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Abstrakt

Chiralni sulfoxidy nejsou pouze u¢innymi léCivy, ale také Siroce pouzivanymi ligandy a
katalyzatory v asymetrické syntéze. Prvnim cilem této prace byla syntéza chiralnich sulfoxida
za ucelem prozkoumani substratové tolerance enzymu methionin sulfoxid reduktazy A (MsrA).
Byla pfipravena fada chiralnich sulfoxidl a identifikovany limitace tykajici se riznych variant
MsrA. Druhym cilem této diplomové prace byla asymetrickd syntéza benzoxazol chloromethyl
sulfoxidu, ktery mtize slouzit jako univerzalni chirdlni synthon pro piipravu chiralnich
sloucenin siry. Byl Gspésn¢ syntetizovan chirdlni ligand pro Mn(Il)-katalyzovanou oxidaci a

otestovan v reakci s prochiralnim sulfidem.

Kli¢ova slova: Methionin sulfoxid reduktaza (MsrA), kineticka rezoluce, racemické sulfoxidy,

asymetrickd oxidace

Abstract

Chiral sulfoxides are not only effective pharmaceuticals but also widely used ligands and
catalysts in asymmetric synthesis. The first aim of this work was to synthesize a series of chiral
sulfoxides to investigate the substrate scope of the enzyme methionine sulfoxide reductase A
(MsrA). A range of chiral sulfoxides was prepared, and the limitations in the reactivity of
various MsrA variants were identified. The second objective of this thesis was the asymmetric
synthesis of benzoxazole chloromethyl sulfoxide, which can serve as a versatile chiral synthon
for the preparation of chiral sulfur compounds. A chiral ligand for Mn(II)-catalyzed oxidation

was successfully synthesized and tested in a reaction with a prochiral sulfide.

Key words: Methionine sulfoxide reductase (MsrA), kinetic resolution, racemic sulfoxides,

asymmetric oxidation
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Used Abbreviations

Ac —acetyl

AUC — area under curve

BINOL — binaphthol

Boc — tert-butyloxycarbonyl

Cys, C — cysteine

COVID-19 — Coronavirus disease 2019

DABSO - 1,4-diazabicyclo[2.2.2]octane
bis(sulfur dioxide)

DCE - dichloroethane

DET - diethyl tartrate

DmsABC — dimethyl sulfoxide reductase
DMSO — dimethyl sulfoxide

DTNB - 5,5'-dithiobis-(2-nitrobenzoic
acid)

DTT — dithiothreitol

EDC - 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide

ee — enantiomeric excess

Et — ethyl

EtOH — ethanol

FDA - Food and Drug Administration
Fp — hexafluoro-2-propanol

frMsr — free methionine-sulfoxide-

reductase

GERD - gastroesophageal reflux disease

Glu, E — glutamic acid (glutamate)
GSH - glutathione

h — hour(s)

HIV — human immunodeficiency virus

HPLC — high performance liquid
chromatography

HOBt — hydroxybenzotriazole

HRMS - ligh-resolution mass

spectrometry
IBX — 2-iodoxybenzoic acid

IC50 — half maximal inhibitory

concentration

iPr — isopropyl

IR — infrared spectroscopy

LRMS — low-resolution mass spectroscopy
Me — methyl

min — minute(s)

MsrA — methionine-sulfoxide-reductase A
MsrB — methionine-sulfoxide-reductase B
mCPBA — meta-chloroperbenzoic acid

NADPH — nicotinamide adenine

dinucleotide phosphate
NaH — sodium hydride
NMR — nuclear magnetic resonance

NSAID — non-steroidal anti-inflammatory

drug



Ph — phenyl TEMPO — (2,2,6,6-tetramethypiperidine-1-

PCR — polymerase chain reaction oxyl

PMSO - protein-bound methionine TES — triethylsilyl

sulfoxide Tf — trifluoromethanesulfonyl

PPI — proton pump inhibitor TFA — trifluoroacetic acid

R —rest of molecule THF — tetrahydrofuran

(R-) —rectus TIPS — triisopropylsilyl

ROS — reactive oxygen species TLC — thin layer chromatography

(S-) — sinister TMS — trimethylsilyl

SAM - S-adenosylmethionine TRIS — tris(hydroxymethyl)aminomethane
TBAF — tetrabutylammonium fluoride Trp, W — tryptophane

TBHP — tert-butylhydroperoxide Tyr, Y — tyrosine

tBu — tertbutyl TsO — p-toluensulfonyl

TCEP — tris(2-carboxyethyl)phosphine UV/Vis — ultraviolet-visible spectroscopy
TEAB — tetracthylammonium bromide WT — wild-type



1 State-of-the-art
1.1 Principal organic sulfoxides

Sulfoxides, alternatively sulfoxides, are organic compounds containing a sulfinyl functional
group SO attached to two adjacent carbons. Together with sulfides, sulfones and corresponding

sulfenic, sulfinic and sulfonic acids they form a diverse chapter in organic chemistry (Figure
1).
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Figure 1: Important sulfur-containing functional groups, from left to right: sulfide, thiol,

sulfenic acid, sulfoxide, sulfinic acid, sulfone, sulfonic acid.

Sulfoxide group bears certain resemblance to the carbonyl one, with C-O and S-O bonds being
of similar distances.!? Tetrahedral geometry of the sulfinyl group has led to debate about the
electronic nature of the S=O bond, commonly explained by the interaction between oxygen’s
2p orbital (donating) and sulfur’s 3d orbital (accepting) in a d — pr bonding.> Consequently, it
has been proven that the S=O bond is only partially double in order. Sulfoxides also exhibit
considerable polar behaviour, being more polar than sulfides or sulfones. This fact, together
with the specific bond properties, has led to sulfoxide moiety being represented through ionic
resonance structures (though covalent structures can also be found). Provided both side chains
are unsymmetrical, a chirality centre is present on the central sulfur atom, with an inversion
barrier of 35 — 43 kcal/mol and racemization temperatures well above 200 °C for aromatic
compounds.*> This makes optically active sulfoxides abundant not only in synthetic chemistry
but also in live organisms.
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Figure 2: Different representations of chirality in the sulfoxide group.

While smaller molecules such as dimethyl sulfoxide find their steady use as solvents in organic

chemistry or biochemistry, sulfoxide motives are most notably found in biologically active



compounds and intermediates in organic synthesis, where their value as useful synthons is

crucial.

1.1.1 Biologically active sulfoxides

Numerous pharmaceuticals having a sulfoxide moiety exist, ranging from proton pump
inhibitors to anti-inflammatory medication. Quite interestingly, despite being the most
primitive sulfoxide, DMSO finds large use in medicine despite its reputation as a common
solvent in organic chemistry and cell biology. While FDA approval has been granted solely for
the treatment of interstitial cystitis, DMSO is present in numerous transdermally applied
pharmaceuticals, increasing their bioavailability.® It has also been widely used in alternative
medicine. While toxicity of DMSO is considered low, new research has suggested cytotoxic
effect, with considerable disruption in cellular processes.”* Another sulfoxide with a diphenyl
and amidic groups, modafinil, is used as a treatment for narcolepsy and other sleep disorders
(Figure 3). Recently, it has been subject to extensive study due to its low abuse potential and
immunomodulatory effects.” It has also been used as a nootropic. Sulindac (1), belonging to
group of NSAIDs, is centred around its indene motif (with the name being derived from
sulfinyl, indene and acetic acid). Despite being on the market for more than 50 years, little
further research has been done on improving its capabilities. Recently, new variants of the drug
were synthesized and exhibited increased anti-inflammatory activity, though their analgesic
properties remained the same.® Further research on these compounds has revealed that optically
active variants present better pharmacokinetic properties coupled with fewer side effects.!® R-
modafinil (Armodafinil, 2) demonstrated better bioavailability, with higher cmax and AUC

values than its racemic analogue.'!

Figure 3: Sulindac (1) as a racemic mixture and armodafinil (2).

Intensive inquiry into the properties of optically active sulfoxides has led to the development

and discovery of a plethora of compounds. Chemokine receptor inhibitor Cenicriviroc (3), an



experimental anti-HIV drug, has also been tested as an anti-inflammatory agent against
COVID-19. YM-38336 (4, a spiro-substituted piperidine) proved to be a selective neurokinin
receptor antagonist, with its optically active variant (R-, R-) demonstrating better selectivity and
lower 1Cso.">"'* Numerous optically active compound bearing a sulfoxide moiety also exist in
nature. Cyclic fungal tetrapeptides ustiloxins (5), produced by fungus U. virens, serve as
cytostatic agents, with potential use being investigated in cancer treatment. Antibiotic
sparsomycine (6) functions as a protein synthesis inhibitor, much in the same way as
Chloramphenicol. (R)-Sulforaphane (7), found in cruciferous vegetables such as cabbage,
positively modulates phase II metabolization enzymes.'®> Lastly, present in Amanita species,

cyclic peptides amatoxins constitute one of the most potent toxins in the animal kingdom, with

a-amanitin (8), isolated from Amanita phalloides, having a lethal dose of 100 pg/kg.'¢
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Figure 4: Optically active sulfoxides. 3: Cenicriviroc. 4: YM-38336. 5: ustiloxin A. 6:

sparsomycine. 7: (R)-sulforaphane. 8: a-amanitine.
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1.1.1.1 Proton pump inhibitors (PPIs)

PPIs are a class of drugs that serve to relieve peptic ulcers and gastroesophageal reflux disease
(GERD). They are based on the common framework of prazole — a sulfoxide with

benzimidazole and pyridine fragments (Figure 5).
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Figure 5: Prazole with its benzimidazole moiety (green) and pyridine moiety (blue).

