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Abstract 

 Chiral sulfoxides represent a class of compounds with significant biological activity, playing 

important role in various biochemical processes in numerous organisms and serve as active 

ingredients in prominent pharmaceuticals, such as Esomeprazole. Also, they have become 

valuable tools as chiral ligands, catalysts, and building blocks in asymmetric synthesis. 

Consequently, there is considerable interest in their enantioselective preparation. Despite the 

development of numerous methods for the asymmetric synthesis of chiral sulfoxides, general 

protocols that yield high enantiomeric excess (ee > 99%) for a variety of structurally different 

sulfoxides remain limited. 

 In this work, two innovative enzymatic protocols have been developed that are 

enantiocomplementary, enabling the synthesis of both (R)-sulfoxides and (S)-sulfoxides with high 

selectivity and enantiomeric excess through the process of kinetic resolution. The methods employ 

methionine sulfoxide reductase A (MsrA) for the preparation of (R)-sulfoxides and 

dimethylsulfoxide reductase (DmsABC) for (S)-sulfoxides. Both approaches demonstrated broad 

substrate scopes, allowing the synthesis of enantiopure sulfoxides that are otherwise challenging 

to obtain through conventional chemical or enzymatic routes. We also enhanced the enzymatic 

process by integrating a chemoenzymatic two-phase system using whole E. coli cells and an 

oxaziridine-based lipophilic oxidant, effectively extending the limits of enzymatic kinetic resolution 

with a robust deracemization protocol. Furthermore, employing a novel mutant of methionine 

sulfoxide reductase, we successfully expanded the substrate scope, addressing some of the 

limitations associated with natural enzyme. 

 

Key words:  

Biocatalysis, chiral sulfoxides, deracemization, kinetic resolution, sulfoxide reductases. 
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Abstrakt 

Chirální sulfoxidy představují třídu sloučenin s významnou biologickou aktivitou, které hrají 

důležitou roli v různých biochemických procesech u mnoha organismů a slouží jako aktivní složky v 

prominentních farmaceutických přípravcích, například v Esomeprazolu. Rovněž se staly cennými 

nástroji ve využití jako chirální ligandy, katalyzátory a stavební bloky v asymetrické syntéze. Z 

tohoto důvodu je o jejich enantioselektivní přípravu značný zájem. Navzdory vývoji mnoha metod 

pro asymetrickou syntézu chirálních sulfoxidů zůstávají obecné protokoly, které by poskytovaly 

vysoký enantiomerní přebytek (ee > 99 %) pro širokou škálu strukturálně odlišných sulfoxidů, 

omezené. 

V této práci byly vyvinuty dvě inovativní enzymatické metody, které jsou 

enantiokomplementární, což umožňuje syntézu jak (R)-sulfoxidů, tak i (S)-sulfoxidů s vysokou 

selektivitou a enantiomerním přebytkem prostřednictvím procesu kinetické rezoluce. Tyto metody 

využívají methioninsulfoxidreduktázu A (MsrA) pro přípravu (R)-sulfoxidů a 

dimethylsulfoxidreduktázu (DmsABC) pro přípravu (S)-sulfoxidů. Oba přístupy prokázaly široký 

rozsah substrátů, což umožňuje syntézu enantiomerně čistých sulfoxidů, které je obtížné získat 

běžnými chemickými nebo enzymatickými metodami. Enzymatický proces byl dále zdokonalen 

integrací chemoenzymatického dvoufázového systému využívajícího celé buňky E. coli a lipofilního 

oxaziridinového oxidantu, čímž byly účinně překonány fundamentální limity enzymatické kinetické 

rezoluce pomocí robustního protokolu deracemizace. Dále, použití nového mutantního enzymu 

methioninsulfoxidreduktázy nám dovolilo úspěšně rozšířit spektrum substrátů a překonat některá 

omezení spojená s přírodním enzymem. 

 

Klíčová slova:  

Biokatalýza, chirální sulfoxidy, kinetická rezoluce, deracemizace, sulfoxidreduktázy. 
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1. Introduction 

1.1. Chiral Sulfur Compounds 

 Stereogenic centers in organic compounds are often located on the carbon atom with four 

different substituents. However, different atoms can serve as stereogenic centers in organic 

compounds. Most commonly sulfur and phosphorus can provide configurationally stable 

stereogenic centers. Chiral organic sulfur compounds represent a diverse class that carries chirality 

on the sulfur atom in various oxidation states (+II, +IV; +VI) (Figure 1).1–4 These compounds have 

experienced renewed interest in organic chemistry in recent years. One of the most important 

functional groups of these compounds is sulfoxides which contain chiral sulfur in +IV oxidation 

state. One reason for their growing appeal is their presence in many successful medications, 

where they serve as active components. Also, their widespread use as chiral auxiliary groups, 

ligands, and intermediates makes them attractive targets for applications in asymmetric synthesis.  

 

Figure 1: Several examples of chiral compounds containing sulfur stereogenic centers at different oxidation states. 

 

 Sulfoxides adopt tetrahedral topology around the central sulfur atom (Figure 2). Provided 

the two C-substituents are not identical, the sulfoxides are configurationally stable chiral 

compounds. Typical energy barrier for racemization is in the range of 35-43 kcal mol–1. Thus, 

racemization of sulfoxides can occur thermally only at high temperatures, usually exceeding 

200°C.5,6 
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Figure 2. The structural formula of (R)-methyl-p-tolyl sulfoxide and the corresponding X-ray crystal structure.
7
  

 

 The nature of the sulfinyl group, sulfur-oxygen double bond (S=O) in sulfoxides, is not 

formed by a typical π bond as in the case of carbon-oxygen bond (C=O), because oxygen 

contributes electrons from a non-bonding electron pair to the d-orbital of sulfur, an overlap 

occurs, and the result is a dπ-pπ bond. The sulfoxide bond should be rather understood more 

accurately as a partial double bond, which is represented by two resonance structures 

(Scheme 1).5 For simplicity, only one of these representations is chosen, which may vary in 

notation in different publications. One of the characteristics of the S=O bond is that it is highly 

polarized with a large dipole moment, giving it a dipolar aprotic feature.8,9 This is reflected in the 

much higher polarity of sulfoxide compounds in comparison with the corresponding sulfones or 

sulfides.  

 

Scheme 1. Different resonance structures of sulfoxides.  

 

 The electronic structure of sulfoxides is responsible for their Lewis basicity.10,11 This is 

related to the energy level of the HOMO and LUMO molecular orbitals (Figure 3). The HOMO is 

predominantly located on the sulfur and oxygen atoms, acting as a nucleophilic site.12 Conversely, 

the LUMO is situated on the sulfur atoms and adjacent carbon atoms, giving it an electrophilic 

character that makes it susceptible to nucleophilic attack.12  
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Figure 3. Molecular orbitals of DMSO. A) highest occupied molecular orbital (HOMO) B) lowest unoccupied molecular 
orbital (LUMO).

12
 

 

1.2. Natural Chiral Sulfoxides with Biological Activity 

 Sulfoxides have been found in a number of natural products, and many of them exhibit 

significant biological activity. An interesting example is the highly poisonous α-amanitin 2, which is 

an active ingredient of a death cap mushroom poison (Figure 4).13 α-Amanitin is a bicyclic peptide 

that contains a chiral sulfoxide moiety in the bridging region. α-Amanitin inhibits RNA polymerase 

II by non-covalent binding under ‘‘bridge helix’’ between pol II subunits, Rpb1 and Rpb2.14 

Interestingly, the natural (R)-sulfoxide stereoisomer is approximately 20 times more toxic than its 

(S)-analog that is believed to be due to the difference in a 3D structure.15 Thanks to its high toxicity 

to eukaryotic cells, it is a promising agent for antibody-drug conjugates.16 Therefore, effective total 

synthesis was also developed.17,18 
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Figure 4. Examples of biologically active compounds bearing chiral sulfoxide moiety commonly present in nature. 

 

 A number of chiral sulfur compounds participate in many processes of general metabolism 

and might be involved in the maintenance of homeostasis.5,19–21 This includes examples of oxidized 

derivatives which originated from biotin (biotin sulfoxide 3), cysteine (allin 4), or methionine 

(methionine sulfoxide 5), etc. (Figure 4). Methionine sulfoxide (MetSO) 5 can be found both in a 

free form (in plasma) and bound in a number of proteins, where it can perform important 

functions. Allicin 6 is a substance with antimicrobial and antifungal effects, which imparts a 

characteristic odor of garlic and originates from its chiral sulfoxide precursor allin 4. Alliin is 

enzymatically cleaved by the enzyme alliin lyase (4.4.1.4) as self-defense of plants, common for 

garlic or onion by squeezing or slicing.22,23 The other example includes sulforaphane 7, which has 

an antibacterial effect and is also being tested for its anti-cancer activity (Figure 4).24  

 

1.3. Chiral Sulfoxides as Active Pharmaceutical Ingredients 

 Chiral sulfoxides have been used with great success in the pharmaceutical industry, where 

a number of these biologically active sulfoxides were among the best-selling drugs.25 A prime 

example is Esomeprazole 8, which was the second best-selling drug in 2014 (over $6.1 billion in 

sales) (Figure 5).26 Esomeprazole is a proton pump inhibitor (H+/K+ ATPase blocker) and is used to 

treat stomach and intestinal ulcers.27–29 The active substance of Esomeprazole is enantiomerically 

pure (S)-sulfoxide, which in clinical studies showed significantly higher efficacy and bioavailability 
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than the racemic analog.30,31 This example demonstrates that the absolute configuration of chiral 

sulfoxides in biologically active substances can play a major role. 

 

Figure 5. Examples of marketed drugs with a chiral sulfoxide moiety. 

 

 Another example of a successful drug containing chiral sulfoxide is Armodafinil 9, which is 

used as a stimulant drug against sleep disorders like narcolepsy (Figure 5).32,33 It has been shown 

that the (R)-enantiomer has a significantly longer biological half-life and therefore can operate 

much longer in the body than the complementary (S)-enantiomer, which is rapidly metabolized.34 

Interestingly, the first large-scale resolution of the racemic drug was achieved by HPLC 

chromatography with a chiral stationary phase that helped accelerate the drug registration 

process.35 Sulindac 10 is a non-steroidal anti-inflammatory drug (NSAID) inhibiting prostaglandin-

endoperoxide synthase 2 (COX-2) (Figure 5).36,37 It is marketed in a racemic form. The active form 

of the drug is sulfide, which is obtained by enzymatic reduction of the sulfoxide prodrug with 

complex pharmacokinetics.38 The NSAID activity itself is unaffected by the sulfoxide absolute 

configuration, however, it has been demonstrated that the (S)-enantiomer has a stronger ability to 

induce the P450 enzyme system as compared to the (R)-enantiomer.39 Therefore, the (R)-

enantiomer may offer a better safety profile due to these differences in metabolism.39 It also 

showed a significant anticancer activity when used alongside other therapeutics.40,41 Interestingly, 

ingestion in combination with DMSO decreases the plasma level of the Sulindac sulfide and causes 

peripheral neuropathy, suggesting these are competitive substrates for enzymatic reduction.42–44 

A further illustration of the increasing importance of sulfoxides in the pharmaceutical industry is 

demonstrated by other drugs and drug candidates (Figure 6). 
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Figure 6. Other examples of bioactive sulfoxides. Aprikalim
45

, Sparsomycin
46

, Sulmazole
47

, BOF-4272.
48

  

 

1.4. Chiral Sulfoxides in Organic Synthesis 

1.4.1. Sulfoxides as Chiral Ligands  

 Sulfoxide moiety can be coordinated with metals either through oxygen or sulfur atom. 

This interaction can be rationalized according to Pearson's HSAB theory where hard oxygen 

coordinates to hard metals and soft sulfur to soft metals.49–52 This may result in different metal 

complex characteristics and functionalities. An example of the successful application of sulfoxides 

as a ligand is a rhodium-catalyzed conjugate addition to unsaturated ketones (Scheme 2). The 

authors utilized a relatively simple ligand 16, where the only carrier of chiral information is the 

sulfinyl group. Good to excellent yields and enantioselectivities were achieved. 

 

Scheme 2. Asymmetric conjugate addition utilizing chiral sulfoxide 16 as a ligand. 

 

Another example of sulfoxides acting as ligands is their application in asymmetric catalysis 

for Diels-Alder reactions. Hydroxysulfoxide (S)-20 forms a Mg(II) complex that catalyzes reactions 

with substrates 18 and 19 to yield major product endo-21 with high enantioselectivity 

(Scheme 3).53 
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Scheme 3. Lewis acid-catalyzed Diels-Alder reaction with a sulfoxide ligand. 

 

 Ligands bearing one or more sulfoxide groups have recently become a successful and 

popular design motif in a wide range of reactions (Figure 7).11,54–56 

 

Figure 7. Examples of other sulfoxide ligands used in asymmetric catalysis.  

