction was stirred under blue light irradiation (15 W) and monitored
by TLC for 1-6 h for qualitative conversion to methyl p-tolyl sulfoxide 28af.
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Appendices

Appendix|l.  Copies of NMR spectra
Sulfides NMR spectra
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Ethyl(4-methoxyphenyl)sulfane 27e
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(4-Chlorophenyl)(ethyl)sulfane 27f
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(4-Bromophenyl)(ethyl)sulfane 27g
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(2-Chlorophenyl)(ethyl)sulfane 27h
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(2-Bromophenyl)(ethyl)sulfane 27i
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(4-Methoxyphenyl)(propyl)sulfane 27j
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Propyl(p-tolyl)sulfane 27k
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Allyl(phenyl)sulfane 27I
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But-3-en-1-yl(phenyl)sulfane 27m
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But-3-en-1-yl(p-tolyl)sulfane 27n
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Allyl(benzyl)sulfane 27p
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2-(Phenylthio)propanenitrile 27q
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2-((Propylthio)methyl)pyridine 27s
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2-((Benzylthio)methyl)pyridine 27u
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Benzyl(ethyl)sulfane 27v
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Ethyl(phenethyl)sulfane 27w
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Methyl(naphthalen-2-yl)sulfane 27ai
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Methyl(naphthalen-1-yl)sulfane 27aj
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Methyl(2-(phenylthio)ethyl)sulfane 27am
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Phenyl(propyl)sulfane 27an
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(4-Chlorophenyl)(propyl)sulfane 27ao
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(4-Bromophenyl)(propyl)sulfane 27ap
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(3-Methoxyphenyl)(propyl)sulfane 27aq
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Butyl(4-methoxyphenyl)sulfane 27ar
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1-(Phenylthio)propan-2-one 38d
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1-(phenylthio)butan-2-one 38e
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3-Methyl-1-(phenylthio)butan-2-one 38f
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Sulfoxides NMR spectra

Methyl phenyl sulfoxide 28a
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1-Fluoro-4-(methylsulfinyl)benzene 28b
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(Ethylsulfinyl)benzene 28c
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1-(Ethylsulfinyl)-4-methylbenzene 28d
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1-(Ethylsulfinyl)-4-methoxybenzene 28e
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1-Chloro-4-(ethylsulfinyl)benzene 28f
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1-Bromo-4-(ethylsulfinyl)benzene 28g
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1-Chloro-2-(ethylsulfinyl)benzene 28h
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1-Bromo-2-(ethylsulfinyl)benzene 28i
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1-Methoxy-4-(propylsulfinyl)benzene 28j
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1-Methyl-4-(propylsulfinyl)benzene 28k
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Allyl phenyl sulfoxide 28l
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(But-3-en-1-ylsulfinyl)benzene 28m
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1-(But-3-en-1-ylsulfinyl)-4-methylbenzene 28n
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Benzyl methyl sulfoxide 280
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Allyl benzyl sulfoxide 28p
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2-(Phenylsulfinyl)propanenitrile 28q
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1-(Butylsulfinyl)butane 28r
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2-((Propylsulfinyl)methyl)pyridine 28s
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2-((Ethylsulfinyl)methyl)pyridine 28t
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2-((Benzylsulfinyl)ymethyl)pyridine 28u
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((Ethylsulfinyl)ymethyl)benzene 28v
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(2-(Ethylsulfinyl)ethyl)benzene 28w
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1-Bromo-4-(methylsulfinyl)benzene 28x
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1-Chloro-4-(methylsulfinyl)benzene 28y
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1-Chloro-3-(methylsulfinyl)benzene 28z
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1-Chloro-2-(methylsulfinyl)benzene 28aa
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1-(4-(Methylsulfinyl)phenyl)ethan-1-one 28ab
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1-Methyl-3-(methylsulfinyl)benzene 28ac
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2,4-Dimethyl-1-(methylsulfinyl)benzene 28ad
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1-Methoxy-4-(methylsulfinyl)benzene 21ag
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1-Methoxy-3-(methylsulfinyl)benzene 21ah
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2-(Methylsulfinyl)naphthalene 28ai
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4-(Methylsulfinyl)butan-2-one 28al
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(Propylsulfinyl)benzene 28an
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1-Chloro-4-(propylsulfinyl)benzene 28ao
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1-Bromo-4-(propylsulfinyl)benzene 28ap
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1-Methoxy-3-(propylsulfinyl)benzene 28aq
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1-Methoxy-4-(butylsulfinyl)benzene 28ar
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4-(Phenylsulfinyl)butan-2-one 39a
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4-(Phenylsulfinyl)pentan-2-one 39b
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1-(Phenylsulfinyl)propan-2-one 39d
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1-(phenylsulfinyl)butan-2-one 39e
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3-Methyl-1-(phenylsulfinyl)butan-2-one 39f
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4-(Phenylsulfinyl)butan-2-ol 41a