Four most famous representatives of PPIs are omeprazole 12, rabeprazole 10, lansoprazole 9
and pantoprazole 11. They are also available as optically pure variants (esomeprazole 12 or
dexlansoprazole 9). Though both racemic and optically pure mixtures have same efficiency
(active metabolite is achiral), optically pure ones demonstrated better pharmacokinetic
parameters (AUC of esomeprazole was up to 7 times higher than that of omeprazole).!” In recent
days, this fact has been called into question, though there is no scientific consensus on the
issue.® There have also been studies that suggested possible negative side effects associated
with chronic use — though studies that have reached a contrary result exist as well. Figure 6

shows the most notable proton pump inhibitors.
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Figure 6: 9: Dexlansoprazole; 10: Rabeprazole; 11: Pantoprazole; 12: Esomeprazole.
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1.1.2 Synthesis of sulfoxides

Multiple ways of sulfoxide synthesis exist. Experiments utilizing thionyl chloride and
acylchlorides were among the first reported procedures for synthesis of both symmetrical and
unsymmetrical sulfoxides.'® Additionally, reaction of sulfinates and carbonyls containing an o-
acidic hydrogen can also be used. Sulfinamides have been shown to be suitable substrates for

asymmetrical synthesis of sulfoxides, as demonstrated by Wudl.!

o0 AICl, O
Ar-H + 9 — S
Ar” Ar A
OH 0 R
O AICly 8
Seg — A B
Ar” 7 Cl
R R
0 0
g + R NaH (IS)I 0
Ar” 7 OR, 2 R, Ar” R, C
Ra
O R'Li o
S, —
Ar” 7 NR, A7 OR D

Figure 7: (A): Synthesis of diaryl sulfoxides using thionyl chloride. (B): Synthesis of
unsymmetrical sulfoxides using Chasar’s and Pratt’s technique. (C): Synthesis of modified
sulfoxides by reacting substituted sulfinates with alfa-carbonyl compounds. (D): Synthesis of

sulfoxides by implementing organolithium compounds and sulfinamides.

Grignard reagents also play a crucial role in synthesis of sulfoxides.?” While initially having
been used in reaction with acyl chlorides (Fig. 8,C), subsequent experiments have investigated
different mechanisms (Fig. 8, A,B) for enhanced regio- and stereoselectivity.>!* As a result,
newly developed one-pot syntheses have created effective reagents, which allow for milder

conditions and improved reaction time, such as DABSO (13) or sulfoxide 14.

12



0l N
o M 0 TMSCI Q RM q
A RM > 4 —— u — > /5\
, R ~OM R O Ri™ R
M = MgX, Li
0
S__Ph 9 o)
B N ' XMgBr (1.1 eq.) Il E = electrophile i
| »>  .S_ >  _S.
N X X" E
14
9 R,MgBr ,Ol
c S, ——>

S<
R "X X = Cl, OMe, SMe R R,

Figure 8: Synthesis of unsymmetrical sulfoxides utilizing organometal reagents.

Interestingly, Grignard reagents have also been used in reaction with chloromethyl sulfoxides,
generating aryl an alkyl products in high yields and selectivity.?* Contrary to first belief,
chloromethyl group has proven to be a viable leaving group, with pKa between ranges of 25-
30. Grignard reaction provokes pyramidal inversion at the chirality centre leading to the

retention of enantiomeric purity.>’

ﬁ RMgBr ﬁ
—ee
e THF S

Figure 9: Synthesis of sulfoxides by means of reacting chloromethyl sulfoxides with Grignard

reagents.

Another route for effective sulfoxide synthesis resides in oxidation of sulfides to corresponding
sulfoxides.?’ Compounds such as hydrogen peroxide, m-chloroperbenzoic acid (mCPBA) or
tert-butyl hydroperoxide (TBHP) have become standard choice for oxidative synthesis of
sulfoxides (Fig. 10, A,D) from sulfides due to their modest cost and optimal oxidation potential.
However, peroxo- compounds tend to suffer with poor chemoselectivity, often yielding a
mixture of products. As such, effort has been made to develop chemoselective oxidation
methods. Hydrogen peroxide coupled with hexafluoro-2-propanol (“fluorous phase’) has
shown considerably high yields, the same can be said for TiCls.2® Halogen-based oxidants such
as combination of TEMPO/NaOCI (Fig. 10, B, 2,2,6,6-tetramethypiperidine-1-oxyl) or IBX

(Fig. 10, C) have demonstrated chemoselective oxidation even in sensitive compounds.*°
13
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Figure 10: Oxidative syntheses of sulfoxides. (A): Oxidation with hydrogen peroxide in
fluorous phase (Fp). (B): conversion via use of sodium hypochlorite and TEMPO with high
chemoselectivity. (C): Catalysis using o-iodoxybenzoic acid (IBX) with tetracthylammonium

bromide (TEAB). (D) Oxidation using mCPBA as a common procedure.

Several asymmetrical procedures have been devised over the years, mainly to pursue growing
demand for enantiopure pharmaceuticals and intermediates in organic synthesis. In the 1980s,
Kagan and Modena independently developed asymmetrical oxidation methods by using Ti(Oi-
Pr)s as a catalyst and diethyl tartrate as a chiral ligand (Figure 11).2”?® Further methods have
been consequently developed, using different catalysts in tandem with Ti(Oi-Pr)4 such as
binaphtol (BINOL) in Uemura oxidation or modified tartrate ligands as in Gao oxidation.?*
To this day, major pharmaceuticals such as esomeprazole are synthesized using modified

variants of Kagan procedure.’!

0]

s« Ti(OiPr),, (R,R)-DET, TBHP /©/s\
-
4 h, -20 °C, H,0, CH,Cl,
15

16, (90%, ee = 91%)

)

S Ti(OiPr)4, (R,R)-DET, TBHP /©/S\
14 h, -20 °C, DCE

15 16, (60%, ee = 88%)

Figure 11: Kagan (top) and Modena (bottom) procedures as a means of chiral sulfoxide

synthesis.
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Besides titanium, catalysts utilizing other metals such as manganese and vanadium exist (Figure
12). The former is stabilized by ligands belonging to the class of Salen/Salan system, as
demonstrated by the Katsuki oxidation (22).>*>*} Recently, Salen/Salan-inspired manganese
catalysts, utilizing hydrogen peroxide, have been developed by Dai et al., with great success for

a wide range of sulfides.>*

tBu)/\
_N... /o
\V—
,\\ OEt
I ®
SN - S A és)l\/\
30% H,0,, CH,Cl,
17 16 h, 0 °C .
19 (58%, ee = 93%) 0 (16%)
H"' H [PFl

t-:-_N _:<;
R L1
= t-butylphenyl
y
NO,

PhlO, MeCN, -20 °C, 1 h NO,
21

23 (510/0, ee = 900/0)

Figure 12: Vanadium catalysts (18) and manganese catalysts (22) demonstrate

enantioselective and chemoselective properties when oxidating arylsulfides.

Interestingly, with scientific breakthroughs having been achieved in the field of biocatalysis, an
alternative to often expensive and environmentally unfriendly metal-catalyst-utilizing reactions
in the form of enzymatic preparation of chiral sulfoxides has been investigated in recent years.*’
Most notably, means of directed evolution, utilizing techniques such as error-prone PCR, have
yielded enzymes with enhanced biocatalytic properties.>*® This can be demonstrated on a
mutant variant of bacterial lipase from Pseudomonas aeruginosa, with the mutant variant

demonstrating an increased selectivity for natural substrates (Figure 13).%
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Figure 13: Directed evolution of bacterial lipase as a means of enantioselectivity increase.

One particular group, sulfoxide reductases, has been shown to reduce not only biological, but
synthetic substrates, with considerable reactivity.*’ Further studies have expanded on this fact,
widening the scope of susceptible compounds and developing new ways for improved
conversion.***> Though this field provides an alternative to conventional asymmetrical
methods, it has yet to resolve major drawbacks for industrial application. Deracemization
techniques have so far rarely provided yields above 50 % and it has been found that higher

substrate concentrations detrimentally impact the enzyme’s activity.*?

1.2 MsrA

Methionine sulfoxide reductase A is a naturally occurring mitochondrial enzyme that catalyses
the conversion of S-methionine sulfoxide into S-methionine. Furthermore, it is selective only
to the (S)-sulfoxide stereoisomer. Different isoforms of the enzymes, called MsrB and frMsr,
exhibit different behaviour, with MsrB reducing only the (R)-sulfoxide stereoisomer of the
methionine sulfoxide and frMsr being present in unicellular organisms.* Furthermore, two
variants of human MsrA exist: a long variant, which has an extra N-terminal mitochondrial

targeting sequence, an a short variant, which lacks such chain.**

The structure of MsrA is largely similar among species, with variants retaining their catalytic
site and core features, and differing in molecular weight (while the human variant has a
molecular weight of 26 kDa, the E. coli variant has only 23 kDa).*> The globular tertiary
structure, formed largely by alfa-helix and beta-sheet motives, contains a substrate-binding
pocket utilizing amino acids glutamate (Glu, E), cysteine (Cys, C), tyrosine (Tyr, Y),
phenylalanine (Phe, F) and tryptophan (Trp, W). The cysteine in the sequence is part of a
cysteine triarchy required for catalytic function, consisting of C51, C198 and C206 (Figure
14).46

16
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Figure 14: Structure of reduced and oxidized MsrA. (a) and (b) show backbone structure, (c)
and (d) show secondary structure with marked cysteine triarchy, (e) and (f) show the active

site. 4

The catalytic mechanism of MsrA could be first described by stabilization of the substrate in
the enzymatic cavity (I) via Y82, E94 and also Y134, followed by nucleophilic attack of C51
(IT) to form an intermediate (IV) (Figure 15). Subsequently, catalytic cysteine residue is
attacked with water, releasing the sulfide molecule (V) and forming a corresponding disulfide
with C198 (VI). The enzyme is regenerated with a thioredoxin/NADPH system in cellular
environment or by common reducing agents such as DTT or TCEP in vitro (VII). It should also
be noted that other amino acids present in the active site (F52, W53 and others shown in Figure

14) also facilitate the catalytic process, stabilizing the substrate.*’

17
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Figure 15: Proposed mechanism of action of reducing capabilities of MsrA.