 

1.4.2. Sulfoxides As Chiral Auxiliaries and Chiral Synthetic Precursors 

 Chiral sulfoxides are also widely used as chiral auxiliary groups in a large variety of 

reactions due to their efficient chirality transfer. An interesting application of chiral sulfoxides is in 

the unusual preparation of enantioenriched Grignard reagents (Scheme 4).57 The enantiopure 

sulfoxide 25 can be chlorinated in the α-position to form a diastereomeric mixture, where the 

main diastereoisomer 26 can be separated by recrystallization.58 The reaction of an intermediate 

26 with EtMgCl proceeds as a magnesium/sulfinyl exchange and the formation of a new chiral 

Grignard reagent 28 and enantioenriched sulfoxide 27 is observed.57–60 The chiral Grignard reagent 

28 can be utilized for stereoselective Kumada–Corriu cross-coupling reaction to get alkenes 32 and 

33,60 or directly quenched by addition to aldehyde leading to asymmetric formation of 

chlorohydrin 29, which is subsequently transformed to an epoxide 30.57,58 Chirality transfer is 

achieved with high selectivity in all cases. 
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Scheme 4. The preparation of an enantioenriched Grignard reagent 28 and 31 from a chiral sulfoxide 26. 

 

 Interestingly, certain chiral sulfoxides can be utilized for the enantioselective preparation 

of new sulfoxide compounds with different C-substituents.61 This strategy employs an unusual 

carbanion as the leaving group. In a sequential two-step reaction, sulfoxide 34 was firstly reacted 

with n-pentylmagnesium bromide to substitute the benzyl group, producing intermediate 35. 

Subsequent addition of n-dodecylmagnesium bromide to this intermediate, substituting 4-

bromophenyl group, resulted in sulfoxide 36 (Scheme 5).62 The opposite enantiomer was obtained 

by simply changing the order of Grignard reagent addition. Despite achieving high ee values, the 

method is limited to aliphatic Grignard reagents. Success depends on pKa differences between the 

nucleophile and leaving groups, influencing regioselectivity and ee.58,61,63,64  

 

Scheme 5. Stereoselective sytnthesis of new sulfoxides by nucleophilic substitution on a precursor sulfoxide 34. 

 

 Because sulfoxide is an electron-accepting group, it can stabilize the negative charge on the 

α-carbon. Sulfoxides significantly increase the acidity of the adjacent hydrogens (pKa ~ 33).65,66 This 
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characteristic led to the development of a whole range of synthetic applications with optically 

active α-sulfinyl carbanions.65,66 They found use in asymmetric substitutions and additions to 

activated double bonds or aldehydes. Sterically bulky substituents on the sulfinyl group are usually 

required to maintain high stereoselectivities. An example of a successful application reaching high 

stereoselectivity is depicted in Scheme 6.67 The deprotonated α-position of sulfoxide 37 

nucleophilically attacks an α,β-unsaturated ester, followed by the reaction of the resulting enolate 

with an electrophile. This process forms a new molecule 38 with three new stereogenic centers, 

exhibiting complete stereoselectivity. Desulfenylation/elimination with Bu4NF yielded product 39 

quantitatively and verified the stereochemistry of the prior addition reaction.67 

 

Scheme 6. An example of Michael addition where sulfoxide acts as chiral nucleophile. 

 

 Chiral sulfoxides may be used as precursors in various types of rearrangement reactions or 

(hetero)Diels-Alder reaction.68 There are some examples where chirality has been transferred 

from sulfur to carbon enantiospecifically with high ee values.69–71 Illustrating sulfur-to-carbon 

chirality transfer, Scheme 7 shows a vinylogous Pummerer rearrangement that performs a 

selective 1,4-oxygen migration when ortho-sulfinyl benzyl carbanion 41 encountered trimethylsilyl 

halide, the reaction produced trimethylsilylether 42 with high enantiomeric excess, which is easily 

deprotected to benzyl alcohol with NH4Cl.70 
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Scheme 7. Enantiomerically pure chiral sulfoxide in rearrangement reaction with the transmission of chiral information 

to the product. 

 

 Chiral sulfoxides play an important role as starting materials in many synthetic 

applications. Enantiopure α-halosulfoxides can react in traditional palladium-catalyzed couplings 

(Scheme 8).72 Benzylic sulfoxides 45 were obtained with preservation of chiral information with ee 

> 99%.  

 

Scheme 8. Palladium-catalyzed Suzuki coupling of enantiopure α-halosulfoxides. 

 

 Heterocyclic aromatic sulfoxides can be utilized for C-C bond-forming reactions without 

any transition metal catalyst. It is hypothesized that it may proceed via a stabilized hypervalent 

sulfur intermediate.73–75 Recently, a broad range of valuable heterocyclic building blocks was 

obtained using a procedure that starts with sulfinyl chloride and involves two consecutive 

Grignard additions, followed by the formal extrusion of SO, leading to the formation of a new C-C 
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bond on the sp2 carbons.73 Similarly, heteroaryl sulfoxides 47 or 47' were utilized in 

stereoretentive coupling reaction for the preparation of (hetero)diaryl alkanes 48 with high ee up 

to 99.5% (Scheme 9).76  

 

Scheme 9. Grignard reaction on heteroaromatic sulfoxides with formal SO extrusion leading to the formation of the 
new C(sp

2
)-C(sp

3
) bond. 

 

 Moreover, chiral sulfoxides can be transformed into higher oxidation state sulfur 

compounds, such as sulfoximines.77 Typically, this transformation uses nitrene (metalonitrene) 

chemistry. Nitrene is usually generated in situ from hypervalent iodo-compounds in the presence 

of a rhodium or copper catalyst (Scheme 10).78,79 Alternatively, chloramines and azides can also be 

used for this type of transformation.77,80 

 

Scheme 10. Chiral sulfoximines are synthesized via rhodium-catalyzed nitrene transfer to sulfoxides. 

 

 These chiral compounds offer a unique 3D tetrahedral topology enabled by another 

substituent (=NR). The new acidobasic characteristics and spatial arrangement can be used to 

further refine the physiological and biological characteristics of active pharmaceutical ingredients 

(APIs) such as Roniciclib 50 or crop protection agents such as Sulfoxaflor 51 (Scheme 11).77,81,82  
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Scheme 11. Biologically active sulfoximines derived from chiral sulfoxides, Roniciclib and Sulfoxaflor. 

 

1.5. Enantioselective Preparation of Chiral Sulfoxides 

 Chiral sulfoxides are typically prepared asymmetrically through three main methods (a-c), 

and other methods (d) (Scheme 12): 

a) nucleophilic substitution of diastereomerically pure sulfinates 

 

b) enantioselective oxidation of prochiral sulfides 

 

c) kinetic resolution of racemic sulfoxides 

 

 d) other methods 

Scheme 12. Current key approaches in asymmetrical preparation of chiral sulfoxides. 

 

1.5.1. Nucleophilic Substitution of Diastereomerically Pure Sulfinates 

 One of the first methods for asymmetric preparation of chiral sulfoxides was a procedure 

developed by Andersen.83,84 This approach is based on nucleophilic substitution of 

diastereoisomerically pure sulfinates with organometallic reagents (Scheme 13). Sulfinyl chloride 

52 reacts with a chiral alcohol 53 to form a chiral sulfinate 54. The resulting diastereomers of 54 

are separated and undergo nucleophilic substitution with an organometallic reagent to form 

sulfoxide 55 stereoselectively. 
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Scheme 13. Preparation of chiral sulfoxides by nucleophilic substitution method. 

 

 Ever since the inception of this method, numerous modifications have been developed.85–

94 Figure 8 highlights some of the most popular chiral precursors (56, 57, and 58) used in the 

synthesis of enantioenriched sulfoxides. While this approach can deliver chiral sulfoxides with 

good to excellent enantiomeric excess (ee), it has several limitations. The process relies on 

optically pure starting materials, requiring complex optimization and often challenging purification 

steps, such as multiple crystallizations or chromatography. Additionally, the preparation of alkyl 

alkyl sulfoxides can be difficult or impractical due to the challenge of separating optically pure 

sulfinates from oily mixtures. A further common issue is the inability to obtain the minor 

diastereomer in sufficient quantity or quality to prepare the complementary sulfoxide enantiomer. 

Further methodological improvements, such as the introduction of a chiral sulfite 59 or sulfimidate 

precursors 60 and 61 addressed some of these issues. 

 

Figure 8. Examples of chiral synthons used for the preparation of sulfoxides by nucleophilic substitution. 
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 Probably, the most universal protocol was developed by the group at Sepracor 

(Scheme 14).89 This approach effectively employs diastereomerically pure oxathiazolidine-S-oxides 

derivatives endo-63 and exo-63, which are derived from the starting material (1R,2S)-62. During 

the reaction with thionyl chloride, the choice of base determines the reaction pathway, guiding it 

towards either the endo or exo product. A subsequent nucleophilic substitution with a Grignard 

reagent causes the sulfonamide group to leave, and an inversion of configuration occurs at the 

sulfur center, consistent with an SN2 reaction, though some literature also suggests a possible 

addition-elimination mechanism.91 The addition of the second Grignard reagent provides the 

resulting chiral sulfoxide. This method has been shown to produce various chiral sulfoxides with 

high enantiomeric excess values and relatively high yields.89 The main advantage of the method is 

that it produces both enantiomers 65 from a single chiral synthon (1R,2S)-62. 

 

Scheme 14. Complementary asymmetric pathways to both sulfoxide enantiomers. 
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1.5.2. Asymmetric Oxidation of Prochiral Sulfides  

 The asymmetric oxidation of prochiral sulfides is currently one of the most utilized 

methods for the preparation of chiral sulfoxides. The pros and cons of both stoichiometric and 

catalytic methods will be discussed in the following section. 

1.5.2.1. Stochiometric oxidation 

 The first efforts to asymmetrically oxidize sulfides to sulfoxides were undertaken with 

chiral peroxyacids as the oxidant. However, rather low stereoselectivity was observed.95 Davis 

introduced chiral oxaziridines that proved more effective due to their electrophilicity and steric 

hindrance96–100. Later, it was reported the application of sulfamyloxaziridines, which are easier to 

prepare, provide chiral sulfoxides with ee up to 68%.101 Subsequent studies introduced oxaziridine 

67, which has proven effective for enantioselective oxidation of sulfides. (Scheme 15).102 

 

Scheme 15. Enantioselective oxidation of sulfides with oxaziridine 67. 

 

Another improvement of the method was achieved through the in situ generation of chiral 

oxaziridines from chiral imines (Figure 9).103–105  

 

Figure 9. Examples of chiral oxaziridine oxidants and imine precursors used for in situ generation of oxidants.
104–106

 

 

Chiral peroxides 71 and 72 were used as chiral selectors for asymmetric oxidation 

mediated by transition metals (Scheme 16).107–111 Part of the process involved kinetic resolution 

through the selective overoxidation of one enantiomer to sulfone, enhancing the ee.108–111  
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Scheme 16: Chiral peroxides as a chiral source for asymmetric oxidation with titanium catalyst. 

 

1.5.2.2. Chemocatalytic oxidation 

 The most well-studied method for asymmetric catalytic oxidation of prochiral sulfides relies 

on catalysis by transition metal complexes.112 There were two original stochiometric protocols that 

were developed independently by Kagan and Modena.113–115 Both authors utilized the principle of 

Sharpless's catalysis for asymmetric epoxidation. In the beginning, both methods used a 

stoichiometric amount of a titanium catalyst (Ti(OR)4, where R = Et, i-Pr), diethyl tartrate (DET), 

serving as a chiral auxiliary group, and an oxidizing agent (tert-butyl hydroperoxide (TBHP) or 

cumene hydroperoxide (CHP)). 

 The major progress was the discovery that it is sufficient to use only a substoichiometric 

amount of a transition metal as a catalyst.54,116 This significantly shifted the efficiency of synthesis 

and thus interest in this class of compounds. Extensive research has enhanced these approaches, 

focusing on the use of a wide range of chiral ligands, like chiral diols or triols (Figure 10).54,116–121 

Notable examples are BINOL from Uemura's modification (Scheme 17).122,123 Various oxidants, 

including peroxides and peroxyacids, were also employed.54,112,116 
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Scheme 17. Modification of the original method of preparing chiral sulfoxides, using a catalytic amount of Ti-catalyst. 

 

 

Figure 10. A few examples of chiral ligands for Ti-catalyzed asymmetric oxidation of sulfides. 

 

 Overoxidation to sulfone is a common phenomenon in these reactions. Interestingly, some 

protocols have leveraged this tendency to improve ee values by designing kinetic resolution 

conditions that exploit selective overoxidation.124–126 In such cases, one enantiomer is 

preferentially oxidized to the sulfone, leaving the other intact, which leads to a reduction in overall 

yield but enhances enantiopurity.54,109,125–127 However, this also necessitates the separation of the 

sulfone byproduct. Consequently, the overall outcome of oxidation reactions catalyzed by 

transition metals often combines both asymmetric oxidation and kinetic resolution strategies. 

 Modern versions of the oxidation reaction use complexes based on Schiff bases,128–130 and 

salen/salan-type ligands,131,132 as well as other metals such as vanadium,133,134 manganese,135,136 

and iron.137–139 A highly efficient catalytic system for oxidizing prochiral sulfides was reported by 

Katsuki (Scheme 18).139 This method achieves enantioselective oxidation with just 1 mol % of 

catalyst 79 and inexpensive hydrogen peroxide as a terminal oxidant.139 It should be noted that 
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despite the formidable progress of these chemocatalytic methods, substrates bearing two sp3 

carbons adjacent to the sulfur atom remain a major challenge in terms of enantioselectivity. 