OH

811
0’1
99'T
89'T
oLt
i 74
€L'T
SLT
91
8L'T
08'T
[4:0
€8'T
6T
£€6'T
6T
S6'T
S6'T
96'T
16T
¥8'T
S8'C
18T
68'C
16'C
[4x4
86'C
00°€
we
£€0°E
SO0'E
90°€
80'€
oT'e
¥8'€
S8'E
98'€
88'€
06'€
06'€
T6°€
€6'€
¥6'€
S6'E

e e =

8L
6v'L
1872

6S°L
19°L
192

Vo

J/

€L
€5, /,
85°L N

1570
10T
S0

€T
€T

5.0 4.5

f1 (ppm)

6.5 6.0

7.0

8.0

8.5

9.5

09°€T

€9°€T

PITEN
602e "

EL'ES
£8'ES v.

9€°99
9599~

€100D ¥8'9L
€10ad 91°LL W
€100 8v°LL

@y,

Yrdzas
9€'6ZT
8E'6CT V.

ey

PITET

OT'EPT ~
8EEPT

130

110

120

140

150

160

170

80

f1 (ppm)

267



3-(Phenylsulfinyl)butyl acetate 41b
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Omeprazole 43
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Other compounds spectra

(But-3-en-1-yloxy)benzene 33

£5°T

]

Fooz

Froz

6°0
160

Feez
Fore

270



Pivaloyl-L-proline 45
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Pivaloyl-L-phenylglycine 52
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Methyl(2-(phenylsulfinyl)ethyl)sulfane 27am-2
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Riboflavin tetraacetate (RFTA)
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Appendix Il. Isolated yields and optical rotation data of (R)-sulfoxides 28

(Chapter 4)
Compound  Mass/mg  Yield % Optical rotation / [a]37
(R)-28af 11.6 48 (c 1.0,+ i?gﬁcu)ﬁ
(R)-28a 18 35 (c 1.o,Jirrz|3 %ﬁds)“s“
(R)-28b 18 26 (c 1.0};1 %ﬁcmm
(R)-28x 28 41 (c 1.0,+ i%lGC(:)i-2|CI3)355
(R)-28y 17 38 (c 1.o,Jirr§3 %ﬁCb)‘BS
(R)-282 20 40 ( 1.0,Tr? %ﬁas)m
(R)-28aa 9 30 ( 1.0,+ i%nghzcu)‘*%
(R)-28ab 35 50 (c 1.o,+ iﬁSgijus)‘m
(R)-28ag 30 43 (c 1.0,+ ir114éi420|3)355
(R)-28ah 24 35 (c 1.0,Tr? éacw%
(R)-28ac 32 46 ( 1.o,Jirr§3 Eé:'gCIs)“*"
(R)-28ad 29 41 (c 1.(;1i24(.31-|0|3)
(R)-28ai 40 55 (c 1.0}? %gms)m
(R)-284j 61 87 (c 3.0,Jirr? %aCIs)m
(R)-280 20 29 (c 1.0,Tr? Lcligus)?»%
(R)-28ak 32 46 (c 1.0, }r?lc'?mls)m
(R)-28am 34 49 c 1.0:?5 .gHCls)
(R)-28c 33 a7 ( 1.o,+ ir113(§i-f|50|3)434
(R)-28d 11 37 (c 1.0,+ ir112§i30|3)355
(R)-289 18 55 (c 1.0,Tr? ‘éﬁcw
(R)-28v 25 36 (c 1.o,Jirn7 EéaCIs)355
28 s 10 -44.8