1.2.1 Function of MsrA

The main consequence of MsrA function as a methionine-sulfoxide reducer is its indirect
protection against reactive oxygen species (ROS) such as peroxide, superoxide and hydroxyl
radicals. Methionine is easily sensitive to oxidation and studies have shown that both outside
and inside sources of ROS directly influence methionine oxidation.*® Furthermore, absence of
the enzyme increased susceptibility to oxidative stress in both primitive and complex
organisms.*’ These findings go hand in hand with the fact the MsrA is found in the inner
mitochondrial membrane, taking part in the respiratory complex. Increased oxidative stress
oxidizes cysteine in cytochrome ¢ and impacts the cascade.>® Though the exact role of MsrA in
mitochondrial regulation is not understood, current information points out to its considerable

importance.

Reduction of methionine-sulfoxide by MsrA is not unique to free methionine — MsrA works on
protein-bound methionine-sulfoxide (PMSO) as well. An example of this function can be
demonstrated on substrate alfa-crystallin, a lens-bound protein which serves as a heat shock
protein. Studies have shown that oxidized methionine in alfa-crystalline greatly decreases

functional capability of the protein.’! Protective properties of MsrA can be demonstrated on a

18



wide array of other substrates, including calmodulin, HIV-2 protease and shaker potassium

channel.® Figure 16 is a schematic representation of MsrA protective capabilities.

Clear Lens Cataract
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Figure 16: Sulfur-containing proteins cytochrome c and alfa-crystalline are oxidized to
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corresponding sulfoxides with ROS. Catalytic properties of MsrA regenerate the active forms

of these proteins.>’

It should also be noted that methionine-sulfoxide (both free and protein-bound) can undergo
further oxidation to a corresponding sulfone. All variants of Msr are unreactive with this

substrate, rendering the oxidation virtually irreversible in biological systems.

1.2.2 MsrA Applications

Studies have shown that levels of MsrA, together with MsrB, decrease with age.’* Additionally,
there was evidence to suggest that MsrA plays a role in certain diseases such as Alzheimer’s.
Even though understanding of MsrA role in aging and degenerative disease is low, there is
evidence to suggest that further research will bring productive results. Previous methods relied
on developing an antibody-detecting system for methionine-sulfoxide (a sign of increased
oxidative stress), though with little success. Additionally, modulation of MsrA and MsrB
activity could influence sulfur metabolism. While methionine is an essential amino acid,
cysteine is not and can be synthesized from the former. Through a complex regulation cycle
involving substances such as S-adenosyl-methionine (SAM), common disease marker
homocysteine and glutathione (GSH), MsrA regulates not only the formation of other sulfur-
containing compounds, but also other important antioxidants (namely GSH). It is also further
evidence to support the link between aging and MsrA activity (increased age correlates with

higher levels of homocysteine).>
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MsrA activity has also been reported in metabolism of drugs containing different sulfoxide
motives. Methyl-sulfinyl drugs such as sulindac (27, NSAID), mesoridazine (28, treatment of
schizophrenia) or triclabendazole (29, common treatment for liver fluke) are directly
metabolized by MsrA, with triclabendazole’s efficiency being a direct result of MsrA activity.>?

Further drugs affected by MsrA also include uricosuric Sulfinpyrazone (Figure 17).
s P
\S/C(Nji) 1 O
OH
(@

S\
S of !
O O O -
S
N~ F CIJ@:N’)_

27 28 29

Figure 17: Methyl-sulfinyl drugs mesoridazine, sulindac and triclabendazole (shown in its

sulfide form, though the oxidated version is biologically active).

Enantioselective reduction of pharmaceuticals has prompted researchers to utilize MsrA in
other fields, particularly enantioselective synthesis and biocatalysis. Numerous studies by
Misek et al. investigated the substrate scope of several sulfur-based oxidoreductases.
Substituted aromatic methylsulfoxides have been prone to MsrA activity with both considerable
yields and enantiomeric excess (ee).’>>* Having observed the substrate-scope of the enzyme,
they have utilized directed evolution techniques to create a new enzyme variant of MsrA
(F52L). Surprisingly, the mutant variant tolerated wider range of substrates, particularly
substitution of the methyl group for larger alkyl chains (7able 1). This enabled for an efficient

kinetic resolution of albendazole-sulfoxide (a metabolite of antiparasitic albendazole).>®
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Table 1: Investigation of sulfur oxidoreductases MsrA (with its wild-type variant Wt and

developed mutant F52L) regarding their activity on different racemic sulfoxides. Reaction

conditions were as follows: Wt, F52L: substrate (1 eq.) with DTT (4 eq.) and enzyme (0,5
mol%) in PBS buffer for 24 h at 25 °C; n.d. = not determined.

Wt conversion; F52.L )
Entry Substrate ee [%] conversion; ee
° [%]
Q
1 /@/S\ 50 99 50 99
9
2 /@/3\/ 50; 99 50; 99
9
3 /©/S\/\ <3:n.d. 50: 99
(0]
"
4 /©/SY <3;n.d. <3;n.d.
Q
5 /@/3\/\/ <3:n.d. 50: 99
9 Q
6 S N N}:-OMG 6; 6 49; 94
/)
N
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2 Principal aims of the thesis
The experimental part can be structured into the following categories:
1. Synthesis of a series of racemic sulfoxides and a subsequent enzymatic assay to

investigate the substrate scope of the new MsrA variant F52L.

2. Development of an asymmetric synthesis of benzoxazole chloromethyl sulfoxide

and subsequent application.
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3 Results and discussion

3.1 Synthesis of racemic sulfoxides with various substituents

Our group has previously pioneered new experiments surrounding sulfoxide reductases.>> >

Based on our findings, MsrA does prove to be a viable biocatalyst with both enantioselective
and chemoselective properties. However, the substrate scope of wild-type enzyme remained
relatively low, effectively being reduced to sulfoxides bearing methyl and ethyl moiety. This
has led our laboratory to devise a new variant of the enzyme, F52L by means of directed
evolution. The mutant variant (F52L) had demonstrated improved reactivity for bulkier
aliphatic groups (such as propyl or butyl) on the side chain. However, the substrate scope of the
new variant has not been thoroughly investigated. One of the aims of this thesis was to define
limitations of the catalytic activity of the new F52L MsrA variant. Therefore, sulfoxides with
longer aliphatic chains, different carbon hybridization and heteroatom substitutions were
designed to probe the enzyme substrate specificity (Figure 18). To grasp the sterical limitations
of the active site, sulfoxides 32 and 34 with pentyl and hexyl group respectively were chosen

as the starting substrates and synthesized.

Q i
/©/ ® | MsrA (F52L) _ /©/ ®

(R-)

®- XXX X

\(\/\/ Y\/\/\ unknown reactivity
®- \/// " \/

\(\/X X = Cl, F, CF5, OH, NH,, CN, OMe, COOMe

Figure 18: Schematic representation of investigated substrate scope of an MsrA variant F52L

and planned experiments regarding its catalytic activity.

Synthesis of sulfoxide 32 started with thiol 30 which was alkylated with pentylbromide in the
presence of NaOH, giving sulfide 31 (87%). It should be mentioned that during TLC analysis,
intermediate 31 proved to have the same Ry as thiol 30. Consequently, conversion of 30 had

been monitored using Ellman’s reagent. The intermediate 31 was then oxidized using hydrogen
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peroxide in acidic conditions providing the target sulfoxide 32 in good yield (82%). This
oxidation method provided minimal overoxidation of sulfoxide 32 to sulfone, which is a
common side reaction with reagents like mCPBA. Hexyl sulfoxide 34 had been prepared using
the similar procedure as 32. Ellman’s reagent had also been used for TLC visualization. Yields

corresponded to those of 31 and 32 (Figure 19).

oy NaOH(15eq) s O
/©/ R-Br(1.5 eq.) /©/ R H,0,(4.0eq) /©/S‘R
> Rt
4h, EtOH, . t. 2 h, ACOH, . t.
30 31,33 32, 34

R = (CH,),CHj, 31 (87 %), 32 (82%)
R = (CH,)sCHa, 33 (98 %), 34 (77%)

Figure 19: Synthesis of alkylarylsulfoxides 32 and 34.

We and others have observed that ethyl and ethenyl sulfoxides are good substrates for
wt MsrA. We wanted to assess if ethynyl substituent with different hybridization and rigidity
would be also tolerated by the enzyme. Therefore, synthesis of ethynylsulfoxide 40 was devised
(Figure 20). Sodium sulfinate 35 had been converted to the corresponding sulfinylchloride 36
using SOCI,, followed by a reaction with lithium ethynyltriisopropylsilane. The resulting
product 37a, obtained in the modest yield of 21%, had been subjected to TBAF-mediated

deprotection of the alkyne. However, this decisive step provided a complex mixture of products.

1] Q — TIPS Q 0
S<g™ SOCl, (2.2 eq.) So //_ (1.1eq)) S TBAF (4.0 eq.) a
/©/ N Cl nBuLi(1.1eq.) \ —_— XN
Na 4, THF, -40°C — > TIPS 2 h, EtOH, 0 °C A
35 36 1 h, THF, -78 °C 37a (21%)

40 (complex mixture)

Figure 20: Attempted synthesis of ethynyl sulfoxide 40.

Based on this information, a different approach had been suggested, first converting 35 into its
methylester form 38 to ensure a stable starting compound. Different acetylidation techniques

had been tried out to as it is exemplified in Table 2.
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O Na* 1. SOCl, (2.0 eq.) o~ nBuLi (1.1 eq.) o
2. MeOH (7.5 eq.), Et3N (7.5 eq.) !

] —_—
d 4 =X (1.1eq) S
o > %o > X
5h, THF, 0 °C 1 h, toluene/THF, -78 °C X

35 38 (61%) 37 (a-c)

Table 2: Optimalization of synthesis of ethynyl sulfoxides 37 from sulfinate 35.

Product Conditions Solvent Yield [%]

nBuLi (1.1 eq.)

37b = TES (1.1 eq.) THF <10

37c nBuLi (1.1 eq.) THF <10 (complex mixture)

37c =—TMS(1.1eq) Toluene 27

40 THF <5 (complex mixture)
=——MgBr (1.1 eq.)

40 Toluene <5 (complex mixture)

As Table 2 demonstrates, the reaction of methylester of 38 with methynyltrimethylsilane in
presence of nBuLi in dry toluene provides clear product 37¢, though in lower yields. Different
approaches were also evaluated in deprotecting the silane group, with the best conditions being
obtained by potassium fluoride (4 eq.) and a 5% mixture of water in ethanol at room temperature

(Figure 21).