  

Scheme 18. The salan-based iron catalyst for asymmetric oxidation of prochiral sulfides. 

 

 Organocatalysis is another modality that can be utilized for asymmetric oxidations of 

sulfides.127 A number of reports took inspiration from natural flavin-containing oxidases.140–142 

Chiral flavins based on paracyclophane chiral units were designed, however, the stereoselectivity 

achieved was only modest.127,140 Later, other modifications of planarly chiral flavin salts with 

increased steric demands and hydrophobic π-π interactions, reached up to 60% ee.140,143 An 

interesting approach was reported by Cibulka et. al. that covalently linked flavin derivatives with 

chiral cyclodextrins. Enantioselectivities achieving up to 80% ee were obtained, using low catalyst 

loadings (Scheme 19).144,145 
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Scheme 19. Efficient organocatalyst using flavin-like cofactor merged with cyclodextrin. 

 

 List's group developed a highly efficient organocatalytic method for enantioselective chiral 

sulfoxide preparation.146 The activation of hydrogen peroxide with a strong chiral Brønsted acid 82 

provided a deep chiral pocket that preorganized sulfide substrates for highly enantioselective 

oxidation. This method achieved excellent ee values (up to 98%) and high yields across various 

substrates and was utilized in the synthesis of the drug (R)-Sulindac (Scheme 20 ).146 Many other 

organocatalytic asymmetric sulfoxidations have been described and are detailed in several 

comprehensive reviews.112,127 

 

Scheme 20. Chiral Brønsted acid-catalyzed asymmetric oxidation of sulfides. 
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1.5.2.3. Biocatalytic oxidation 

 Enzymes or whole organisms provide a powerful strategy for asymmetric oxidations and 

can be utilized for the preparation of chiral sulfoxides (Scheme 21).147 Methods of recombinant 

DNA and DNA amplification along with the recent progress in in vitro evolution of enzymes fueled 

the large-scale deployment of enzymes in organic synthesis.148,149 

  

Scheme 21. General scheme of biocatalytic oxidation. 

 

 Various oxidases have been used for the asymmetric oxidation of prochiral sulfides to 

sulfoxides.147,150,151 Enzymes classes commonly used include flavin monooxygenases (FMO), 

haloperoxidases, and P-450 cytochromes and other heme-dependent enzymes.147 Specific 

examples of natural or evolved enzymes used for this transformation include horseradish 

peroxidase (HRP),152 haloperoxidases,153–155 cyclohexanone monooxygenase (CHMO),156 4-

hydroxyacetophenone monooxygenase (HAMPO),157 flavoprotein monooxygenase,158 lacto-

peroxidase, lignin-peroxidase, Baeyer-Villiger oxidase (BVMO),159,160 myoglobin,161 and various 

dioxygenases, e.g. toluene and naphthalene dioxygenase.162 Recent advances in computational 

tools and predictive algorithms offer new approaches for the enzyme development, however, 

challenges related to a narrow substrate scope and enantiocomplementarity remain.147,156,163,164  

For instance, oxidation of prochiral sulfides with CHMO enzyme can provide high yields and 

enantioselectivity with some model substrates, however relatively small structural changes in the 

substrate may lead to a significant drop in enantioselectivity or even its reversal (Scheme 22).156 

An enantiocomplementary approach often necessitates the use of entirely different enzymes for 

each enantiomer, making the development process both time-consuming and costly. 
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Scheme 22. Biocatalytic oxidation of prochiral sulfides catalyzed by the promiscuous enzyme cyclohexanone 
monooxygenase.  

 

 Directed evolution of enzymes enables to tune of the particular enzyme for a given 

substrate. This feature leads to increasing popularity in industrial applications as it provides an 

environmentally benign and cost-effective way for the preparation of fine chemicals.165,166 A prime 

example is the enzymatic oxidation of Pyrmetazole 87 to Esomeprazole 8 used for the large-scale 

preparation of the drug. 19 rounds of directed evolution of the natural BVMO enzyme yielded a 

variant that has an improved activity by 5 orders of magnitude providing the product with a high 

yield and excellent enantioselectivity (Scheme 23).160,167  

 

Scheme 23. Biocatalytic method for the preparation of Esomeprazole using an evolved variant of BVMO enzyme. 

 

 Whole-cell catalysis is sometimes preferred over isolated enzymes for stability and cost 

reasons. Various bacterial,168 yeast,169 and fungi strains170,171 are commonly used for recombinant 

expression of enzymes since they are relatively easy to cultivate.147,172,173 The choice of expression 

system often hinges on factors like growth rate, replication speed, and environmental and nutrient 

requirements specific to the chosen media. Additionally, factors like cofactor and metabolite 

availability are crucial for enzyme production, as well as the structure and stability of the target 

enzyme itself. Another consideration is laboratory setup, including available tools and equipment, 

familiarity with established protocols, and access to suitable vectors or plasmids for the expression 

system. On the other hand, bioprospecting for unique strains or organisms, such as extremophiles 
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or those from polluted areas, can uncover new systems with improved selectivity and novel 

reactivity. For example, fungi mold Cunninghamella echinulata (MK-40) showed high ee (>99%) for 

(S)-Rabeprazole 89 synthesis, though with a narrow substrate range (Scheme 24).174 

 

Scheme 24. The whole organism asymmetric oxidation of Rabeprazole using the strain Cunninghamella echinulata 

(MK-40). The narrow substrate scope limits its application to other compounds such as 66. 

 

1.5.3. Kinetic Resolution of Chiral Sulfoxides  

 Kinetic resolution involves a chemical process where one enantiomer of a racemic mixture 

reacts at a faster rate than the other.175 This preferential reaction results in the conversion of one 

enantiomer to a product (P1 or P2) (e.g. if (R)-enantiomer would react faster than S: kR > kS) 

(Scheme 25).175 The efficiency of kinetic resolution is characterized by the stereoselective factor s, 

which is defined as a ratio between reaction rate constants (eq.1). Selectivity factor can be also 

derived from the conversion (C) of the reaction and ee of the substrate. The first utilization of 

kinetic resolution was reported by Pasteur in 1857.176 During his experiments with tartaric acid 

fermentation, Pasteur observed that the reaction proceeded efficiently with D-tartaric acid but 

very poorly, or not at all, with L-tartaric acid. When both enantiomers were combined into a 

racemic mixture, the fermentation process enabled effective kinetic resolution.176 This experiment 

stands out as one of the earliest examples of an enantioselective biocatalytic reaction using a 

whole living organism. 
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𝑠 =  
𝑘𝑅

𝑘𝑆

 =  
ln ⦋(1 − 𝐶)(1 − 𝑒𝑒)⦌

ln ⦋(1 − 𝐶)(1 + 𝑒𝑒)⦌
     (eq. 1) 

Scheme 25. Representation of kinetic resolution and equation for calculating stereoselectivity (s). 

 

 Chemical methods for the kinetic resolution of sulfoxides are limited to the above-

mentioned oxidative catalytic systems,177 including chiral titanium complexes and vanadium-salan 

systems.125,134 Kinetic resolution is achieved through the selective oxidation of one sulfoxide 

enantiomer to sulfone. Another oxidative approach relies on iron-catalyzed asymmetric nitrene 

transfer, which produces sulfoximines (Scheme 26).178  

 

Scheme 26. Iron complex-catalyzed imidative kinetic resolution of racemic sulfoxides. 

 

 Kinetic resolution of chiral sulfoxides can be achieved also through a selective reduction to 

sulfides. However, chemical methods relying on this approach are fundamentally 

underdeveloped.179,180 On the other hand, literature reports several enzyme classes that can 

reduce S=O even in non-natural substrates with considerable stereoselectivity. These enzyme 

classes include trimethylamine monooxygenase (EC 1.14.13.148), trimethylamine-N-oxide 

reductase (EC 1.7.2.3), dimethyl sulfide:cytochrome c2 reductase (EC 1.8.2.4), biotin sulfoxide 

reductase (EC:1.8.4.13), respiratory dimethyl sulfoxide reductase (1.8.5.3) and methionine S-oxide 

reductases (1.8.4.11-14).181 Therefore, enzymes are of particular interest for this type of 

enantioselective transformation. For instance, Yamazaki group utilized DMSO reductase from 

Rhodobacter sphareoides f. sp. denitrificans for kinetic resolution on various aryl alkyl sulfoxides 
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with high ee values reaching 99%.182 The recovered sulfoxide enantiomers were isolated in the 

absolute (R)-configuration, reflecting the enzyme's (S)-selectivity. The method was refined and 

applied to prepare (R)-sulfoxides on a preparative scale, though yields were below 50% 

(Scheme 27).183,184  

 

Scheme 27: Electrochemical enzymatic deoxygenation of chiral sulfoxides. 

 

 Notably, in the context of enzymatic asymmetric S=O bond reductions, the analysis of 

substrate specificity for bovine MsrA revealed its ability to selectively reduce various sulfoxides, 

including MetSO in proteins, N-AcMetSO, and L-MetSO, DMSO, and S-(–)-methyl-p-tolyl sulfoxide 1 

among others.185 

1.5.4. Other Methods 

 Alternative approaches for enantioselective preparation of sulfoxides include 

desymmetrization methods, such as asymmetric hydrogenation of vinyl sulfoxides.186 Recently, 

increasing attention has been given to asymmetric substitution reactions that use in situ-

generated sulfenate anions (Scheme 28). 187,188 
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Scheme 28. Asymmetric nucleophilic substitution with sulfenate anion generated from various sulfoxide precursors. 

 

1.6. Methionine Sulfoxide Reductase  

 Methionine is an essential amino acid obtained from the diet, crucial for various metabolic 

pathways.189,190 It is the only amino acid with a single codon, AUG, which also acts as the start 

codon in eukaryotes (formylmethionine is used in prokaryotes). Methionine is prone to oxidation 

by reactive oxygen species (ROS),191,192 forming an equimolar mixture of sulfoxide epimers R and 

S.193 Methionine sulfoxide reductases (Msrs) are a class of enzymes that reverse this oxidation and 

convert methionine sulfoxide back to methionine and thus helps maintain redox balance and 

repair damaged proteins.192,194–196 Msrs exists in two enantiocomplementary forms: MsrA, which 

reduces the (S)-enantiomer, and MsrB, which reduces the (R)-enantiomer (Scheme 29).189,197,198 

These enzymes, with mirror-image active sites, have evolved independently through convergent 

evolution and are encoded by separate genes on different chromosomes in the eukaryotes.199–205 
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Scheme 29. Schematic representation of reversible oxidation of methionines in proteins.
196,206 

 

 Msr enzymes are found across all aerobic life forms185,200,207–211 displaying a wide range of 

catalytic activities (e.g., MsrA from S. cerevisiae: 7.71 ± 0.03 s–1, and MsrA from E. coli: 3.7 ± 0.5s–1, 

MsrA from P. trichocarpa 0.30 ± 0.03 s–1, and MsrB from A. thaliana 0.17 ± 0.01 s–1 etc.; for free 

methionine sulfoxide or N-acetyl methionine sulfoxide).212 Regardless of these variations, five 

amino acids in the active site are proposed to be essential for the activity: cysteine (Cys), glutamic 

acid (Glu), tryptophan (Trp), phenylalanine (Phe) and tyrosines (Tyr) (Figure 11).213,214 Site-directed 

mutagenesis has shown that replacing the catalytic amino acids such as cysteine with serine (Ser) 

stops the enzyme's activity,214,215 while introducing selenocysteine (Sec) enhances it.216,217 
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Figure 11. Detailed view of the 3D structure of the active site of MsrA highlighting amino acids (in teal color) important 

for enzyme function. The acetate ion is shown inside the hydrophobic cavity. 205 

 

 The proposed reaction mechanism is depicted in Scheme 30.215,218–221 The process begins 

with the sulfoxide entering the enzyme’s active site, where it forms a supramolecular complex 

(Michaelis complex) through hydrogen bonds with glutamic acid and tyrosine. Tryptophan and 

phenylalanine contribute to π-π stacking, increase cavity hydrophobicity, and help position the 

substrate for enantioselective transformation. Once inside, protonation and activation of the S=O 

bond occurs (I), enabling its attack by an active cysteine residue (II), leading to a sulfenic acid 

intermediate. Tyrosine donates a proton (III), facilitating water departure and leaving behind a 

sulfonium ion. This ion is then attacked by a nucleophile (IV), which could be water or a second 

catalytic cysteine, depending on the MsrA variant. This results in either a protonated sulfenic acid 

or the formation of a disulfide bond (IV, V). Finally, the resulting sulfide is released from the active 

site, and the enzyme regenerates (VI) back to its reduced form (VII). This reduction regeneration 

step is mediated by the natural thioredoxin/NADPH system in vivo, while in vitro, reductants like 

dithiothreitol (DTT), dithioerythritol (DTE), or tris(2-carboxyethyl)phosphine (TCEP) are utilized. 
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Scheme 30. Proposed catalytic cycle of methionine sulfoxide reductase A.  