(c 1.0, in CHCI)
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Appendix Ill. Table of retention times and chiral column specification for

compounds 28 (Chapter 3)

In order to determine the enantiomeric excess of the sulfoxides, Daicel Chiralpak chiral
columns IC (0.46 cm x 25 cm) and IG (0.46 cm x 25 cm) were used in normal phase. All

the methods described ran at 1.0 mLmin?, 25 °C with an isocratic eluent. Detection

wavelengths were set at 254 and 240 nm for all compounds.

Compound Column Eluent system Retention time
28s IC n-hexane:IPA 7:3 29.3 (R), 33.9(9)
28t IC n-hexane:IPA 6:4 14.8 (R), 16.4 (S)
28v IC n-hexane:IPA 8:2 20.8 (S), 23.0 (R)
28a IC n-hexane:IPA 8:2 19.8 (R), 22.0 (S)
28b IC n-hexane:IPA 8:2 16.2 (R), 17.4 (S)
28z IG n-hexane:IPA 8:2 10.1 (R), 12.6 (S)
28ab IG n-hexane:IPA 8:2 12.2 (S), 13.2 (R)
289 IC n-hexane:IPA 8:2 14.8 (R), 15.6 (S)
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Appendix IV. Table of retention times and chiral column specification for

compounds 28 (Chapter 4)

In order to determine the enantiomeric excess of the sulfoxides, Daicel Chiralpak chiral
columns IC (0.46 cm x 25 cm), IG (0.46 cm x 25 cm), ID (0.46 cm x 25 cm) and Daicel
Chiracel OD-H (0.46 cm x 25 cm) were used in hormal phase. All the methods described
ran at 1.0 mLmin, 25 °C with an isocratic eluent. Detection wavelengths were set at 254

and 240 nm for all compounds and 210 nm for compounds 28ak and 28al.

Compound Column Eluent system Retention time
28af IG n-hexane:IPA 8:2 14.2 (R), 15.2 (S)
28a IC n-hexane:IPA 8:2 20.2 (R), 22.8 (S)
28b IC n-hexane:IPA 8:2 16.5 (R), 17.5(S)
28x IC n-hexane:IPA 8:2 16.8 (R), 17.9 (S)
28y IC n-hexane:IPA 8:2 16.1 (R), 17.3 (S)
28z IG n-hexane:IPA 8:2 11.5 (R), 13.3(S)
28aa IG n-hexane:IPA 8:2 11.5(S), 13.5 (R)
28ab IC n-hexane:IPA 6:4 25.4 (S), 27.3 (R)
28ag IG n-hexane:IPA 8:2 25.4 (R), 27.0 (S)
28ah IG n-hexane:IPA 8:2 16.9 (R), 19.3 (S)
28ac IG n-hexane:IPA 8:2 11.7 (S), 12.3 (R)
28ad IG n-hexane:IPA 8:2 14.8 (R), 16.8 (S)
28ai IG n-hexane:IPA 8:2 19.1 (R), 21.0 (S)
283 IC n-hexane:EtOH 8:2 13.6 (R), 15.7 (S)
280 IC n-hexane:IPA 7:3 16.7 (S), 17.5 (R)
28ak IC n-hexane:IPA 9:1 30.5 (R), 32.3 (S)
28al IG n-hexane:IPA 6:4 8.4(S),9.0 (R)
28am IC n-hexane:EtOH 1:1 129, ;?)(5) 168,
28c IC n-hexane:IPA 8:2 17.2 (R), 20.0 (S)
28d IG n-hexane:IPA 8:2 14.4 (R), 15.7 (S)
289 IC n-hexane:IPA 8:2 14.6 (R), 15.5(S)
28v IC n-hexane:IPA 8:2 21.3 (S), 235 (R)
28w IG n-hexane:IPA 8:2 13.2 (R), 17.3 (S)
28t IC n-hexane:IPA 6:4 15.8 (R), 17.5(S)
28an OD-H n-hexane:EtOH 9:1 6.6 (R), 7.5 (S)
28j IC n-hexane:IPA 8:2 29.3 (S), 31.2 (R)
28| IC n-hexane:IPA 8:2 15.8 (R), 17.0 (S)
28k IC n-hexane:IPA 8:2 19.4 (S), 21.9 (R)
28a0 IG n-hexane:EtOH 9:1  17.2 (S), 18.0 (R)
28ap IG n-hexane:IPA 8:2 11.4 (R), 12.0 (R)
28aq ID n-hexane:IPA 9:1 14.7 (R), 15.9 (S)
28ar IC n-hexane:IPA 8:2 28.3 (S), 30.8 (R)
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Appendix V. HPLC traces