9/ nBuLi (2M, 1.1 eq.) o o
Sy =—TMS(1.1eq.) S KF (4.0 eq.) g
0 —— \ - X
1 h, Toluene, -78 °C TMS 2 h, EtOH/H,0 95/5
38 37c (27%) i 40 (92%)

Figure 21: Synthesis of 37 as a result of reaction optimization.

Though Figure 21 showcases a viable synthesis path towards 40, the yields of corresponding
reactions could use further optimization. Reverse addition of reactants leading to compound
37¢ had also been tried out, though with no effect. It has also been noted that 40 tended to

decompose even when stored under inert atmosphere and low temperatures (4-6 ° C).

We wanted to investigate the effect of heteroatom substitution on the sulfoxide substituent to

further analyse the enzyme’s substrate scope. To this amount, aminosulfoxide 44 was prepared

via reaction of 30 and tosylate 41, followed by oxidation using hydrogen peroxide in acidic

conditions and Boc deprotection using TFA (Figure 22). Sulfide 42 was obtained in a lower
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yield than was expected (63%) which had probably been caused by losses following purification
on silica. Sulfoxide 43 had also been obtained in similar yields (66%) with the substrate 42
having had lower reactivity than sulfides 31 and 33. Reaction of sulfoxide 43 with TFA after 4
hours gave amine 44 with TLC showing total conversion. Silica column chromatography
proved to be an unsuitable method for purification as it yielded a mixture of amine 40 and
triethylamine/TFA salt (triethylamine had been part of the eluent mixture). HPLC yielded
amine 40 as a TFA salt in 80 % yield.” The product also demonstrated remarkably high polarity,
not dissolving in cyclohexane, dichloromethane or ethyl-acetate. Recrystallization could prove

to be a viable alternative, though it had not been tested.

H
N< 1.0 eq.
TSO/\/ BOC( q.) o o

SH M S B g Boc TFA (8.0 g + TFA™

/@/ NaOH (15 eq, /©/ \/\H, 0C H,0, (4.0 eq.) /@/ \/\H, (8.0eq.) /©/ \/\NH3
LeoR U5 eag — —_—
1h,AcOH, r. t. 4 h, CH.Cly, 1. t.
20 4h, EtOH, . t 42 63%) , ACOH, . 43 (60%) Cly

44 (80%)

Figure 22: Synthesis of 44 from 30 as a cascade of amine addition, sulfide oxidation and

amine deprotection.

3.2 Kinetic resolution of sulfoxides

Previously developed conditions for enzymatic kinetic resolution had been used as a standard
procedure for substrates 29, 31, 37 and 40.%° Given the cysteine-based catalytic activity of
MsrA, DTT had been chosen as a reducing agent, while phosphate buffer maintained stability
of the enzyme. Both solutions of DTT and phosphate buffers were prepared fresh. Substrates

were added as solutions in acetonitrile.

MsrA (0.5 mol%)

@) DTT (4.0 eq.) @)
§ > 8, o+ _s
= . N
R1/ \R2 50 mM phosszha;\tCe tz)zﬁlfr (pH = 8.0) R1/ ‘R, R1/ R,
rac ' (R)

Figure 23: Chemoenzymatic deracemization of substrates 32, 34, 40 and 44 with MsrA.

"Due to capacity limitations of HPLC machine, only part of the crude product had been purified. The yield had

been extrapolated for the entire mixture.
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After 24 hours, reaction mixtures were extracted and analysed using HPLC-UV/Vis. Substrates
with visible conversion were subsequently subjected to chiral HPLC to determine the ee of the

reaction.
Table 3: Summary of kinetic resolution of 32, 34, 40 and 44; n. d. = not determined.

Conversion [%] Conversion [%]

Substrate (WT) WT ee [%] (F52L) F52L ee [%]
32 <1 <1 6 4
34 <1 <1 4 <3
40 Decomposed n. d. Decomposed n. d.
44 <1 n. d. <1 n. d.

Sadly, as Table 3 suggests, none of the substrates demonstrated significant activity both with
WT and F52L. A number of things could be derived from this information. Firstly, as our
previous work discussed, smaller aliphatic chains (including butyl moiety) underwent total
conversion with the mutant variant (F52L).% It can be reasoned that the cavity of the enzyme
can no longer accommodate larger alkyl chains (as demonstrated by the rapid decrease in
reactivity). These findings can be further reinforced by molecular dockings of known unreactive
compounds into wtMsrA active site (Figure 26). Surprisingly, sulfoxide 44 showed almost no
reaction — despite its hydroxyl analogue 45 demonstrating high reactivity. This fact can be
justified by the positive charge on the nitrogen atom that is repelled by the hydrophobic cavity
of F52, W53 (WT) and L52, W53 (F52L).

Additionally, HPLC analysis of 37 showed decomposition of the product. It turned out that the
reaction conditions, namely buffer and DTT were responsible. Due to the established nature of
condition protocol, no changes were made to the procedure. Furthermore, storage of 37 proved
to be difficult with regards to its high instability, effectively rendering 37 unviable for the

resolution.
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Despite none of the substrates mentioned above having demonstrated sufficient reactivity, one

entry from another screening in our lab showed significant conversion. Sulfoxide 45 proved to

be an honest candidate for future study as it had not reacted with WT but was specific to F52L.

It can be theorized that Leu-52 is responsible for the reactivity, though exact mechanism

remains unclear (Figure 25).

Figure 25: 3D structure of MsrA along with
its enzymatic cavity (yellow) and F52L

mutation (red).
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Figure 26: Molecular docking of (S)-1-

propyl-4-(methylsulfinyl)benzene (yellow)
in the enzymatic cavity of WT MsrA, with
the key aminoacids C51, F52, W53, Y84
and E94 shown. It is clear that the substrate
does not fit into the enzymatic cavity,
suggesting the same mechanism for bulkier

groups in the modified variant F52L.



3.3 Development of a novel general method for asymmetric synthesis

of sulfoxides

In our previous work, it has been revealed that the benzoxazole moiety in sulfoxide 46 serves
as a better leaving group (Figure 27) with a pKa of 24, slightly lower than that of
chloromethyl.’® However, little research has been done on preparing an optically pure version
of sulfoxide 46. If successful, it would suggest new ways of synthesizing optically active
sulfoxides. We therefore devised a strategy on how to effectively synthesize sulfoxide 46 in its

optically active form.

9 RMgBr (IJ'
—_—
eSO THF a5 R

MgBr
\ 0 &
N /7 S\/Cl + >_S
—<_ - 0
(0] Cl THF 47 48
46 observed not observed

Figure 27: Benzoxazole moiety serves as a complementary group to chloromethyl moiety

when screened for regioselective Grignard substitution.

In accordance with previous experiments in our laboratory, the approach of subjecting a racemic
mixture to enzymatic resolution to produce the desired product was deemed reasonable.
Previous experiments concluded that DmsABC is reactive with 46 but is unviable for large
scale synthesis due to cytotoxic effects and limited solubility. Unfortunately, both WT and
F52L MsrA turned out to be unreactive with 46. Consequently, a new asymmetric method for

the synthesis of (5)-46 has been investigated.

We envisaged the synthesis of (5)-46 by alfa-chlorination of (R)-49 (Figure 28), a product of

enzymatic resolution of 49, which demonstrated favourable results with MsrA.

MsrA (0.5 mol%) LDA (1.1 eq.)
N 9 DTT (4.0 eq.) N P "0eq N P
@E N . @[ \>—s{/ NCS (10ea) @: \>—s,’
0\ Phosphate buffer (pH = 8.0) 0 15min, THF, -78°C o “—cl
rac-49 24h,25°C (R)-49 (S)-46

Figure 28: Proposed synthesis of (5)-46 by alfa-chlorination of optically pure (R)-49. In the

initial stage, rac-49 was selected for alfa-chlorination instead.
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This approach unfortunately yielded poor results, with 46 either yielding a complex mixture or
not being visible in the reaction mixture at all. After further analysis, it was determined that the

deprotonated intermediate of 49 was itself unstable and prone to decomposition.

With alfa-chlorination methods having turned out to be unviable, attention was given to
selective oxidation of sulfide 50. Conventional asymmetric oxidation methods such as the
Kagan or Modena procedure (Figure 29) were applied, though attempts resulted in complex

mixtures with minimal yields of the desired product (.5)-46.

Ti(OiPr)4 (2.5 mol%)
S-BINOL (5.0 mol%)

©:N tBuOOH (2.0 eq.) N o
V—s H,0 (0.5 eq.) \_ </
o>_ \—ci > =S,
24 h, CCly,r. t. 0] —Cl
50 (S)-46 (<5%)

Ti(OiPr), (1.0 eq.)

N DET (4.0 eq.)
tBUOOH (2.0 eq.) N0
@[ \>_S\_ < H—g’
0 Cl 24 h,DCE, -20 °C J g
S0 (S)-46 (<5%)

Figure 29: Kagan (top) and Modena (bottom) procedures, applied in synthesis of (5)-46.

Poor susceptibility of 50 to oxidation could be attributed to the relative acidity of the
benzoxazole moiety, coupled with the negative induction effect of chloromethyl group,
effectively drawing electron density away from the sulfur atom. Interestingly, a recently

developed ligand-stabilized manganese catalyst has been shown to provide a wide range of
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3\V

products, including (5)-49.>* We therefore synthesized the ligand before attempting to study
the effects of the catalyst on preparation of (5)-46 (Figure 30).

coogt ©52€0s(3.1eq) EtoOC

Pd(OAC), (1 mol%) NH 30% KOH (160 eq) HOOC N; .
©: @/ 2P(tBu)s (3 mol%) 14 h, MeOH, 110 °C @[
> b b
24 h, toluene, 120 °C N N
52 (2.4 eq.)