 

 Oxidative damage is a phenomenon associated with a number of diseases including cancer, 

Alzheimer's, and other neurodegenerative disorders.222–224 Methionine sulfoxide reductase A, has 

been recognized for its ability to mitigate this oxidative damage by repairing oxidized methionine 

residues in various proteins.225 Although a broad spectrum of cellular proteins is known to be 

inactivated by methionine oxidation, there are growing examples where methionine sulfoxide 

generation serves as a gain-of-function posttranslational modification.226–228 Furthermore, studies 

have linked MsrA activity to an extension of life span in organisms such as fruit flies 

(Drosophila).192,194,195,229,230 Despite the biological importance of MsrA, simple and effective tools 

for real-time in vivo monitoring of its activity were lacking until recently. Our laboratory has 

developed BODIPY-based ratiometric fluorescence probes 98 named (S)-Sulfox-1 and (R)-Sulfox-1 
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that enabled direct and efficient monitoring of MsrA and MsrB activity in living cells 

(Scheme 31).206 A variety of other probes has been developed in our laboratory ever since.231–233 

These projects indicated that Msrs are robust enzymes with high enantioselectivity and relatively 

low specificity. This observation was a starting point for a project described in this thesis. 

 

Scheme 31. Fluorescent probe (S)-Sulfox-1 for the monitoring MsrA activity in vivo and in vitro with a visible color 
change upon sulfoxide reduction and sulfide formation.

206
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2. Aims of the Work 

 The major aim of this work was to develop a robust biocatalytic method for the general 

enantioselective preparation of chiral sulfoxides. There were the following specific sub-goals. 

1. Explore the enzyme methionine sulfoxide reductase A (MsrA) for the kinetic resolution of a 

wide range of chiral sulfoxides including the pharmaceutically important ones. 

2. Explore the enzyme methionine sulfoxide reductase B (MsrB) for the 

enantiocomplementary kinetic resolution of chiral sulfoxides. 

3. Develop a chemoenzymatic protocol for deracemization of chiral sulfoxides based on Msr 

enzymes. 

4. Explore the reactivity of in vitro evolved variants of Msr enzymes in the kinetic resolution 

of sulfoxides. 
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3. Results and Discussion  

3.1. Enzymatic Kinetic Resolution of Sulfoxides With Methionine Sulfoxide Reductase A 

 Previous experiments in our lab with chiral fluorescent probes provided expertise in the 

recombinant expression of MsrA enzymes from various organisms. Having these enzymes in hand 

prompted us to test this class of enzymes for a new enzymatic kinetic resolution of chiral 

sulfoxides. The initial experiments were done with MsrA from S. cerevisiae. In order to test the 

substrate scope of the enzyme, a set of four racemic sulfoxides 1, 100-102 was prepared by 

alkylation of corresponding thiols followed by oxidation. It is worth mentioning that classical 

oxidation with m-CPBA was later substituted with the acetic acid/hydrogen peroxide method that 

provided much cleaner products with minimal overoxidation to sulfones. 

 The substrates were chosen to assess the allowed o-, m-, p- substitution pattern on the 

aromatic ring as well as the change of methyl to larger ethyl substitution. The initial experiments 

were performed at a 6.5 mM concentration of substrates (~1 g/L for model substrates) in 

phosphate buffer pH 7.5 with 2 % acetonitrile as a co-solvent. These conditions secured good 

solubility of substrates while keeping reasonable substrate concentration. Given the catalytic 

parameters of the enzyme (KM=560 µM, kcat=7.71 s–1 for methionine sulfoxide 5) and our previous 

experiment with fluorescent probes, 0.1 mol% of the enzyme was used as a catalytic loading. 4 

equivalents of DTT (26 mM) were used as a terminal reductant. Delightfully, all substrates were 

reduced by MsrA with excellent enantioselectivity. Corresponding (R)-sulfoxides were obtained 

with ee values of > 99% at the 50% conversion (Table 1). Substrates 100 and 102 required longer 

reaction times, which most probably reflects their steric hindrance. It has to be noted that the 

enzymatic reaction did not proceed any further after the 50% conversion was reached, and the 

sulfoxide concentration remained constant for several more hours. These experiments 

demonstrate an exceptional enantioselectivity of MsrA even among other enzymes commonly 

utilized for kinetic resolution of chiral compounds (e.g. lipases).234 
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Table 1. Pivotal results of kinetic resolution with MsrA (S. cerevisiae).
(a) 

 

(a) Reactions were performed on a 10 µmol scale (6.5 mM substrate solution), the reaction time to complete 
conversion was from 4h to 10h. (b) conversion measured by HPLC against the blank reaction without an enzyme. 

 

 Encouraged by these results, other sulfoxide substrates were synthesized according to the 

general procedure and tested in MsrA-catalyzed kinetic resolution. The results are summarized in 

Table 2, substrates 74 and 103 containing electron-accepting bromo and carbaldehyde 

substituents on the aromatic ring reacted readily providing enantiomerically pure sulfoxides at the 

50% conversion. Notably, MsrA enables chemoselective reduction of sulfoxide over aldehyde, 

which is a non-trivial reaction achieved by purely chemical means. Also, replacing the aryl group in 

the substrate with phenylmethyl or phenylethyl moiety yielded enantiomerically pure sulfoxides 

85 and 104. As mentioned above, sulfoxides with two adjacent sp3 carbon substituents are 

notoriously difficult substrates to obtain in high enantiomeric excess by chemical methods. 

Therefore, this enzymatic approach provides a new way for the preparation of these difficult 

substrates. Substrate 105 with electron-donating amino group on the aromatic ring and 

investigational drug oxisuran 106 were also good substrates for the enzymatic reduction, however 

difficult isolation of the sulfoxides from the reaction mixture prevented the determination of the 
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enantiomeric excess. Further optimization would be required to isolate these products. Substrates 

107-109 with propyl, isopropyl, and chloromethyl substituents indicated limitations of the method 

in terms of the second substituent on the sulfoxide moiety. Anything larger than the ethyl group 

seems to shut down the reactivity. This observation is in agreement with the X-ray structure of the 

enzyme which shows a relatively shallow binding pocket in the active site of the enzyme.205 

Table 2. Summary table of kinetic resolution with isolated enzyme MsrA (S. cerevisiae)
(a),(c)

 

 

(a) Reactions were performed on a 10 µmol scale (6.5 mM substrate solution), (b) conversion was measured by HPLC 
against the blank reaction without an enzyme, (c) the reaction time to complete conversion was from 2h to 10h, (d) 
n.d. = not determined.  

 

 It has been reported that certain MsrAs can also stereoselectively oxidize methionine to 

methionine sulfoxide.221 This reverse process would provide the opposite enantiomer than the 

reduction. Therefore, MsrA (S. cerevisiae) was also tested for oxidation of sulfide 66 with various 
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concentrations of H2O2 as a terminal oxidant. However, no sulfoxide product was observed. 

Therefore, this direction was not pursued further. 

 During these experiments, MsrA from E. coli bacteria was also recombinantly expressed. It 

turned out that the production of this enzyme is higher yielding (50 mg/L culture vs 24 mg/L 

culture) and the resulting enzyme preparation is more stable for long-term storage while having 

similar activity as MsrA from S. cerevisiae. Therefore, this enzyme was also tested for kinetic 

resolution with a panel of chiral sulfoxides (Table 3). Similarly to previous experiments, MsrA (E. 

coli) turned out to be highly efficient for the kinetic resolution of chiral sulfoxides. A variety of 

sulfoxides with different structural features and functional groups were obtained as pure 

enantiomers with enantioselectivity factor s reaching a value of more than 100 (Table 3). Same as 

with the yeast enzyme, the largest accepted R2 substituent on the sulfoxide is the ethyl group. 

Anything larger, like propyl suppresses the reactivity with the enzyme. Despite this fact, this 

enzymatic kinetic resolution of sulfoxides belongs to the most general and efficient methods 

published so far.  
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Table 3. Summary table of kinetic resolution with isolated homologous enzyme MsrA (E. coli)
(a)

 

 

(a) Reactions were performed on a 10 µmol scale (6.5mM substrate solution). (b) n.d. = not determined; (c) the reaction 
was carried out with 0.15 mol% of MsrA. 

 

3.2. Chemoenzymatic Deracemization of Chiral Sulfoxides 

 The enzymatic kinetic resolution described above is a new powerful method for the 

preparation of enantiomerically pure sulfoxides. In order to make the method more practical and 

economical for the large-scale production of chiral sulfoxides, we sought a way to avoid a 

relatively expensive DTT reductant as well as the isolation of the enzyme. E. coli cells used for the 

preparation of the MsrA enzyme could provide sufficient reducing power through 
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the NADPH/TrXR/TrX cascade to drive the reaction forward (Scheme 32). The whole-cell format of 

the reaction would also eliminate the need for enzyme isolation. 

 

Scheme 32. Schematic representation of thioredoxin-based reducing system of E. coli. 

 

 In order to test the whole cell catalysis hypothesis, a number of initial experiments were 

performed with variations in buffers (LB broth, TBE, M9 minimal), pH (6-9), substrate 

concentration, carbon source (glucose, glycerol), cells concentration, a type of a reaction vessel, 

organic cosolvents at different concentrations, etc. As a result of these experiments, an interesting 

observation was made. A reaction carried out in a 50 mL polypropylene Falcon tube provided 

enantiopure sulfoxide 74 at roughly 50% conversion, whereas the same reaction performed in a 

100 mL glass Erlenmeyer flask showed minimal conversion and enantiomeric excess values 

(Scheme 33). Investigation of this observation led us to a hypothesis that a resulting lipophilic 

sulfide product is toxic to cells that are no longer capable of supplementing the reaction with a 

reductant. The relatively lipophilic surface of a polypropylene tube is likely capable of sequestering 

the sulfide product thus preventing the toxic effect on E. coli cells. To evaluate this hypothesis, 

cells from an unsuccessful reaction were reacted with the (S)-Sulfox-1 probe. No reaction was 

observed until DTT was introduced, indicating that the cells had lost their natural reducing 

conditions, likely because of reduced NADPH levels or cell death. Nevertheless, MsrA was still 

present and functional. 
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Scheme 33. Preliminary trials involving whole-cell reductions were conducted with E. coli in glass Erlenmeyer flasks or 
polypropylene Falcon tubes. 

 

 Our hypothesis was that the accumulation of lipophilic sulfide, which forms from the 6.5 

mM sulfoxide as the reaction progresses, might damage the cell membrane of E. coli rather than 

targeting specific cellular processes, leading to cell toxicity. To test this, we took advantage of the 

fact that E. coli can grow in the presence of water non-miscible organic solvents, like decane 

(partition coefficient log KOW > 4).235 First, we confirmed that E. coli cells can grow on LB agar plates 

covered with a layer of decane.236 Then, we tested the solution culture of E. coli with 5% (v/v) of 

decane. The cell growth observed was nearly identical to cell culture without decane co-solvent. 

Furthermore, the cell culture supplemented with decane co-solvent was also tolerant to the 6.5 

mM concentration of model sulfoxide compound 74. Interestingly, co-solvents like hexane and 

heptane were incompatible with the bacterial culture’s growth. We assumed that the lipophilic 

sulfide product would partition into the organic phase, thereby not interacting directly with the 

cell membranes, while the polar, non-toxic sulfoxide would stay in the aqueous buffer and be 

accessible for reduction. Delightfully, when tested in the kinetic resolution of racemic sulfoxide 74, 

the addition of 5% (v/v) decane to the cell culture resulted in enantiopure sulfoxide at 50% 

conversion, aligning with the in vitro results (Scheme 34). To determine enzyme concentration, we 

quantified MsrA in the cell culture under the reaction conditions (details in the experimental 

section). The concentration of the enzyme in the whole-cell reaction turned out to be almost 

identical to the in vitro experiment (0.1 mol %), confirming the expected value given the original 

design of the experiment. 
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Scheme 34. Whole-cell kinetic resolution with MsrA enabled by the addition of decane in a two-phase system. 

 

 This whole-cell biphasic kinetic resolution approach provided us with the opportunity to 

reoxidize the sulfide product in the organic phase back to sulfoxide and obtain yields beyond the 

maximum 50% for kinetic resolution. In order to achieve this goal, a suitable lipophilic oxidant was 

required (Scheme 35). 

 

Scheme 35. The proposed concept of two opposing pathways in a single reaction setup, enabled by a two-phase 
system. Asymmetric enzymatic reduction takes place in the aqueous phase and racemic chemical oxidation in the 
organic phase. 

 

 The oxidant had to meet two requirements. First, it needed to be lipophilic enough to 

reside in the organic phase to prevent oxidative damage to the cells. Second, it had to have a 

sufficient rate of oxidation of sulfide to sulfoxide that would be compatible with the enzymatic 
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reduction rate. In the initial experiments, tert-butyl hydroperoxide 115 and cumyl hydroperoxide 

116 were tested due to their large lipophilic groups and ability to oxidize sulfides to sulfoxides 

(Figure 12).237 However, their solubility in the aqueous environment was still relatively high, 

resulting in cell death. Therefore, hydroperoxide 117 with a long aliphatic chain was synthesized 

(Figure 12).238 Extending the alkyl chain by an additional nine carbons eliminated toxicity to cells, 

however, the oxidation rate of sulfide to sulfoxide was very low (<5% in 24h). Therefore, 

hydroperoxides were abandoned as possible oxidants. 

 

Figure 12. Tested oxidants for biocompatible oxidation of sulfides. 