Chapter 3

2-((Propylsulfinyl)methyl)pyridine (28s)
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2-((Ethylsulfinyl)methyl)pyridine (28t)
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((Ethylsulfinyl)ymethyl)benzene (28v)

Q
{
N 21,041
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(Methylsulfinyl)benzene (28a)

21.952
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1-Fluoro-4-(methylsulfinyl)benzene (28b)

17.381
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1-Chloro-3-(methylsulfinyl)benzene (28z)
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1-Methyl-3-(methylsulfinyl)benzene (28ac)
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1-Bromo-4-(ethylsulfinyl)benzene (289)
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Chapter 4

1-Methyl-4-(methylsulfinyl)benzene (28af)
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(Methylsulfinyl)benzene (28a)
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1-Fluoro-4-(methylsulfinyl)benzene (28b)

2

8. 8 8B & 8

8

288



1-Bromo-4-(methylsulfinyl)benzene (28x)
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1-Chloro-4-(methylsulfinyl)benzene (28y)
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1-Chloro-3-(methylsulfinyl)benzene (28z)
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1-chloro-2-(methylsulfinyl)benzene (28aa)
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1-(4-(Methylsulfinyl)phenyl)ethan-1-one (28ab)
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1-Methoxy-4-(methylsulfinyl)benzene (28ag)
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1-Methoxy-3-(methylsulfinyl)benzene (28ah)
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1-Methyl-3-(methylsulfinyl)benzene (28ac)
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2,4-Dimethyl-1-(methylsulfinyl)benzene (28ad)
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2-(Methylsulfinyl)naphthalene (28ai)
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1-(Methylsulfinyl)naphthalene (28aj)
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((Methylsulfinyl)ymethyl)benzene (280)

DADL B, Sig=240,4 Ref=550,100 (SMAE1941022-0401.D)

mAU N =
0
N
O Ll
I
304 S ~
24
10
0d
-10 T T T T T T T
2 4 10 12 14 16 18 i
DAD1 B, Sig=240,4 Ref=550,100 (SILVIA~1\SMAE194\024-0501.D)
mAU S
8g é .
N
(R)
64
44
2q
n
(<2
~
<
~—
(}Hvﬂ_/\/\,—\\//gs____
T T T T T T T T T T T T
2 4 6 10 12 14 16 18 min