COOEt H
53 (45%) 54 (86%) COOH

+
PPh3 (4.0 eq.) HO

Et3N (4.0 eq.) EDC (0.9 eq.) OH
CCly (4.0 eq.) HN HOBt (2.2 eq.) ”

\~</\ . y
~ h,MeCN,r.t. <~ ™ SOH O 24 h, THF, 5 °C NH,
N HNGO 55 (2.2 eq.)

H
(58%) 56 (64%)

Figure 30: Schematic representation of synthesis of ligand 57.

Synthesis of 57 had been done by modifying a previous reported procedure.”’ Intermediate 53
was obtained in modest yield of 45% compared to 39% in the reported protocol. After a 24h
reflux, 51 was still visible in the reaction mixture, indicating a partial conversion. Optimisation
of the reaction had not been performed, though stoichiometry of the reactants and reaction time
could have yielded better results. Basic hydrolysis of 53 yielded 54 in 85% yield. Due to poor
solubility in the mobile phase, dry loading technique had to be implemented when purifying
54. Reaction with amine 55 yielded compound 56 in 64% yield, though crude 56 proved to be
difficult to purify. In the final step, cyclization of amine 56 gave product 57 in 58%.

The ligand 57 was then tested for asymmetric chemical oxidation of sulfide 50 (Figure 31).
Unfortunately, the reported condition provided no conversion of the starting material. Also,
increase of catalyst loading and reaction conditions (temperature, time) has not led to
conversion improvements (7able 4). Poor reactivity of 50 could be attributed to its electron-
withdrawing nature as discussed above. This theory was further reinforced with oxidation
attempts without the catalyst in the presence of hydrogen peroxide (<5% conversion) and

mCPBA (20 % conversion).
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aca (0.2 eq.)
57 (0.5 mol%)
Mn(OTf), (0.5 mol%)

©:N\)—s 30% H,0, (1.8 eq.) N\)—s//o
o \—c > Jd \—g

30 min, MeCN, -30 °C
50 (S)-46 (<5%)

Figure 31: Asymmetric oxidation of 50 to ($)-46.

Table 4: Reaction parameters of asymmetric oxidation of (5)-46. Increased presence of

catalyst, nor the oxidant resulted in a favourable conversion.

30% .
Entry 57 [eq.] Mn(OTf)2 HaOs Tem]g())erature Regctlon Conversion
[eq.] [°C] time
[eq]
-30 °C
1 0.005 0.005 1.8 gradually to r. 24 h <5%
t.
-30 °C
2 0.035 0.035 3.6 gradually to r. 24 h <5%

t.
The original reasoning behind synthesis of (5)-46 lied in having a molecule with two distinct

side chains that differed in pKa as to enable regioselective substitution (Figure 32). As a wide
range of methods were applied on synthesizing (§)-46 with no result, different molecules
meeting criteria in Figure 32 were devised. Focus was also given to preserving properties that

would allow for in-vitro (water solubility) or in vivo (minimal cytotoxicity) oxidations.

_—
a S _Cl > S, pKa (X) > pKa (-MeCl)
O R MgBr 0 0
b i — 1 % I pKa (x) < pKa (-MeCl)
X/ ~NS THF R1/ ", THE R1/ ‘Rz

Figure 32: Regioselective substitution of chloromethyl group when subjected to Grignard

reagents.
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Based on these criteria, several substrates containing and alkynyl moiety have previously been
devised but suffered with several problems, namely poor solubility, insufficient Grignard
regioselectivity and instability. Consequently, compound 58 has been theorized, serving as a

blueprint for future study.

@)

e
A2 Qo] i
O,»\V,in,0|________,, e S2N N

58 [59] R
RMgBr 60

Figure 34: Structure of 25 along with its 1,2-elimination mechanism when subjected to a

strong nucleophile.
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4 Experimental section

4.1 General procedure

If not mentioned otherwise, all starting reagents and materials were commercially available
with purity of <95 % and used without further treatment. Anhydrous THF was obtained via
distillation with sodium/benzophenone under nitrogen atmosphere. Other anhydrous solvents
were prepared by drying over 4 A molecular sieves. Argon was utilized as an inert atmosphere
for reaction mixtures. pH indication was performed with Lach-Ner indication papers. Analytical
TLC was performed with 60 A 0,2 mm Fs4 plates, with visualization done by UV (A =254 nm,
A =356 nm) light, followed by conventional staining methods (Vanillin, Ellman’s reagent and
iodine vapours). 60 A silica gel (0,063 — 0,2 mm) was used for column chromatography along
with basic alumina (0,048 — 0,2 mm). 'H NMR spectra were measured from Bruker AVANCE
111 600 at 400 MHz, while '3C NMR spectra at 101 MHz and 'H decoupled. Chemical shifts (6)
are given in ppm relative to either residual or internal solvent peak; (CD3):SO: 6(H) = 2,50;
o(C) = 39,5; CDCls: o(H) = 7,26; 6(C) = 77,2. Coupling constants J are given in Hz, with
multiplicity given as s for singlet, d for doublet, t for triplet, q for quadruplet and m for multiplet.
Enantiomeric excess (ee) was measured using SPD-M20A detector on Daicel Chiralpak® IA
column as a stationary phase. Detailed conditions are given for each substrate. Absolute
configurations were determined in accordance with previous literature.”>>> HRMS data was
obtained with ESI on Agilent 6530 Q-TOF MS or Q-TOP COMPACT Bruker spectrometer.
UV-Vis absorption spectra were measured on BioDrop Touch spectrometer. Analytical HPLC
was used under following conditions: Agilent Eclipse plus C18 column (3.5 pL, 4.6x100 mm);
UV/Vis detection at Aobs = 254 nm; flow rate 0.4 mL/min; and gradient elution method (0.1%
formic acid — CH3CN from 95:5 to 0:100 in 16 min). Infrared spectra (IR) were obtained with
Nicolet Avatar 370 FT-IR ATR (thin film), absorptions are given in cm™'. Preparative HPLC
was performed under following conditions: Agilent ZORBAX SBC18 column (5 pL, 9.4x150
mm); UV/Vis detection at Aobs = 254 nm; flow rate 4 mL/min; gradient elution method (0.1%
aqueous trifluoroacetic acid — CH3CN from 95:5 to 0:100 in 20 min.
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4.2 Synthesis of p-tolyl sulfoxides

1-methyl-4-(pentylsulfinyl)benzene (32)

Compound 32 was prepared by a modified reported procedure.> 200

/©/ g\/\/\ mg (1.6 mmol) of 4-methylbenzenethiol 30 was displaced into a 50

32 ml flask along with 96 mg (2.4 mmol) of NaOH and 6 ml EtOH. After
5 minutes of stirring at room temperature, 391 mg (2.4 mmol) of 1-bromopentane was added
dropwise. The reaction progress was monitored by TLC analysis, utilizing CH>Clo/cyclohexane
(1:5) as a mobile phase and UV light and Ellmann’s reagent (0,1% DTNB in 1 : 1 mixture of
TRIS buffer and EtOH) as visualization techniques. The reaction mixture was stirred at room
temperature for 5.5 hours before being quenched with saturated solution of NH4CI (10 ml).
After quenching, the reaction mixture was extracted with EtOAc (3 x 15 ml), the organic phase
washed with brine, dried over MgSO4 and concentrated in vacuo to give a faint yellow oil 31

(368 mg) which was forwarded to the next step without further purification.

76 mg (0.4 mmol) of 31 was subsequently dissolved in 2 ml glacial acetic acid and 164 pul (1,6
mmol) of concentrated hydrogen peroxide (30%) was added dropwise. The reaction progress
was monitored by TLC analysis, utilizing cychlohexane/EtOAc (5:1) as a mobile phase and UV
light as a visualization technique. After 1 hour at room temperature, the reaction mixture was
quenched by adding 2M NaOH solution, extracted with CH2Cl> (3 % 20 ml), the organic phase
washed with brine, dried over MgSO4 and concentrated in vacuo. Crude product was purified
with column chromatography (silica, cyclohexane/EtOAc 5 : 1) to give 32 as a colourless oil
(61 mg, 82%). "TH NMR (400 MHz, CDCl3) 6 7.50 (d, J = 8.0 Hz, 2H), 7.31 (d, /= 7.9 Hz, 2H),
2.83 -2.67 (m, 2H), 2.41 (s, 3H), 1.79 — 1.55 (m, 2H), 1.35 (m, 4H), 0.87 (t, /= 7.0 Hz, 3H). ;
I3C NMR (101 MHz, CDCl3) § 141.5, 141.0, 130.0, 124.2, 57.5, 30.9, 22.4, 22.0, 21.5, 13.9.
IR (vmax/cm™ ) 3458, 3049, 2954, 2925, 2858, 1495, 1088, 1038. HRMS (ESI): m/z [M+H]"
calculated for C12H;30S: 211.1157, found: 211.1300. The acquired IR and 'H spectra were in

agreement with reported literature.*®

1-methyl-4-(hexylsulfinyl)benzene (34)

Compound 34 was prepared by modified reported procedure.>* 200

1}
/@/S\/\/\/ mg (1.6 mmol) of 30 was displaced in a 50 ml flask along with 96
34 mg (2.4 mmol) of NaOH and 6 ml EtOH. After stirring for 5 min at

room temperature, 365 mg (2.4 mmol) of 1-bromohexane was added and the mixture left to stir
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at room temperature for 4 hours. The reaction progress was monitored by TLC analysis,
utilizing CH>Cly/cyclohexane (1:5) as a mobile phase and UV light and Ellman’s reagent
(details in preparation of 32) as visualization techniques. After 4 hours, the reaction mixture
was quenched using saturated solution of NH4Cl, extracted with EtOAc (2 x 15 ml) and brine,
dried over MgSO4 and concentrated in vacuo to give 33 as a yellowish oil (272 mg) which was

forwarded to the next step without purification.