 

 Next, the attention was turned to oxaziridine-based oxidants that are more reactive in the 

oxidation of sulfides than hydroperoxides. Oxaziridine 118 with twelve-carbon chain was prepared 

in two simple steps from a cheap starting material saccharin 119 (Scheme 36).99 It turned out to be 

compatible with cell culture and exhibited sufficient reactivity toward sulfide oxidation. The imine 

120, a waste product of the oxidation reaction, can be easily separated from the sulfoxide product 

and regenerated. 

 

Scheme 36. Two-step synthesis of saccharine-based oxaziridine oxidant. 

 

 By using oxaziridine oxidant 118, a preparative scale deracemization of racemic sulfoxide 74 

was achieved. One equivalent of oxidant was sufficient to obtain enantiomerically pure sulfoxide 

74 in 79% isolated yield (112 mg) (Scheme 37). 
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Scheme 37. Schematic representation of sulfoxide 74 deracemization cycle in a two-phase system with MsrA and 
oxaziridine oxidant. 

 

 These conditions were utilized to determine the substrate scope of this deracemization 

protocol. All chiral sulfoxides used in the kinetic resolution were successfully deracemized on a 

preparative scale (0.65 mmol), all showing excellent enantioselectivity (up to ee > 99%) and 

isolated yields above 50% (Table 4, entry 1 – 11). Notably, some of the lipophilic sulfoxides (e.g. 

111) were isolated in very good yields reaching up to 90%. On the other hand, the yield of more 

polar substrate 112 with phenolic substituent was 62% as determined by HPLC and 52% of the 

isolated product. The lower yield of the product may be related to the worse partitioning into the 

decane phase and slower reoxidation of the sulfide product. For some substrates (85 and 113), an 

optimization of cell (enzyme) loading was required to obtain high yields and enantioselectivities. 

Thanks to these optimizations, even these challenging alkyl-alkyl sulfoxides 85 and 113 were 

successfully deracemized with good yields and excellent enantioselectivities. 
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Table 4. Final table showing the substrate scope of deracemization.
(a)

 

 

(a) Reactions were performed on a 0.65 mmol scale (6.5 mM substrate), (b) The reaction was carried out with 0.2 mol% 
of MsrA, (c) The reaction was carried out with 0.3 mol% of MsrA, (d) β-Cyclodextrin (1 equiv) was added to the reaction 
mixture.  

 

To further demonstrate the applicability of this method, we utilized the deracemization 

conditions for the asymmetric preparation of the non-steroidal anti-inflammatory drug Sulindac 10 

(Table 4, entry 12). Due to Sulindac's poor solubility in both aqueous and organic solvents, further 

optimization of conditions was needed. In order to boost the solubility, we took advantage of β-

cyclodextrin and its ability to complex and solubilize organic compounds. Co-evaporation of 

racemic Sulindac with one equivalent of β-cyclodextrin from a 50% aqueous ethanol yielded deep 

yellow powder that was easily soluble in aqueous buffers.239 Interestingly, Sulindac methyl ester 
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121 was insoluble under any conditions. Using the optimized conditions, racemic Sulindac 10 was 

successfully deracemized on a preparative scale to yield the (R)-enantiomer of the sulfoxide in 61% 

isolated yield (140 mg) with 97% ee. To the best of our knowledge, this is the first general method 

for the efficient deracemization of chiral sulfoxides. It should be noted that we are aware of earlier 

attempts of deracemization of a specific allylic sulfoxide by Viedma ripening and a multistep 

repetitive kinetic resolution requiring isolation steps.240,241  However, our protocol provides a 

general platform for straightforward deracemization of a wide range of sulfoxide substrates 

achieving yields of up to 90% and enantiomeric excesses up to >99% ee. The enzyme MsrA 

demonstrated unprecedented enantioselectivity as well as a remarkably wide substrate scope. By 

combining MsrA with oxaziridine oxidant 118 in a biphasic system, we were able to deracemize a 

variety of aryl alkyl and alkyl alkyl sulfoxides. After these results were published, other sulfoxide 

deracemization procedures were reported that were inspired by our approach.242,243  

 

3.3. Enantiocomplementary Method for the Preparation of (S)-Sulfoxides  

 While biocatalysis has become essential for creating enantioenriched chiral molecules, 

natural enzymes often exhibit high substrate specificity and lack enantiocomplementary 

counterparts. Directed evolution, a technique introduced by Frances H. Arnold, enables the 

creation of custom enzymes for chemical synthesis.244–247 Although enantioselectivity can be 

altered through this method, the process can be labor-intensive, requiring many repetitive steps of 

evolution and selection, and depends heavily on efficient screening techniques. 248,249 Our 

objective was to find an enantiocomplementary alternative to MsrA with a broad substrate scope 

and applicability (Scheme 38).  

 

Scheme 38. Proposed complementary biocatalytic kinetic resolution to obtain the opposite enantiomer. 

 

 As mentioned in the introduction, MsrB enzymes offer a natural enantiocomplementary 
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alternative that we set out to explore. First, recombinant expression of MsrBs with the highest 

reported activity was attempted. MsrAB from H. pylori was reported to have both A and B domains 

with the A domain being catalytically inactive while the B domain having strong (R)-sulfoxide 

reducing activity.250 After several attempts, this enzyme was successfully expressed and isolated. 

Surprisingly, it was observed that the enantioselectivity of the enzyme was exactly opposite to the 

reported data.250 This observation was confirmed on multiple substrates. Interestingly, the original 

article discusses the structural features of the domains in relation to their catalytic 

activity/inactivity. Based on our results, these conclusions seem incorrect. We reached out to the 

authors, however our inquiry remained without an answer. Similar results were obtained with 

multidomain MsrAB from N. gonorrhoeae.202 Therefore, four other MsrB enzymes were expressed 

in E. coli: MsrB2 from A. thaliana,
207

 CBS-1 from H. sapiens,
210

 MsrB from N. gonorrhoeae,
202

 and 

MsrB from T. kodakarensis.251 Expression of all four enzymes was confirmed by SDS-PAGE. CBS-1 

from H. sapiens was difficult to isolate from bacterial culture and MsrB from T. kodakarensis 

showed negligible activity. The other two enzymes showed measurable desired reactivity towards 

model sulfoxides 74. Because of the worked-out procedure for the expression and isolation of 

MsrB2 from A. thaliana, this enzyme was selected for further experiments. It should be noted that 

the overall activity of MsrB2 was significantly lower compared to MsrA. Therefore, in a prospective 

experiment with sulfoxide 74, a ten-fold excess of the enzyme was required to push the reaction to 

a significant conversion (Scheme 39). Despite the increased enzyme loading (1 mol %), the reaction 

required 44 hours to reach 44% conversion. The enantiomeric excess of the remaining (S)-74 was 

determined to be 63%, giving only a modest stereoselectivity factor s of 17. Together with 

relatively high enzyme loading, this method does not provide a practical enantiocomplementary 

alternative to MsrA. It should be noted that the phenomenon of lower activity and high substrate 

specificity of natural MsrBs as compared to MsrAs was observed previously and seems to be 

general.252 

 

Scheme 39. Kinetic resolution with enantioselective MsrB2 (A. thaliana). 
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Based on these experiments, it was decided that the MsrB class of enzymes is not suitable 

for a general kinetic resolution providing the opposite enantiomers to MsrA. Accidentally, it was 

observed in our lab that stressed stationary phase E. coli cell cultures possess high (R)-sulfoxide-

reducing activity as observed with (R)-Sulfox-1 fluorescent probe 98. It was determined that the 

activity is located in a membrane fraction. Furthermore, to observe the activity in the membrane 

fraction, NADH was required. Supplementing the membrane fraction with DTT as a reductant did 

not lead to a measurable activity. Also, pyridine N-oxide was shown to be a competitive substrate 

to (R)-Sulfox-1. Based on these observations and information from databases, it was hypothesized 

that the enzyme responsible for this activity is dimethyl sulfoxide reductase (DMSO reductase, 

DmsABC). Efforts to isolate this multi-subunit membrane enzyme by a reported procedure or its 

modification proved unsuccessful.253,254 The final proof came from the knock-out experiment with 

E. coli knock-out strain missing the catalytic subunit A of DmsABC.255 This strain lacked the activity, 

however, when transformed with a plasmid with dmsABC gene cluster with an upstream natural 

promoter region, the activity was restored. These experiments unambiguously assigned the 

observed activity to the DmsABC enzyme. DmsABC is an enzyme complex consisting of three 

subunits A, B, and C. Subunit C is the membrane anchor, subunit B mediates electron transfer, and 

subunit A contains a catalytically active molybdopterin cofactor. It is a known enzyme, however, 

its upregulation in stressed E. coli cells and its enantiospecificity towards (R)-sulfoxides was 

described by our lab for the first time. After further literature research, as far as the 

stereoselectivity of reduction is concerned, there were several reports on enantioselective 

reduction of sulfoxides in whole E. coli cells, where DmsABC was suspected for the activity; 

however, no direct evidence was provided.241,256,257 This accidental discovery provided the desired 

enantiocomplementary enzymatic activity to MsrA. 

 

3.3.1. Application of Dimethylsulfoxide Reductase for Enantiocomplementary Kinetic Resolution 
of Sulfoxides  

 In the initial experiment, a membrane fraction of lysed overgrown E. coli cells was 

resuspended in Tris buffer, and racemic sulfoxide 100 and NADH (2 equivs) were added. After 

18 hours the conversion of the reaction reached 51% and the isolated sulfoxide 100 showed to 

have the desired S configuration with ee > 99% (Scheme 40). 
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Scheme 40. Initial experiments with DmsABC in cell membrane fraction.  

 

 The promising initial results prompted us to test DmsABC further. However, the 

reproducibility of the experiments was inconsistent. The lack of reproducibility was probably due 

to the differences in the membrane fraction preparation. The activity of the enzyme was sensitive 

to the conditions of cell lysis by sonication. Since it was difficult to control the activity in the 

membrane fraction, it was decided to go for the whole-cell format of the reaction, similar to the 

previous experiments with MsrA. Also, natural NADH concentration in cells should provide enough 

reducing power to drive the reaction without an external reductant. We used a mutant E. coli 

strain with msrA gene knock-out (KEIO collection ID JW4178) to prevent unwanted activity.258 It 

has been shown that the natural activity of enantiocomplementary MsrA is also upregulated at the 

stationary phase,259 which would potentially reduce the yield and selectivity of the reaction. E. coli 

cell culture was overgrown to OD600 3-3.5, in which DmsABC activity is naturally upregulated, the 

cells were resuspended in fresh nutrient medium buffer (M9 minimal) with 5% (v/v) of decane and 

incubated with the model substrate rac-74. The resulting mixture was incubated at 37°C and 

conversion and enantiomeric excess were monitored by HPLC. To the our delight, the reaction 

achieved 51% conversion in just 1 hour, with an excellent enantiomeric excess (ee > 99%) for the 

(S)-enantiomer, showing a high selectivity factor (s > 100 ) (Scheme 41). 

 

Scheme 41. Kinetic resolution with DmsABC in the whole-cell format. 

 

 In order to assess the amount of DmsABC reductase in the reaction mixture, proteomic 

analysis of the harvested cells was performed. The relative intensity of all proteins was related to 

the total protein concentration. Based on this analysis the amount of DmsABC reductase in the 

reaction mixture was estimated to be 0.00002 mol% or 0.2 ppm. This level of activity is in 
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agreement with the previously reported data for the purified enzyme and documents the 

exceptional catalytic performance of this molybdenum-containing enzyme.254 We then explored 

the substrate scope of the reaction, successfully resolving a broad array of aryl alkyl and alkyl alkyl 

sulfoxides with excellent enantioselectivity (s > 100) (Table 5).  

 Table 5. The substrate scope of DmsABC-catalyzed kinetic resolution of chiral sulfoxides. 

 

(a) 0.4 ppm of DmsABC, (b) 2.0 ppm of DmsABC (details in experimental section).  

 

 Similar to MsrA, the DmsABC reductase efficiently resolved various aryl methyl/ethyl 

sulfoxides. Notably, chiral sulfoxides with two adjacent sp³ carbons, which are typically challenging 

for chemical catalysts, were resolved with high enantioselectivity. Propyl tolyl sulfoxide 107, which 

is unreactive with MsrA, can be processed by DmsABC reductase but with low enantioselectivity (s 

= 3). The isomeric isopropyl tolyl sulfoxide 108 showed even lower reactivity, indicating the 

enzyme's sensitivity to branching at the alpha carbon of the sulfoxide group. Interestingly, 

chloromethyl tolyl sulfoxide 109, also unreactive with MsrA, was a good substrate for DmsABC 
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reductase, yielding the product with high enantioselectivity (s > 100). The chloromethyl group can 

facilitate further synthetic transformations via nucleophilic substitution or reactions with 

organometallic species, thereby broadening the range of accessible enantiomerically pure chiral 

sulfoxides.58,61,63,64 

 Given that the enzyme produces (S)-enantiomers of sulfoxides, we tested Omeprazole as a 

substrate to obtain the widely used drug Esomeprazole 8. Notably, racemic Omeprazole was 

resolved with an excellent selectivity factor (s > 100). This unexpected reactivity led us to examine 

substrates 123, 124, and 125 to better understand the substitution pattern necessary for achieving 

high enantioselectivity, especially in comparison to substrate 107 (Table 6). However, these 

substrates did not exhibit high enantioselectivity, suggesting that other steric or electronic factors 

may contribute to the high enantioselectivity observed for substrate 8.  