300



1-(Methylsulfinyl)dodecane (28ak)
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4-(Methylsulfinyl)butan-2-one (28al)
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((2-(Methylsulfinyl)ethyl)sulfinyl)benzene (28am)
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(Ethylsulfinyl)benzene (28c)
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1-Methyl-4-(ethylsulfinyl)benzene (28d)
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1-Bromo-4-(ethylsulfinyl)benzene (289)
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((Ethylsulfinyl)ymethyl)benzene (28v)
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(2-(ethylsulfinyl)ethyl)benzene (28w)
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2-((Ethylsulfinyl)methyl)pyridine (28t)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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(Propylsulfinyl)benzene (28an)
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1-Methoxy-4-(propylsulfinyl)benzene (28j)

HPLC trace obtained from crude extract of the enzymatic reaction.
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(Allylsulfinyl)benzene (28I)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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1-Methyl-4-(propylsulfinyl)benzene (28Kk)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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1-Chloro-4-(propylsulfinyl)benzene (28a0)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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1-Bromo-4-(propylsulfinyl)benzene (28ap)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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1-Methoxy-3-(propylsulfinyl)benzene (28aq)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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1-(Butylsulfinyl)-4-methoxybenzene (28ar)
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HPLC trace obtained from crude extract of the enzymatic reaction.
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Appendix VI. Calibration curves for HPLC conversions

A series of five solutions, where the concentration of the internal standard, methyl phenyl
sulfoxide (MPSO) or methyl p-tolyl sulfoxide (MTSO), was kept at 8 mM and the
concentration of the substrate sulfoxide varied between 12, 8, 4, 2 and 1 mM, was
injected into an Agilent Eclipse Plus C18 (2.7 um, 3.0x50 mm) reversed phase column
in duplicate. The resulting ratios of the areas under the curve (auc) were averaged and
used to calculate the calibration curve for each sulfoxide. Upon completion of the
biocatalysed reaction, a 10 pL aliquot was reserved for calculating the ee of the sulfoxide,
and 500-700 pL of CHsCN was added to the mixture to quench the reaction. Then, 1 eq.
of internal standard was added, and the mixture was centrifuged at maximum speed to
remove insoluble protein. The resulting clear solution was analysed by reversed phase
HPLC to determine the ratio between the substrate sulfoxide and the internal standard
and the HPLC yield was obtained using the calibration curves.

Calibration curve for 28af
The retention time of 28af was 5.73 min and the internal standard MPSO was 4.94 min.

The detector was set at 240 nm.

Ratio MTSO/MPSO over MTSO concentration
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Calibration curve for 28g

The retention time of 28g was 4.50 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28g/MTSO over 28g concentration
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Calibration curve for 28t

The retention time of 28t was 2.45 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28t/MTSO over 28t concentration
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Calibration curve for 28an

The retention time of 28an was 5.24 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28an/MTSO over 28an concentration
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Calibration curve for 28]

The retention time of 28j was 5.73 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28j/MTSO over 28j concentration

4.50

y =0.3598x-0.1215 ..-g

4.00 R? = 0.0048. "

3.50
£3.00 o .
©2.50
$2.00
N
3150

1.00

0.50 )

0.00
0 2 4 6 8 10 12 14

[28i] / mM

320



Calibration curve for 28k

The retention time of 28k was 6.35 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28k/MTSO over 28k concentration
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Calibration curve for 28ao

The retention time of 28ao was 6.78 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28a0/MTSO over 28ao concentration
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Calibration curve for 28ap

The retention time of 28ap was 7.18 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28ap/MTSO over 28ap concentration
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Calibration curve for 28aq

The retention time of 28aq was 6.81 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28aq/MTSO over 28ag concentration
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Calibration curve for 28ar

The retention time of 28ar was 6.81 min and the internal standard MTSO was 4.45 min.
The detector was set at 240 nm.

Ratio 28ar/MTSO over 28ar concentration
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Appendix VII. Bradford assay calibration curve

The Bradford method was used to calculate the concentration of MsrA02 protein in

purified samples. The OD reading was taken at 595 nm.

Bradford Assay
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