102 mg (0.51 mmol) of 33 was subsequently dissolved in 4 ml glacial acetic acid and 207 pl
(2.0 mmol) of concentrated hydrogen peroxide (30%) was added dropwise. The reaction
mixture was left to stir at room temperature for 1 hour. The reaction progress was monitored
by TLC analysis, utilizing cychlohexane/EtOAc (5:1) as a mobile phase and UV light as a
visualization technique. After 1 hour at room temperature, the reaction mixture was quenched
using 2M NaOH solution, extracted with CH>Cl, (3 x 20 ml), the organic phase washed with
brine, dried over MgSO4 and concentrated in vacuo. Crude product was subjected to column
chromatography (silica, cyclohexane/EtOAC 5 : 1) to give 34 as a colourless oil (88 mg, 77%).
'TH NMR (400 MHz, CDCl3) 6 7.49 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 2.81 — 2.68
(m, 2H), 2.39 (s, 3H), 1.75 = 1.53 (m, 2H), 1.46 — 1.32 (m, 2H), 1.30 — 1.20 (m, 4H), 0.84 (t,J
= 5.6 Hz, 3H). 3C NMR (101 MHz, CDCls) § 141.4, 140.9, 130.0, 124.2, 57.5, 31.4, 28.4,
22.5,22.3,21.5,14.0. IR (vmax/cm™' ) 3465, 3051, 2956, 2927, 2860, 1495, 1038. HRMS (ESI):
m/z [M+H]" calculated for C13H2008S: 225.1313, found: 225.1429. The acquired 'H, *C and

HRMS spectra were in agreement with reported literature.>

triisopropyl((p-tolylsulfinyl) ethynyl)silane (37a)

200 mg (1.3 mmol) of 35 along with 5 ml dry THF was displaced into
/©/ \TIPS a degassed 50 ml flask. The resulting mixture was cooled to -40 °C

(MeCN/dry ice bath) and 199 pl (2.0 mmol) of SOCIl, was added
dropwise. After 45 minutes, the solution containing 36 was concentrated in vacuo. In a new
degassed Schlenk flask, 321 pl (1.4 mmol) of triisopropylsilylacetylene along with 5 ml dry
THF was added. The resulting mixture was cooled to -78 °C (acetone/dry ice bath) and 700 pl
(1.4 mmol) of 2M n-BuLi was added dropwise. After 10 minutes of stirring, content of the 50
ml flask containing 36 was redissolved in dry THF and added dropwise to the Schlenk flask.
After 45 minutes at -78 °C, the reaction mixture was quenched with saturated NH4Cl solution,
extracted with EtOAc (2 x 30 ml), the organic phase washed with brine, dried over MgSQO4 and

concentrated in vacuo. The crude brown product (194 mg) was subjected to column
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chromatography (silica, cyclohexane/EtOAc 5 : 1) to give 37a as a lightly coloured oil (86 mg,
21%). TH NMR (400 MHz, CDCls) 6 7.72 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 2.43
(s,3H), 1.07 - 1.03 (m, 21H). 3C NMR (101 MHz, CDCls) 6 142.6, 141.3, 130.3, 125.5, 108.3,
102.6,21.6,18.6, 11.2. HRMS (ESI): m/z [M+H]" calculated for C1sH»30SSi: 321.1708, found:

321.1741. The acquired spectra were in agreement with reported literature.*

methyl 4-methylbenzenesulfinate (38)

o~ 300 mg (1.9 mmol) of sodium 4-methylbenzenesulfinate 35 was displaced into
/©/éeo a 100 ml flask under argon atmosphere. Next, 7.5 ml of dry THF was added
3g  and the mixture cooled down to 0 °C with ice/water bath. Next, 275 pl (3.8

mmol) of SOCl, was added dropwise. The reaction progress was monitored by

TLC analysis, utilizing cyclohexane/EtOAc (2:3) as a mobile phase and UV light as a
visualization technique. After 1 hour at 0 °C, 575 pl (14.3 mmol) MeOH and 1.96 ml (14.3
mmol) EtsN were added. During the addition, fumes of HCI were visible. After 4 hours at 0 °C,
the milky reaction mixture was quenched with 15 ml of saturated NaHCO3 solution, extracted
with EtOAc, the organic phase washed with brine, dried over MgSO4 and concentrated in
vacuo. The crude product (249 mg) was subjected to column chromatography (silica,
cyclohexane/EtOAc 3 :1) to afford 38 as a colourless oil (196 mg, 61%)."H NMR (400 MHz,
CDCl3) 6 7.58 (d,J=9.0 Hz, 2H), 7.33 (d, J= 9.5 Hz, 2H), 3.46 (s, 3H), 2.42 (s, 3H)."*C NMR
(101 MHz, CDCIl3) ¢ 143.0, 141.1, 129.9, 125.5, 49.5, 21.6. The acquired spectra were in

agreement with reported literature.®!

trimethyl((p-tolylsulfinyl)ethynyl)silane (37c)

232 ul (1.7 mmol) of ethynyltrimethylsilane along with 10 ml of dry

S toluene was displaced in a Schlenk flask under argon atmosphere.
ST
T™MS
37c

=0

Next, the reaction mixture was cooled to -78 °C (dry ice/acetone bath)

and 840 pl (1.7 mmol) of n-BuLi (2M in THF) was added dropwise.
After 15 minutes of stirring, 261 mg (1.5 mmol) of 38 in dry toluene was added dropwise to the
reaction mixture and left to stir for 1 hour at -78 °C. Throughout the reaction, the colour changed
from light yellow to dark orange. The reaction progress was monitored by TLC analysis,
utilizing cyclohexane/EtOAc (5:1) as a mobile phase and UV light as a visualization technique.
After 1 hour at -78 °C, the reaction mixture was quenched with saturated NH4Cl solution,

extracted with EtOAc (3 x 20 ml), the organic phase washed with brine, dried over MgSQO4 and
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concentrated in vacuo. Brown crude product (245 mg) was subjected to column
chromatography (silica, cyclohexane/EtOAc 5 : 1) to give 37¢ as a faint yellow oil (97 mg,
27%)."H NMR (400 MHz, CDCl3) 6 7.72 (d, J= 8.2 Hz, 2H), 7.37 (d, J= 7.9 Hz, 2H), 2.44 (s,
3H), 1.25 (s, 9H).!3C NMR (101 MHz, CDCls) § 143.1, 140.2, 130.5, 125.4, 90.2, 82.0, 49.6,
21.7. HRMS (ESI): m/z [M+H]" calculated for C12H1s0SSi: 237.0764, found: 237.0752.

1-(ethynylsulfinyl)-4-methylbenzene (40)

35 mg (0.15 mmol) of 37¢ was displaced into a 50 ml flask and dissolved in
0]

S 4.5 ml 96 % EtOH. The reaction mixture was cooled to 0 °C (ice/water bath)
/©/ 40\\ and 42 mg (1.2 mmol) of KF was added dropwise as a 0.5 ml solution of
EtOH/water 1 : 1. The reaction progress was monitored by TLC analysis,

utilizing cyclohexane/EtOAc (3:2) as a mobile phase and UV light as a visualization technique.
After 4 hours at 0 °C, the reaction mixture was quenched with 15 ml of water, extracted with

EtOAc (2 x 20 ml), the organic phase washed with brine, dried over MgSO4 and concentrated

in vacuo. Crude product was subjected to column chromatography (silica, cyclohexane/EtOAc

3 : 2) which yielded 40 as a lightly coloured oil (22 mg, 92%).'H NMR (400 MHz, CDCls) 6

7.71 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 3.70 (s, 1H), 2.43 (s, 3H).13C NMR (101

MHz, CDCl3) 6 143.1, 140.2, 130.5, 125.3, 90.2, 82.0, 21.6. IR (vmax/cm™ ) 3192, 3053, 2941,

2871, 2036, 1595, 1493, 1128, 1086. HRMS (ESI): m/z [M+H]" calculated for CoHsOS:

165.0369, found: 165.0360. The acquired spectra were in agreement with reported literature.*

tert-butyl ((p-tolylthio)methyl)carbamate (42)

H with 275 mg (2.2 mmol) 0of 30 and 133 mg (3.3 mmol) of NaOH were
displaced in a 100 ml flask. Next, 10 ml of 96% EtOH was added and

/©/S\/\N’BOC 700 mg (2.2 mmol) of tert-butyl (2-tosylethyl)carbamate 41 along

42

the reaction mixture left to stir at room temperature for 4 hours. The reaction progress was
monitored by TLC analysis, utilizing cyclohexane/EtOAc (9:1) as a mobile phase and UV light
as a visualization technique. After 4 hours at room temperature, the reaction mixture was
quenched with saturated NH4Cl solution, extracted with EtOAc (2 x 50 ml), the organic phase
washed with brine, dried over MgSO4 and concentrated in vacuo. The crude yellow oil (651
mg) was subjected to column chromatography (silica, cyclohexane/EtOAc 9 : 1) to give 42 as
a colourless oil (371 mg, 63%)."H NMR (400 MHz, CDCl3) 6 7.28 (d, J = 8.0, 1.4 Hz, 2H),
7.10 (d, J=7.8 Hz, 2H), 4.91 (s, 1H), 3.29 (t,J = 6.3 Hz, 2H), 2.98 (t, /= 6.4 Hz, 2H), 2.32 (s,
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3H), 1.43 (s, 9H).3C NMR (101 MHz, CDCl3) ¢ 155.8, 136.9, 131.4, 130.9, 130.0, 79.5, 39.7,

35.1, 28.5, 21.1. The acquired spectra were in agreement with previous literature.®?

tert-butyl ((p-tolylsulfinyl)methyl)carbamate (43)

371 mg (1.4 mmol) of 42 along with 10 ml of glacial acetic acid was

0]

g\/\N'BOC displaced in a 100 ml flask. Next, 568 ul (5.6 mmol) of concentrated
/©/ H hydrogen peroxide (30%) was added dropwise and the reaction