Table 6. Investigation of substitution effects using new sulfoxide substrates with a shared backbone. 

 

 The working hypothesis is that Omeprazole can form a spirocyclic structure 126 which is 

also proposed in the first step of activation of the drug in the stomach's parietal cells 

(Scheme 42).27–29,260–263 This rigid spirocyclic form has a very different spatial organization that can 

probably fit better in the active site of the enzyme. It would be interesting to test this hypothesis 
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with stable spirocyclic compounds with a sulfoxide moiety in different positions.  

 

Scheme 42. The initial step of Esomeprazole (pro)drug mechanism of covalent inhibition of the proton pump (ATPase). 

 

 To further show the utility of this enzymatic kinetic resolution, we scaled up the process to 

resolve Omeprazole into the blockbuster drug Esomeprazole. Given the low solubility of 

Omeprazole in the reaction buffer, we increased the pH to 9, which enhanced its solubility and 

minimized the formation of unwanted side products.27–29,167,260–263 Notably, the use of a decane co-

solvent was not necessary under these conditions. From 50 mg of Omeprazole, we obtained 

Esomeprazole 8 with a 38% isolated yield (56% conversion) and an enantiomeric excess of 98% 

(Scheme 43). This proof-of-concept experiment was conducted in a 100 mL reaction volume 

without extensive optimization. For larger-scale production of Esomeprazole, increasing the 

reaction volume or further optimizing conditions (e.g., using a flow reactor) would be necessary. 

 

Scheme 43. Preparative-scale kinetic resolution of Omeprazole. 

 

 We developed a new enantiocomplementary enzymatic protocol for highly efficient kinetic 

resolution of chiral sulfoxides. This method demonstrates excellent enantioselectivity across a wide 

range of substrates, surpassing many other enantioselective enzymes. Although DmsABC 

reductase is a complex multidomain, multi-cofactor enzyme system, we successfully developed a 

simple whole-cell format that can be easily utilized for an efficient resolution providing a 

blockbuster drug Esomeprazole. With a catalyst loading as low as 0.2 ppm, this approach highlights 

the power of biocatalysis. This study also highlights the potential for discovering new enzymatic 

activities in well-known organisms like E. coli. Additionally, with Alphafold technology now allowing 
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accurate predictions of protein structures,264 including those of DmsABC domains, we can use 

docking tools to explore new substrates and refine our understanding of enzyme selectivity for 

future drug development or directed evolution (Figure 13).265 Notably, in related projects in our lab 

it was discovered that DmsABC can deoxygenate other substrates than sulfoxides with substantial 

enantioselectivity. 

 

Figure 13. The spatial arrangement of subunits of the multidomain protein dmsABC. The structures are taken from the 

UniProt database, they were generated using Alphafold.
265

  

 

3.4. Expanding the Substrate Scope of MsrA by Directed Evolution  

 Despite the success of the kinetic resolution using MsrA, certain limitations in terms of 

substrate scope were observed and are described above. The enzyme exhibited a broad tolerance 

to substituents on one side of the sulfoxide, but on the other side, only smaller groups like methyl 

or ethyl were accepted. Larger substituents, such as propyl, prevent the reaction (Table 7). This 

limitation prompted us to explore methods of directed evolution to expand the substrate scope 

for MsrA. 
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Table 7. Substituent limitations in MsrA-based kinetic resolution. 

 

 

 Our lab has successfully developed a straightforward high-throughput assay for the 

directed evolution of sulfoxide reductases, utilizing a novel fluorescent probe 127, which carries a 

propyl substituent on the sulfinyl group.232 The main advantage of this probe is its ability to be 

applied directly on agar plates containing thousands of E. coli colonies expressing variants of MsrA 

(Scheme 44). This enables a broad and unbiased screening of large sequence spaces without the 

need for site-directed mutagenesis. This methodology overcomes the mutual bottleneck of high-

throughput assays, and could be extended to the evolution of other enzymes with similar 

activities, even without prior knowledge of their 3D structures or active site locations. 

gene library

with random mutations

(1014 variants)

(up to 106 variants)

 

Scheme 44. Visual representation of a high-throughput assay for directed evolution of MsrA. 

 

 By using this method, two new variants of MsrA were obtained that were capable of 

reducing propyl-substituted probe 127. The sequencing of the variants revealed that both contain 

three mutations (Figure 14). Interestingly, they share the same amino acid mutation in the active 
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site. Conserved phenylalanine was substituted for leucine in both variants. Later it was found out 

that this mutation is solely responsible for the activity. Therefore, a variant MsrA (F52L) with this 

single mutation was prepared by my colleagues, and I further tested it. 

 

Figure 14. Two new variants of MsrA with mutations are highlighted in red. The active site cysteine is shown in yellow.  

 

 First, the temperature optimum was determined for the new variant. Three temperatures 

(25°C, 30°C, and 37°C) were screened and the lowest 25°C turned out to provide the best results in 

terms of reactivity. This observation may be due to the lower thermal stability of the new variant 

as it contains the mutation in the inner lipophilic region of the enzyme. Next, a series of substrates 

was tested in kinetic resolution with the new variant MsrA (F52L) along with the wild-type MsrA as 

a control (Table 8). As expected, the wild-type MsrA only resolved substrates 1 and 102, which 

have smaller methyl and ethyl groups. In contrast, the F52L mutant successfully resolved 

substrates 107 and 129, which feature larger propyl and butyl substituents on the sulfoxide moiety. 

Remarkably, the F52L clone was also able to resolve the challenging substrate 130, containing two 

bulky alkyl groups, with excellent enantioselectivity. Additionally, the pharmaceutically important 

albendazole-(R)-sulfoxide 131, the active metabolite of the anti-parasitic drug albendazole,266–269 

was obtained with high enantioselectivity (94% ee). However, the F52L mutant showed limitations 

with substrate 108, where branching at the alpha carbon of the sulfoxide moiety reduced its 

expanded substrate scope.  
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Table 8. The substrate scope of MsrA F52L and MsrA WT in kinetic resolution 

 

(a) 1.5 mol% of MsrA used 

 

Additionally, the kinetic resolution of modafinil 9 (the racemate of the marketed drug 

Armodafinil (R)-9) was attempted. However, no significant conversion was observed (Scheme 45). 

This lack of reactivity is probably due to the branching effect of the amide group that does not 

allow the substrate to fit properly into the enzyme's active site. Recently, it has been reported that 

a variant of MsrA having substitution of phenylalanine in the active site to alanine (our variant has 

Phe to Leu), can react with substrates bearing ester groups. These directed evolution experiments 

show that further expansion of the substrate scope of Mrs enzymes is feasible. 270 
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Scheme 45. The resolution of modafinil was unsuccessful. 
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4. Conclusion 

 In conclusion, our research has achieved three major advances in the biocatalytic 

resolution of chiral sulfoxides. We first developed a novel deracemization method using the 

enzyme MsrA, which delivered yields of up to 90% and enantiomeric excesses above 99% ee. The 

wide substrate scope of MsrA was evident in its ability to deracemize a variety of aryl alkyl and 

alkyl alkyl sulfoxides when combined with an oxaziridine oxidant in a biphasic system, highlighting 

its potential for diverse practical applications. Recently, several new studies about deracemization 

have emerged, as summarized in a comprehensive review.271 Some of these advancements include 

combining MsrA with other enzymes in a cascade with cofactor regeneration, offering an 

alternative method for the synthesis of chiral sulfoxides,242 or with photocatalysis.243 

 Secondly, we introduced a highly efficient enantiocomplementary enzymatic protocol for 

kinetic resolution using DmsABC reductase. Despite the complexity of this enzyme system, we 

simplified the process by employing a whole-cell format, achieving excellent enantioselectivity and 

resolving important sulfoxides including the blockbuster drug Esomeprazole. This study 

emphasizes the power of biocatalysis and opens up new possibilities for discovering enzymatic 

activities in familiar organisms like E. coli. 

 Lastly, through the application of directed evolution, we expanded the substrate scope of 

the natural MsrA enzyme. The evolved MsrA now effectively resolves challenging chiral sulfoxides, 

including pharmaceutically relevant compounds such as albendazole-(R)-sulfoxide. These 

advancements collectively represent significant contributions to the field, offering new 

methodologies and expanding the potential for biocatalytic applications in pharmaceuticals and 

beyond. 
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5. Experimental part 

5.1. General Methods, Instuments and Materials 

5.1.1. Chemical Part 

Starting materials and reagents were used as obtained from the suppliers unless otherwise 

stated. Solvents were dried and distilled according to general procedures before use in the 

reactions. Analytical TLC was performed using a precoated silica gel 60 Å F254 plates (0.2 mm 

thickness) and visualized by irradiation with UV light at 254 nm or by dipping in stain solution 

(KMnO4, AMC) followed by heating. Preparative column chromatography was carried out using 

silica gel 60 Å (particle size 0.063–0.200mm). Purifications by HPLC were performed under the 

following conditions: Agilent ZORBAX SBC18 column(5 μL, 9.4 × 150 mm); UV/Vis detection at λobs 

= 254 and 300 nm; flow rate 4 mL/min; gradient elution methods (0.1% TFA in H2O – CH3CN from 

5:95 to 0:100, from 50:50 to 0:100, during 20-25 min (method a-b); or alternatively without TFA 

(method c-d); or 0.1% ammonium formate in H2O – CH3CN from 50:50 to 0:100 in 20 min 

(method e).1H and 13C NMR spectra were recorded on Varian UNITY INOVA-300, Bruker Avance-

400 and Bruker Avance III - 600 instruments. 1H NMR spectra were recorded at 300 MHz, 400 MHz, 

or 600 MHz. 13C NMR spectra were obtained at 101 MHz and were 1H-decoupled. Deuterated 

solvents were used as obtained from the suppliers. Chemical shifts (δ) are reported in ppm relative 

to the solvents (CDCl3: δC = 77.0 ppm; (CH3)2SO: δC = 40.2 ppm; CD3OD: δC = 49.0 ppm) or the 

non-deuterated solvent residual peak (CHCl3: δH = 7.26 ppm; (CH3)2SO: δH = 2.50 ppm; CHD2OH: 

δH = 3.31 ppm) or to the internal TMS standard (δH = 0 ppm). Chemical shifts for 19F NMR are 

reported in terms of chemical shift in reference to the device's internal standard (fluorobenzene 

set to δ -112.96 ppm). The spectra were processed and analyzed with Mestrenova software (x64-

14.1.0-24037). Accurate mass measurements (HRMS) were obtained by ESI on Bruker Compact 

Q-TOF spectrometer or an Agilent 6530 Q-TOF MS spectrometer. Analytical HPLC was performed 

under the following conditions: Agilent Eclipse plus C18 column (3.5 µL, 4.6×100 mm); UV/Vis 

detection at λobs = 254 nm, 220 nm or 300 nm, flow rate 0.4 mL/min; gradient elution method 

(0.1% aqueous formic acid – CH3CN from 95:5 to 0:100 in 13 min. Alternatively, conditions without 

formic acid were used. Enantiomeric excesses were determined by HPLC with chiral stationary 

phase analysis using Daicel Chiralpak (IA, IB, IC) and Chiralcel OD-H columns. A mixture of n-

heptane/propan-2-ol was used as the eluent. The detailed conditions are given in the 

characterization part of the products. The spectra measured on HPLC with a chiral stationary phase 
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were compared with those of a racemic standard. Retention times of the same compounds may 

vary depending on the quality and batch of solvents used. The absolute configurations of the 

products were determined by the comparison of HPLC with chiral stationary phase retention times 

and optical rotation values with the literature. Optical rotations were measured on an automatic 

polarimeter Autopol III. The samples were measured in chloroform or methanol, with the 

concentrations c reported in g/100 mL. The specific optical rotation of the chiral substances 

prepared is given in units of 10−1deg cm2g−1. Selectivity factor s was calculated according to 

formula s = ln[(1-c)(1-ee)]/ln[(1-c)(1+ee)].175 Infrared spectra were recorded on a Thermo Nicolet 

Avatar 370 FT-IR spectrophotometer or with ATR- IR spectrophotometer. All chemical structures 

were drawn in ChemDraw v18.2.  