43

mixture left to stir at room temperature for 1 hour at room
temperature. Reaction progress was monitored by TLC analysis, utilizing cyclohexane/EtOAc
(2:3) as a mobile phase and UV light as a visualization technique. After 1 hour at room
temperature, the reaction mixture was quenched with 10 % NaOH solution, extracted with
EtOAc (2 x 50 ml), the organic phase washed with brine, dried over MgSO4 and concentrated
in vacuo. The crude product (312 mg) was subjected to column chromatography (silica,
cyclohexane/EtOAc 1 : 3) to give 43 as a colourless oil (258 mg, 69%)."H NMR (400 MHz,
CDCl3) 6 7.50 (d, J= 8.0 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 5.19 (s, 1H), 3.63 — 3.45 (m, 2H),
3.11 (m, 1H), 2.84 (dt, J = 13.5, 5.5 Hz, 1H), 2.42 (s, 3H), 1.42 (s, 9H).1*C NMR (101 MHz,
CDCl) 0 156.0, 141.8, 140.0, 130.3, 124.1, 79.9, 35.1, 28.5, 21.6. The acquired spectra were

in agreement with previous literature.®

2-(p-tolylsulfinyl)ethan-1-amine (44)

238 mg (0.84 mmol) of 43 along with 10 ml of CH2Cl>, was

g\/\ltll-TFA displaced into a 100 ml flask. Next, 1.03 ml (13.4 mmol) of

3 Y )

/©/ 44 trifluoroacetic acid (TFA) was added dropwise and the reaction
mixture left to stir at room temperature for 5 hours. Reaction progress was monitored by TLC
analysis, utilizing CH>Cl2/MeOH (9:1) as a mobile phase and UV light as a visualization
technique. After 5 hours at room temperature, the reaction mixture was concentrated in vacuo
and one tenth of the crude product was purified via HPLC (# = 6.9 min) to give TFA salt of 44
as an orange solid (12 mg, 80%)."H NMR (400 MHz, DMSO) 6 7.92 (s, 2H), 7.57 (d, ] =9 Hz,
2H), 7.44 (d, J = 8.0 Hz, 2H), 3.29 — 3.23 (m, 1H), 3.16 — 3.10 (m, 1H), 3.04 — 2.96 (m, 1H),
2.94 —2.87 (m, 1H), 2.39 (s, 3H).13C NMR (101 MHz, DMSO) ¢ 141.2, 139.7, 130.0, 124.0,
52.0,32.9,20.9.""F NMR (376 MHz, DMSO) 6 -73.5. IR (vmax/cm™" ) 3400, 3141, 2920, 2625,
1716, 1601, 1431, 1124, 1038, 937, 798, 719, 505. HRMS (ESI): m/z [M+H]" calculated for
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CoHi3NOS: 184.0791, found: 184.0787. The acquired 'H spectra were in agreement with

reported literature.®*

4.3 General procedure for Kinetic resolution of sulfoxides with MsrA

MsrA variants were prepared according to a general procedure reported by our laboratory.>
The final concentration of the enzyme was determined from absorbance at UV light using a
known extinction coefficient (typically ~20 mg/ml). As a result, volumes of enzyme solutions

displaced into resolution reactions varied (amounting to 0.5 mol%).

MsrA (0.5 mol%)

O DTT (4.0 eq.) O
g - Lo s
~ = . ~N
R1/ R, 50 mM phoszp;?ée gzﬁﬁr (pH = 8.0) R1/ ‘R, R; R,
rac ’ (R)

Each 1.5 ml Eppendorf tube contained precisely 500 ul of reaction mixture containing 250 pl
of 50mM DTT (4.0 eq.) in phosphate buffer (50 mM Na,HPO4/NaH>POs, pH = 8.0), 10 ul of
324 mM (1.0 eq.) racemic sulfoxide in MeCN and corresponding amount of 0.5 mol% MsrA
and phosphate buffer. Due to different concentrations of isolated enzymes, the displaced
amount of both enzyme and buffer solutions differed — general procedure listed below accounts
for WT MsrA with a concentration of 24 mg/ml and F52L MsrA with a concentration of 15

mg/ml.

WT: 224 ul of phosphate buffer was displaced into a 1.5 ml Eppendorf tube, followed by 250
pl of S0mM DTT in phosphate buffer and 10 pl 324mM (3.2 umol) racemic sulfoxide in
MeCN/phosphate buffer 1 : 1. Next, 16 ul (0.016 umol) of WT MsrA in Tris buffer (50 mM
Tris-HCI, pH = 8.0) was added and the reaction mixture incubated for 24 hours at 25 °C.
Conversion had been monitored by analytical HPLC. After 24 hours, the reaction mixture was
extracted with 5 ml EtOAc, the organic phase washed with brine, dried over MgSO4 and
concentrated in vacuo. Enantiomeric excess of the isolated product was determined by HPLC

with chiral stationary phase.

F52L: 214 pl of phosphate buffer was displaced into a 1.5 ml Eppendorf tube, followed by 250
pl of S0mM DTT in phosphate buffer and 10 pl 324mM (3.2 umol) racemic sulfoxide in
MeCN/phosphate buffer 1 : 1. Next, 26 ul (0.016 umol) of WT MsrA in Tris buffer (50 mM
Tris-HCI, pH = 8.0) was added and the reaction mixture incubated for 24 hours at 25 °C.

Conversion had been monitored by HPLC. After 24 hours, the reaction mixture was extracted
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with 5 ml EtOAc, the organic phase washed with brine, dried over MgSO4 and concentrated in
vacuo. Enantiomeric excess of the isolated product was determined by HPLC with chiral

stationary phase.

(R)-1-methyl-4-(pentylsulfinyl)benzene (32)

wt MsrA: conversion <1 %, ee <1 %, F52L: conversion = 6 %, ee =4 % . Enantiomeric excess
was determined by HPLC (IA chiralpak®: heptane/isopropanol (95 : 5), flow rate 1 ml/min; 25
°C; 254 nm; 20 min, = 12.9 min, 14.4 min

(R)-1-methyl-4-(hexylsulfinyl)benzene (34)

wt MsrA: conversion <1 %, ee < 1 %, F52L: conversion = 4 %, ee = <3 % . Enantiomeric
excess was determined by HPLC (IA chiralpak®: heptane/isopropanol (95 : 5), flow rate 1
ml/min; 25 °C; 254 nm; 20 min, # = 12.1 min, 13.4 min

(R)-2-(p-tolylsulfinyl)ethan-1-amine (44)

nw=0

. + TFA™
" NH,

44

wt MsrA: conversion <1 %, ee not determined F52L: conversion <1 %, ee not determined.
4.4 Asymmetric oxidation of benzoxazole-containing sulfoxides

2-(methylsulfinyl)benzo[d]oxazole (49)

©:N\ 300 mg (2.0 mmol) of benzo[d]oxazole-2-thiol were displaced into a 100 ml
S

O>_ \ flask along with 15 ml EtOAc. Next, 317 mg (2.5 mmol) of KoCO3 was added

49

and the mixture allowed to stir for 5 minutes at room temperature. 136 pl (2.2
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mmol) of Mel was then added dropwise and the reaction mixture left to stir at room temperature
for 1 hour. Reaction progress was monitored by TLC analysis, utilizing cyclohexane/EtOAc
(4:1) as a mobile phase and UV light and Ellman’s reagent as visualization techniques. After 4
hours at room temperature, the milk brown mixture was quenched with water, extracted with
EtOAc (2 x 30 ml), the organic phase washed with brine, dried over MgSO4 and concentrated
in vacuo to give 2-(methylthio)benzo[d]oxazole as a brown oil (300 mg) which was forwarded
to next step without further purification."H NMR (400 MHz, CDCl3) 6 7.68 — 7.64 (dd, J =9
Hz, 1H), 7.48 (dd, J=7.7, 1.5 Hz, 1H), 7.35 — 7.26 (m, 2H), 2.81 (s, 3H).!3C NMR (101 MHz,
CDCl3) 6 165.9, 152.1, 142.1, 124.4, 124.0, 118.4, 110.0, 14.7. LRMS (ESI): m/z [M+H]"
calculated for CsH7NOS: 166.03, found: 166.10. The acquired 'H and '*C spectra were in

agreement with reported literature.®

275 mg (1.4 mmol) of 2-(methylthio)benzo[d]oxazole was displaced into a 100 ml flask along
with 10 ml of CH>Cl. Next, 340 mg (1.52 mmol) of mCPBA (77%) was added and the reaction
mixture left to stir at 0 °C (ice/water bath) for 2 hours. Reaction progress was monitored by
TLC analysis, utilizing cyclohexane/EtOAc (4:1) as a mobile phase and UV light as a
visualization technique. After 2 hours at 0 °C, the reaction mixture was quenched with saturated
solution of NaHCO3, extracted with CH2Cl, (3 x 20 ml), the organic phase washed with brine,
dried over MgSO4 and concentrated in vacuo. Crude product was subjected to column
chromatography (basic alumina, 100% CH>Cl,) to give 49 as beige oil (183 mg, 73%).'H NMR
(400 MHz, CDCI3) 6 7.83 (dd, J = 9 Hz, 1H), 7.66 (d, J = 9.5 Hz, 1H), 7.52 — 7.42 (m, 2H),
3.21 (s, 3H).3C NMR (101 MHz, CDCIl3) ¢ 165.0, 152.0, 140.6, 127.3, 125.8, 121.5, 111.7,

40.1. The acquired spectra were in agreement with reported literature.>*

diethyl 2,2'-(1,2-phenylenebis(azanediyl))dibenzoate (53)

Compound 53 was prepared by a modified reported procedure.’” A

Et0OOC Schlenk flask was equipped with 17 mg (0.060 mmol) of Pd(OAc)>
@NH along with 5 ml dry toluene under argon atmosphere. Next, 3.76 mg
N (0.018 mol) of P(#Bu)s; was added and the mixture allowed to stir for

53 M Cookt 15 min at room temperature. Consequently, 200 mg (0.76 mmol) of 51
and 303 mg (1.8 mmol) of 52 were added, followed by 772 mg (2.4 mmol) of Cs2CO3 under
strong argon stream. The resulting mixture was left to stir at 120 °C for 24 hours. Reaction
progress was monitored by TLC analysis, utilizing cyclohexane/EtOAc (4:1) as a mobile phase

and UV light as a visualization technique. After 24 hours, the orange mixture was quenched
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with saturated solution of NH4Cl, extracted with CH>Cly, the organic phase washed with brine,
dried over MgSO4 and concentrated in vacuo. The crude product was subjected to column
chromatography (silica, cyclohexane/EtOAc 9 : 1) to give 53 as a crystalline yellow solid (140
mg, 45%).'H NMR (400 MHz, CDCl3) 6 9.24 (s, 2H), 7.92 (dd, J = 8.0, 1.7 Hz, 2H), 7.43 (dd,
J=159,3.6 Hz, 2H), 7.25 (td, J= 7.2, 1.6 Hz, 2H), 7.10 (dd, J= 6.0, 3.5 Hz, 2H), 7.06 (dd, J =
8.6, 1.1 Hz, 2H), 6.70 (d, J= 8.1 Hz, 2H), 4.27 (q, J= 7.1 Hz, 4H), 1.33 (t,J = 7.1 Hz, 6H).13C
NMR (101 MHz, CDCl3) ¢ 168.25, 147.82, 134.90, 133.87, 131.62, 124.41, 123.89, 117.36,
114.65, 113.12, 60.65, 14.42. HRMS (ESI): m/z [M+Na]" calculated for C24H24N204: 427.164,

found: 427.162. The acquired spectra were in agreement with reported literature.>’

2,2'-(1,2-phenylenebis(azanediyl))dibenzoic acid (54)

Compound 54 was prepared according to reported procedure.>’ 61 mg

HOOC (0.17 mmol) of 53 was displaced in a 50 ml flask and dissolved in 5 ml
NH MeOH. Next, 1.5 g (27 mmol) of KOH was added as a 30% water
@EN solution. The resulting mixture was refluxed for 14 hours. Reaction

COOH  progress was monitored by TLC analysis, utilizing 100% EtOAc as a
mobile phase and UV light as a visualization technique. After 14 hours of refluxing, the dark
orange solution was quenched with water and 10 % HCI was added to reduce pH to 4. Next,
the mixture was extracted with EtOAc (3 x 20 ml), the organic phase washed with brine, dried
over MgSO4 and concentrated in vacuo to give 54 as a crystalline-blood like solid (46 mg, 86
%)."H NMR (400 MHz, DMSO) § 12.92 (s, 2H), 9.58 (s, 2H), 7.84 (dd, J = 8.0, 1.7 Hz, 2H),
7.45 (dd, J=5.9,3.6 Hz, 2H), 7.32 (td, /= 8.8, 1.7 Hz, 2H), 7.17 (dd, /= 6.0, 3.5 Hz, 2H), 6.99
(d, J = 8.4 Hz, 2H), 6.73 (t, J = 7.5 Hz, 2H).3C NMR (101 MHz , CDCl3) 6 170.6, 147.4,
134.1,133.9, 131.7, 124.5, 123.4, 117.2, 113.4, 112.4. The acquired spectra were in agreement

with reported literature.>’
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N-((2R,3S)-1-hydroxy-3-methylpentan-2-yl)-2-((2-((2-(((2S,3S)-1-hydroxy-3-
methylpentan-2-yl)carbamoyl)phenyl)amino)phenyl)amino)benzamide (56)

Compound 56 was prepared according to reported procedure.®’ 45

mg (0.13 mmol) of 54 in dry THF was displaced in a Schlenk flask.

j HI Next, 18 mg (0.12 mmol) of EDC was added, followed by 38 mg
" oH 0% Ij

HO,

WAL 0 (0.28 mmol) of HOBt and 33 mg (0.28 mmol) of 55. The resulting

H HIN mixture was cooled to -5 °C (ice/brine + NaCl bath) and stirred for 2
hours under argon atmosphere. Reaction progress was monitored by
56 TLC analysis, utilizing cyclohexane/EtOAc (2:3) as a mobile phase

and UV light as a visualization technique. After 2 h at -5 °C, the reaction mixture was left to
gradually warm up to room temperature and stir overnight. The dark orange mixture was then
concentrated in vacuo and subjected to column chromatography (silica, cyclohexane/EtOAc 2
: 3) to give 56 as a bright yellow oil (45 mg, 64%)."H NMR (400 MHz, CDCl3) J 8.52 (s, 2H),
7.35 (dt, J=5.8, 3.6 Hz, 4H), 7.15 (t, J= 7.8 Hz, 2H), 7.06 (dd, /= 5.9, 3.5 Hz, 2H), 7.00 (d, J
=8.4 Hz, 2H), 6.70 (t, /= 7.5 Hz, 2H), 6.36 (d, /= 8.5 Hz, 2H), 3.87 (dd, /= 17.8, 8.7 Hz, 4H),
3.75 (dd, J=11.6, 3.5 Hz, 2H), 3.62 (dd, J = 11.6, 6.0 Hz, 2H), 1.76 — 1.66 (m, 2H), 1.61 —
1.51 (m, 2H), 1.32 — 1.15 (m, 2H), 0.96 (d, J = 6.8 Hz, 6H), 0.91 (t, J= 7.4 Hz, 6H).1*C NMR
(101 MHz, CDCl3) 0 170.4, 145.0, 134.5, 132.1, 127.6, 124.1, 123.1, 119.9, 118.2, 115.1, 63.3,
56.4, 36.0, 25.8, 15.8, 11.5. HRMS (ESI): m/z [M+Na]" calculated for C3:H42N4O4: 569.311,

found: 569.308. The acquired spectra were in agreement with reported literature.®’

N1,N2-bis(2-((S)-4-((S)-sec-butyl)-4,5-dihydrooxazol-2-yl)phenyl)benzene-1,2-
diamine (57)

Compound 57 was prepared according to reported procedure.’ 35 mg
> \\</\ (0.064 mmol) of 56 dissolved in dry MeCN was displaced in a
O
% N= Schlenk flask. Next, PPh3 (67 mg, 0.26 mmol), Et:N (36 pl, 0.2 mmol)
e DS

/ and CCl4 (25 pl, 0.26 mmol) were added. The reaction mixture was
0] HN
left to stir at room temperature for 24 hours. Reaction progress was

ZT

monitored by TLC analysis, utilizing cyclohexane/CH2Clz (5:1) as a
57 mobile phase and UV light and Vaniline staining as visualization
techniques (57 appeared as a green spot after heating). After 24 hours at room temperature, the
reaction mixture was quenched with water, extracted with CH2CL> (2 x 20 ml), the organic

phase washed with brine, dried over MgSO4 and concentrated in vacuo. The yellow crude
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product was subjected to column chromatography (silica, cyclohexane/CH>Cl, 5 : 1) to give 57
as a yellow crystalline solid (19 mg, 58%)."H NMR (400 MHz, CDCls) J 10.46 (s, 2H), 7.75
(dd, J= 8.0, 1.6 Hz, 2H), 7.51 (dd, J = 6.0, 3.5 Hz, 2H), 7.29 — 7.20 (m, 6H), 7.03 (dd, J = 6.0,
3.5 Hz, 2H), 6.72 (t, J = 9.5 Hz, 2H), 4.27 (dd, J = 7.6, 1.5 Hz, 2H), 3.98 (td, J = 8.8, 6.9 Hz,
2H), 1.46 — 1.24 (m, 4H), 0.93 (m 2H), 0.68 (d, J = 6.7 Hz, 6H), 0.59 (t, J = 7.4 Hz, 6H).13C
NMR (101 MHz, CDCI3) ¢ 146.0, 135.0, 131.7, 129.9, 123.2, 122.1, 116.9, 113.7, 71.8, 69.0,
39.7,27.1,15.0, 10.9. LRMS (ESI): m/z [M+H]" calculated for C32H3sN4O,: 511.307, found:

511.305. The acquired spectra were in agreement with reported literature.>’

General procedure for asymmetric oxidation of sulfides with 57 as a chiral ligand

The general procedure followed protocol from reported literature.’* 4mM solutions of
Mn(OTf)2 (1.96 umol) and 24 (1.96 pmol) in dry MeCN were displaced in a Schlenk flask and
allowed to stir at room temperature for 24 hours. Throughout the reaction, there was a distinct
colour change from light yellow to dark orange. After 24 hours, 1-adamantanecarboxylic acid
(0.078 mmol) and 17 (0.39 mmol) were added in this order. The turned greenish mixture was
cooled to -30 °C (dry ice/MeCN bath) and hydrogen peroxide (0.71 mmol) was quickly added.
After 30 minutes, the reaction mixture was quenched with saturated NaHCO;3 solution,
extracted with CH>Cl, the organic phase washed with brine, dried over MgSO4 and

concentrated in vacuo before being purified by column chromatography.
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5 Conclusion

In this thesis, several racemic sulfoxides were synthesized and subjected to kinetic resolution
using both wild-type and custom-made mutant variant F52L of the enzyme MsrA, probing
substrate scope. The results of the resolution demonstrated that pentyl and hexyl chains are too
large of a group for the enzyme to tolerate. Same can be said for groups bearing a nitrogen
group, with possible redistribution of electron density across the catalytic residues. Certain
substrates intended for resolution turned out to be unstable and prone to decomposition,

particularly ones containing ethynyl- moiety.

In the second part, several methods have been applied to synthesize optically pure 2-
((chloromethyl)sulfinyl)benzo[d]oxazole for its properties in regioselective Grignard additions.
Conventional approaches such as Kagan or Modena oxidations were tried out as well as a novel
approach utilizing a ligand-stabilized manganese catalyst. Unfortunately, none of these
approaches yielded a favourable result. With the substrate’s reactivity thoroughly investigated,
it can be said that preparation of optically pure 2-((chloromethyl)sulfinyl)benzo[d]oxazole

cannot be done using established oxidation methods.

Consequently, several compounds bearing comparable properties were theorized. The

feasibility of those molecules, however, still remains to be seen.
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6 Use of Artificial Intelligence

This thesis utilized the use of artificial intelligence (ChatGPT, Julius) for more comprehensive
understanding of given subjects, grammatical corrections and obtaining out-of-the-box
scientific articles. All Al-generated outputs were paid due attention and consideration, and their
accuracy was thoroughly investigated before implementing them in this thesis. The use of Al
aligns with ethical practices and does not substitute for the author’s critical analysis and

independent research.
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