5.1.2. Biochemical Part 

Plasmids with Msr genes were cloned in-house or were obtained from Genescript or as a 

gift from Dr. Moskovitz lab.259 All buffers and nutrient media (LB Broth, M9 minimal, LB agar, etc.) 

were prepared according to standard protocols 272,273 and were sterilized in autoclave or by 

passage through sterilization filters. All biochemical experiments with buffers, cells, and isolated 

enzymes were carried out using aseptic techniques with sterile vials, flasks, and tips. Plasmid 

transformations into competent E. coli cells were performed according to the standard protocols 

provided by the suppliers. E. coli cells stocks were stored in 50% glycerol solution at –78°C and 

were transported on dry ice and defrosted on ice. Antibiotics (ampicillin, kanamycin, 

chloramphenicol, tetracyclin) were prepared as concentrated aqueous stock solutions (1000×, 

500×). The optical density (OD600) of cultures was measured on Biodrop. Cells were lysed by an 

ultrasound probe while keeping them on ice with alternating cycles of burst/rest at 15s/15s 

duration for 5 or 10 min, or otherwise stated. Isolated enzymes were stored in glycerolic storage 

buffers at –20°C, –78°C), or in the fridge (4-5°C) for short-term storage. The SDS-PAGE gels 

consisted of a 12% resolving gel (acrylamide 12%, bis-acrylamide 0.4%, Tris-HCl 375 mM, pH 8.8, 

SDS 0.1%, ammonium persulfate 0.05%, tetramethylethylenediamine 0.005% v/v) and a 4% 

stacking gel (acrylamide 4%, bis-acrylamide 0.1%, Tris-HCl 126 mM, pH 6.8, SDS 0.1%, ammonium 

persulfate 0.05%, tetramethylethylenediamine 0.01% v/v). The SDS-PAGE running buffer contained 

Tris-HCl 25 mM (pH 8.8), glycine 192 mM, and SDS 0.1%. Samples were prepared by mixing with 

denaturing SDS-SB(DTT) loading buffer, which included Tris-HCl (50 mM) pH 6.8, SDS (0.1%), 

sodium borate (25 mM), DTT (100 mM), glycerol (10%), bromophenol blue (0.1%). The samples 

were either heated at 95°C for 5 minutes before loading or loaded directly onto the SDS-PAGE gel. 
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The electrophoresis was carried out at a constant voltage of 200 V. Following the separation, the 

gels were stained using commercial Coomassie Brilliant Blue. Precision Plus Protein™ was used as a 

protein mass marker (M). Proteomic analyses were performed by Pavel Talacko and Karel Harant in 

Biocev. Protein structures were visualized by PyMOL (v.2.5.7).  

5.2. Synthesis of Organic Compounds 

5.2.1. General Procedure for the Synthesis of Racemic Sulfoxides  

 

 The reaction sequence was carried out according to literature methods.274,275 

Representative procedure: Methyl iodide (852 mg, 6.0 mmol) was added dropwise to a solution of 

4-methylbenzenethiol (500 mg, 4.0 mmol) and NaOH (240 mg, 6.0 mmol) in EtOH (10 mL) and the 

reaction mixture was stirred at room temperature for 4-5 h. The resulting mixture was diluted with 

water (10 mL) and extracted with CH2Cl2 (3 × 40 mL). The organic phase was washed with H2O and 

brine, dried over MgSO4, and concentrated by rotary evaporation under reduced pressure to 

obtain a crude product, which was taken to the next step without further purification. The latter 

product was dissolved in glacial acetic acid (4 mL) and H2O2 (30 % in water, 1.6 mL, 16.0 mmol) 

was added dropwise. The reaction mixture was stirred at room temperature for 1 h. Then, the 

mixture was basified with NaOH (2M aqueous solution) and extracted with CH2Cl2 (3 × 30 mL). The 

organic phase was washed with brine, dried over MgSO4, and concentrated by rotary evaporation 

under reduced pressure. The crude product was purified by column chromatography on silica gel 

(cyclohexane/acetone = 1/1) to afford sulfoxide rac-1 in 85% yield (525 mg) as a white solid. 

 Several commercially available sulfides served as convenient starting points. For the 

alkylation reaction, commercially available iodo, bromo, or chloroalkyls were used, or tosylates, 

prepared from alcohols.276 The spectra of prepared rac-Sulfoxides 1, 74, 85, 100-102, 104, 107-

108, 110-113, 129-130 are in agreement with the reported data.146,170,206,274,277–285 

5.2.2. Synthesis of Racemic Sulfoxide 106  

rac-Oxisuran (rac-106).286 Prepared according to described procedures.287,288 

Picolinic acid (2g, 16.25 mmol) was refluxed in the mixture of methanol (50 mL) 

and sulfuric acid (5 mL) for 5 h. Then, the reaction mixture was cooled down to 
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rt, and pH was carefully adjusted with 10% solution of K2CO3 to reach pH = 8, and extracted with 

dichloromethane (3 × 50 mL) Combined organic phase was washed with brine (20 mL), dried over 

MgSO4 and evaporated to obtain crude product methyl picolinate (1.85 mg, 83%) as yellowish oil 

which solidified in the fridge. The product was used in the next step without further purification. 

 Sodium hydride (60% dispersion in oil, 90 mg, 2.25 mmol) was overlayed with DMSO and 

heated at 80°C (oil bath) under an argon atmosphere for 45 min. The reaction mixture was cooled 

down to rt and methyl picolinate (274 mg, 2 mmol) as a solution in DMSO (1 mL) was added 

dropwise while cooling to not exceed 30°C. The reaction mixture was stirred for an additional 

3 hours at rt. The resulting brown solution was poured onto cold water and pH was adjusted with 

1M HCl solution to pH = 8, and extracted with dichloromethane (3 × 20 mL). The combined organic 

phase was washed with cold water (10 mL), and cold brine (10 mL), dried over MgSO4, and 

evaporated. The orange oily residue was purified by column chromatography 

(dichloromethane/methanol 20:1) to give a mixture of product and DMSO. Further purification by 

recrystallization from hexane/ethyl acetate (filtered hot), provided pure product rac-106 as a 

yellowish solid in 13% yield. 1H NMR (400 MHz, CDCl3) δ 8.77 – 8.69 (m, 1H), 8.12 – 8.05 (m, 1H), 

7.92 – 7.84 (m, 1H), 7.58 – 7.50 (m, 1H), 4.80 (d, J = 13.7 Hz, 1H), 4.57 (d, J = 13.7 Hz, 1H), 2.77 (s, 

3H). The spectrum is in agreement with the reported data.286 

5.2.3. Synthesis of Sulindac Methyl Ester 121  

 

Procedure A. Large-scale synthesis of 121 was achieved by Fischer esterification.289 Rac-10 (356 

mg, 1 mmol) was dissolved in dry methanol (25 mL) to form a yellow solution. Ten drops of 

concentrated H2SO4 were added, and the reaction mixture was refluxed for 90 minutes using a 

Dean-Stark apparatus. After cooling, the solvent was evaporated, and the residue was dissolved in 

dichloromethane. The solution was then neutralized with 2M aqueous NaOH solution, washed 

with water and brine, and dried over MgSO4. Evaporation of the solvent yielded ester 121 in 93% 

yield (345 mg). 1H NMR (400 MHz, CDCl3) δ 7.76 – 7.69 (m, 2H), 7.69 – 7.64 (m, 2H), 7.19 – 7.11 (m, 
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2H), 6.88 (dd, J = 8.9, 2.4 Hz, 1H), 6.56 (ddd, J = 9.2, 8.4, 2.4 Hz, 1H), 3.71 (s, 3H), 3.57 (s, 2H), 2.81 

(s, 3H), 2.21 (s, 3H). The spectrum is in agreement with the reported data.289  

Procedure B. Small-scale protocol was utilized for derivatization after kinetic resolution. (R)-10 (3.6 

mg) was dissolved in dry methanol (1 mL). A 2M solution of (trimethylsilyl)diazomethane in hexane 

was added in three portions (110 µL total) over 35 minutes at room temperature. After 1 hour, 

nearly complete conversion was confirmed by TLC. The reaction mixture was evaporated, and the 

residue was purified by small-scale chromatography using a Pasteur pipette (silica gel, 

dichloromethane/methanol 40:1). The purified product was then used for HPLC with chiral 

stationary phase determination of enantiomeric excess. 

Procedure C. An alternative small-scale protocol was also utilized for derivatization after kinetic 

resolution. (R)-10 (20 mg) was dissolved in anhydrous DMF (0.5 mL), and K2CO3 (20 mg) was 

added. The reaction mixture was stirred under argon for 5 minutes at room temperature (rt), after 

which MeI (12 µL) was added in a single portion. The mixture was stirred for an additional 1 hour, 

then the solvent was evaporated under vacuum. The residue was purified by small-scale 

chromatography (silica gel, dichloromethane/methanol 30:1). The purified product was 

subsequently analyzed by HPLC with chiral stationary phase to determine its enantiomeric excess 

(ee). 

5.2.4. Synthesis of Tosylate 132  

Tosylate 132 was synthesized according to a modified reported procedure.276 

To a solution of tosyl chloride (5.1 g, 26.8 mmol) in dichloromethane 

(100 mL), propanol (4 mL, 53.2 mmol) was added, followed by the dropwise 

addition of triethylamine (3.8 mL, 27.3 mmol). The reaction mixture was 

stirred until the complete disappearance of the starting material. It was then diluted with 

dichloromethane, washed with water and brine, dried over MgSO4, and evaporated. The crude 

residue was purified by column chromatography (silica gel, dichloromethane/cyclohexane 1:1), 

yielding propyl 4-methylbenzenesulfonate 132 in 84% yield (4.8 g). 1H NMR (400 MHz, CDCl3) δ 

7.83 – 7.74 (m, 2H), 7.38 – 7.31 (m, 2H), 3.98 (t, J = 6.5 Hz, 2H), 2.44 (s, 3H), 1.71 – 1.61 (m, 2H), 

0.89 (t, J = 7.4 Hz, 3H). The spectrum is in agreement with the reported data.290 
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5.2.5. Synthesis of Sulfoxide 123  

rac-5-Methoxy-2-(propylsulfinyl)-1H-benzo[d]imidazole (rac-123). 

Compound rac-123 was prepared according to modified 

protocols.27,291 To a solution of 5-methoxybenzimidazole-2-thiol 

(360 mg, 2 mmol) in ethanol (10 mL) and water (2 mL) with sodium hydroxide (160 mg, 4 mmol), 

Propyltosylate (419 mg, 2 mmol) was added portionwise at rt and stirred for 2 h. Then, the 

temperature was raised to 70°C and the reaction mixture was stirred overnight. Then, the reaction 

mixture was extracted with dichloromethane (3 × 40 mL), and the organic phase was washed with 

water (10 mL) and brine (20 mL), dried over anhydrous MgSO4, and concentrated by rotary 

evaporation under reduced pressure to provide crude sulfide, which was used in the next step 

without further purification. 

 To a stirred solution of a crude sulfide in dichloromethane (20 mL) and methanol (1 mL), a 

solution of m-chloroperbenzoic acid (≤77%, 450 mg, 2 mmol) in dichloromethane (10 mL) was 

added dropwise at –30 °C and stirred at this temperature for 1 h. The reaction mixture was diluted 

with dichloromethane (70 mL), washed with saturated aqueous solution of NaHCO3 (20 mL), 10% 

aqueous solution of NaS2O3 (10 mL), water (10 mL) and brine (10 mL), dried over MgSO4 and 

concentrated by rotary evaporation under reduced pressure. Purification of the crude product by 

column chromatography (silica gel, dichloromethane/methanol 10:1 then 5:1) afforded rac-123 in 

47 % yield (222 mg) as a viscous oil. 1H NMR (400 MHz, (CD3)2SO): 13.42 (bs, 1H), 7.53 (d, J = 

8.9 Hz, 1H), 7.08 (s, 1H), 6.91 (dd, J = 8.9, 2.5 Hz, 1H), 3.80 (s, 3H), 3.26-3.13 (m, 2H), 1.80-1.67 (m, 

1H), 1.60-1,47 (m, 1H), 0.98 (t, 3H). 13C NMR (101 MHz, (CD3)2SO): 156.9, 153.4, 137.4, 119.2, 

113.7, 97.8, 55.9, 55.6, 15.5, 13.3. HRMS (ESI): m/z [M+H]+ calcd for C11H15N2O2S+ 239.0849; 

found: 239.08487. IR(KBr + acetone): 3070, 1625, 1413, 1305, 1272, 1204, 1156, 1024. 

5.2.6. Synthesis of Sulfoxide 124 

 

rac-2-((p-Tolylsulfinyl)methyl)pyridine (rac-124).292 To a solution of 4-

methylbenzenethiol (249 mg, 2 mmol) in ethanol (10 mL) and sodium 

hydroxide (320 mg, 8 mmol) 2-(chloromethyl)pyridine hydrochloride 
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(324 mg, 2 mmol) in water (5 mL) was added dropwise at 0°C, then the temperature was raised to 

rt and stirred for 4 h. The reaction mixture was filtered, extracted with dichloromethane (3 × 

40mL), and the organic phase was washed with water (10 mL) and brine (20 mL), dried over 

anhydrous MgSO4, and concentration by rotary evaporation under reduced pressure provided 

yellow oil, which was used in the next step without further purification. 

 To a stirred solution of a crude sulfide in dichloromethane/methanol 9:1 (20 mL), a solution 

of m-chloroperbenzoic acid (≤77%, 450 mg, 2 mmol) was added dropwise at 0°C and stirred at this 

temperature for 2 h. The reaction mixture was diluted with dichloromethane (80 mL), washed with 

saturated aqueous solution of NaHCO3 (20 mL), 10% aqueous solution of NaS2O3 (10 mL), water 

(10 mL) and brine (10 mL), dried over MgSO4 and concentrated by rotary evaporation under 

reduced pressure. Purification of the crude product by column chromatography (silica gel, 

dichloromethane/methanol 10:1) afforded rac-124 in 70 % yield (325 mg) as an off-white solid. 1H 

NMR (400 MHz, CD3Cl): 8.59-8.52 (m, 1H), 7.70-7.62 (m, 1H), 7.44-7.39 (m, 2h), 7.29-7.19 (m, 4H), 

4.26 (d, J = 12.5 Hz, 1H), 4.21 (d, J = 12.5 Hz, 1H), 2.39 (s, 3H). The spectrum is in agreement with 

the reported data.292  

5.2.7. Synthesis of Sulfoxide 125 

 

rac-4-Methoxy-3,5-dimethyl-2-((p-tolylsulfinyl)methyl)pyridine (rac-

125). To a solution of 4-methylbenzenethiol (373 mg, 3 mmol) in 

ethanol (15 mL) and sodium hydroxide (480 mg, 12 mmol) 2-

(chloromethyl)-4-methoxy-3,5-dimethylpyridine hydrochloride 

(663 mg, 3 mmol) was added in portions as a solid at 0°C, then the temperature was raised to rt 

and stirred for 18 h. The reaction mixture was filtered, extracted with dichloromethane 

(3 × 40mL), and the organic phase was washed with water (10 mL) and brine (20 mL), dried over 

anhydrous MgSO4, and concentration by rotary evaporation under reduced pressure provided 

yellow oil, which was used in the next step without further purification. 
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 To a stirred solution of a crude sulfide in dichloromethane/methanol 9:1 (15 mL), a solution 

of m-chloroperbenzoic acid (≤77%, 675 mg, 3 mmol) in dichloromethane (15 mL) was added 

dropwise at –30°C and stirred at this temperature for 2 h. The reaction mixture was diluted with 

dichloromethane (70 mL), washed with 10% aqueous solution of NaS2O3 (15 mL), saturated 

aqueous solution of NaHCO3 (20 mL), water (15 mL) and brine (15 mL), dried over MgSO4 and 

concentrated by rotary evaporation under reduced pressure. Purification of the crude product by 

column chromatography (adsorbed on silica gel with methanol, elution mixture cyclohexane/ethyl 

acetate 1:1 to 0:1) yielded 89 % of rac-125 as a white solid (770 mg). 1H NMR (400 MHz, CDCl3) δ 

8.22 (s, 1H), 7.48 – 7.40 (m, 2H), 7.30 – 7.21 (m, 2H), 4.43 (d, J = 12.5 Hz, 1H), 4.07 (d, J = 12.5 Hz, 

1H), 3.71 (s, 3H), 2.39 (s, 3H), 2.24 (s, 3H), 2.09 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.3, 149.7, 

149.6, 141.7, 140.6, 129.7, 127.2, 125.9, 124.2, 63.8, 59.9, 21.5, 13.4, 11.5. HRMS (ESI+): m/z 

[M+H]+ calcd for C16H20NO2S+ 290.1209; found: 290.1209 IR(KBr): 1589, 1565, 1470, 1395, 1269, 

1090, 1072, 1048, 1000. 

5.2.8. Synthesis of Sulfoxide 109 

(rac)-1-((Chloromethyl)sulfinyl)-4-methylbenzene (rac-109).293 Prepared 

according to reported procedures.293–295 To a solution of rac-1 (308 mg, 2 

mmol) in dry dichloromethane (10 mL), NCS (280 mg, 2.1 mmol) was added in 

small portions at room temperature under argon. The reaction was stirred for 2 days, then diluted 

with dichloromethane, and washed with 4% aqueous solution of KI, 10% aqueous solution of 

Na2S2O3, and brine, then dried over MgSO4. After evaporation, the residue was purified by column 

chromatography (cyclohexane/acetone 4:1 to 3:1), yielding rac-109 as a white solid in 85% yield 

(320 mg). Adding base (K2CO3) gave me poorer results while using excess NCS led to over-

chlorination. 1H NMR (400 MHz, CDCl3) δ 7.65 – 7.55 (m, 2H), 7.42 – 7.31 (m, 2H), 4.36 (s, 2H), 2.42 

(s, 3H). The spectrum is in agreement with the reported data.293 

5.2.9. Synthesis of Sulfoxide 9 (Modafinil) 
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Sodium S-(2-amino-2-oxoethyl) sulfurothioate 133.296 The reagent was 

prepared according to the literature procedure.296 Chloroacetamide (2 g, 21.4 

mmol) and sodium thiosulfate (5 g, 31.6 mmol) were dissolved in water (10 

mL) and heated at 70°C for several hours. The mixture was cooled to rt and then placed into fridge 

overnight. White needle crystals were collected, washed with methanol, and then dried on the 

vacuum at 70°C, yielding 3.4 g (81%) of product 133. The reagent was used for the next step 

without further purification. 1H NMR (400 MHz, CDCl3) δ 4.05 (s, 2H). 

rac-Modafinil (rac-9).296 Modafinil was prepared according to the literature 

procedure.296 Mixture of benzhydrol (368 mg, 2 mmol), crude reagent 125 (560 

mg), formic acid (2 mL, 80%) and water (0.5 mL) was heated at 80°C for 2h (still 

not fully dissolved). Additional water (5 mL) was added. The viscous reaction 

mixture was cooled down to 0°C and H2O2 (0.25 mL, 35 %) was added dropwise and stirred for 2h 

at rt. The reaction mixture was suspended with additional water ( 5 mL), and the solid was filtered 

off with frit S4, washed with water, and dried under vacuum. The crude product was purified by 

column chromatography (ethyl acetate, then ethyl acetate/methanol 9:1) providing sulfoxide 

Modafinil rac-9 in 48% yield (265 mg) as off-white solid and sulfide 134 in 39% yield (202 mg) as a 

white solid. 

Sulfoxide rac-9: 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.47 (m, 2H), 7.47 – 7.32 (m, 8H), 7.05 (bs, 1H), 

5.62 (bs, 1H), 5.19 (s, 1H), 3.49 (d, J = 14.4 Hz, 1H), 3.10 (d, J = 14.4, 1H). The spectrum is in 

agreement with the reported data.279 

Sulfide 134: 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.37 (m, 4H), 7.37 – 7.30 (m, 4H), 7.29 – 7.21 (m, 

2H), 6.51 (bs, 1H), 5.63 (bs, 1H), 5.18 (s, 1H), 3.09 (s, 2H). The spectrum is in agreement with the 

reported data.297 

5.2.10. Synthesis of Sulfoxide 131 (Albendazole Sulfoxide) 

rac-Albendazole sulfoxide (rac-131). Albendazole (135 mg, 0.5 

mmol) was dissolved in dichloromethane (3 mL) and acetic acid 

(0.5 mL). H2O2 (35% in water, 0.21 mL) was added dropwise at 

room temperature, and the reaction mixture was stirred for 65 minutes. Then, a saturated 

aqueous solution of NaHCO3 (30 mL) was added slowly, followed by extraction with 

dichloromethane (3 × 30 mL). The combined organic layers were washed with water, then brine, 

and dried over MgSO4. After evaporation, the crude residue was purified by column 
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chromatography (silica gel, cyclohexane/acetone 1:1 to 0:1, followed by repurification with 

dichloromethane/methanol 40:1 to 20:1), yielding rac-131 as an off-white solid (94 mg, 67%). 1H 

NMR (400 MHz, DMSO) δ 12.40 – 11.76 (bs, 1H), 11.76 – 11.05 (bs, 1H), 7.69 (d, J = 1.7 Hz, 1H), 

7.55 (d, J = 8.3 Hz, 1H), 7.32 (dd, J = 8.3, 1.7 Hz, 1H), 3.77 (s, 3H), 2.90 – 2.69 (m, 2H), 1.69 – 1.54 

(m, 1H), 1.54 – 1.40 (m, 1H), 0.95 (t, J = 7.4 Hz, 3H). The spectrum is in agreement with the 

reported data.298 

5.2.11. Synthesis of Oxidant 117  

 

2-Hydroperoxy-2-methylundecane (117).238 Peroxide 117 was prepared according 

to the literature procedure.238 To a dry flask, 3M MeMgBr solution in Et2O (1.1 mL, 

3.3 mmol) was added and cooled to – 78 °C. Then a solution of 2-undecanone 

(0.61 mL, 3 mmol) in Et2O (2.2 mL) was added dropwise and then stirred for an additional 1 h at    

– 78 °C and another 45 min at rt. The reaction was quenched by the addition of 1M HCl (1 mL) and 

extracted with Et2O (2 × 15 mL). The combined organic phase was washed with a saturated 

aqueous solution of NaHCO3 (10 mL) and brine (10 mL), dried over MgSO4, and evaporated to 

obtain crude product 2-methylundecan-2-ol as a colorless oil (483 mg, 87%), which was used in the 

next step without further purification. 

A solution of 2-methylundecan-2-ol (200 mg, 1.1 mmol) in dioxane (1 mL) was added 

dropwise to a cooled mixture of H2SO4 (96%; 0.23 mL), water (0.16 mL), and H2O2 (30%; 1.34 mL) 

at –10 °C. The reaction was heated to 60 °C for 24 hours. Monitoring by TLC (cyclohexane/ethyl 

acetate 4:1) showed incomplete conversion, so an additional portion of H2O2 (30%; 0.67 mL) was 

added at –10 °C, and the mixture was warmed again to 60 °C and stirred for another 24 hours. 

After cooling, the reaction was quenched cautiously with a saturated K2CO3 solution to adjust the 

pH to basic. The mixture was extracted with cyclohexane (3 × 20 mL), and the combined organic 

phases were washed with saturated aqueous solution of NaHCO3 and brine, dried over MgSO4, 

and evaporated. The solid residue was purified by column chromatography (cyclohexane/ethyl 

acetate 8:1) to give the product 117 as a pure oil in 51% yield (110 mg). 1H NMR (400 MHz, CDCl3) 

δ 7.12 (s, 1H), 1.38 – 1.17 (m, 16H), 1.21 (s, 6H), 0.92 – 0.84 (m, 3H). The spectrum is in agreement 

with the reported data.238 
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5.2.12. Synthesis of Oxidant 118  

 

3-Dodecylbenzo[d]isothiazole 1,1-dioxide (120). Compound 120 was 

prepared by a modification of the reported procedure.299 Saccharin 119 

(2.75 g, 15 mmol, recrystallized from acetone) was dissolved in dry THF (30 

mL) under argon and a 1M solution of dodecylmagnesium bromide in Et2O (34 mL, 34 mmol) was 

added dropwise at room temperature. The reaction mixture was stirred overnight at room 

temperature, followed by reflux for 4 h. The resulting mixture was cooled to room temperature, 

quenched with 1M HCl (20 mL), and extracted with CH2Cl2 (4 × 150 mL). The organic phase was 

washed with brine, dried over MgSO4, and concentrated by rotary evaporation under reduced 

pressure to obtain colorless oil, which solidified on standing. Dodecane impurity was subsequently 

distilled off under reduced pressure and the residue was purified by column chromatography on 

silica gel (cyclohexane/CH2Cl2 1:2) providing 120 in 70% yield (3.50 g) as an off-white solid. 1H NMR 

(400 MHz, CDCl3) δ 7.94 – 7.90 (m, 1H), 7.77 – 7.66 (m, 3H), 3.00 – 2.92 (m, 2H), 1.92 – 1.85 (m, 

2H), 1.52 – 1.43 (m, 2H), 1.37 –1.22 (m, 16H), 0.91 – 0.85 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 176.3, 139.8, 133.8, 133.5, 131.4, 123.8, 122.5, 31.9, 31.2, 29.63, 29.62, 29.59, 29.40, 

29.35, 29.3, 29.2, 25.4, 22.7, 14.1. HRMS (ESI): m/z [M+H]+ calcd for C19H30NO2S+ 336.1992; found: 

336.2008. IR(KBr): 2920, 2851, 1607, 1559, 1329, 1174, 1126. 

 

7b-Dodecyl-7bH-benzo[d][1,2]oxaziridin[2,3-b]isothiazole 3,3-dioxide (118) 

Compound 118 was prepared by the reported procedure.99 To a solution of 120 

(127 mg, 0.38 mmol) in CH2Cl2 (4 mL) a saturated aqueous solution of K2CO3 

(4 mL) was added followed by a solution of 3-chloroperoxybenzoic acid (≤ 77%, 95 mg, 0.42 mmol) 

in CH2Cl2 (4 mL). The reaction mixture was stirred for 2 h at room temperature. The resulting 

mixture was extracted with CH2Cl2 (3 × 20 mL) and the organic phase was washed with water 

(10 mL) and brine, dried over MgSO4, and concentrated by rotary evaporation under reduced 

pressure. The residue was purified by column chromatography on silica gel (cyclohexane/CH2Cl2 

1:1) to afford 118 in 86% yield (114 mg) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.82 – 7.68 
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(m, 4H), 2.59 (ddd, J = 15.1, 8.8, 6.4 Hz, 1H), 2.23 (ddd, J = 15.1, 9.1, 7 Hz, 1H), 1.62 – 1.51 (m, 2H), 

1.46 – 1.34 (m, 2H), 1.33 – 1.19 (m, 16H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

134.9, 134.0, 133.9, 132.5, 125.7, 124.1, 86.3, 31.9, 29.63 (2xC), 29.57, 29.40, 29.36, 29.3, 29.2, 

28.6, 23.6, 22.7, 14.1. HRMS (ESI): m/z [M+H]+ calcd for C19H30NO3S+ 352.1941; found: 352.1957. 

IR(KBr): 2917, 2848, 1365, 1183, 1162. 

5.3. Preparation of the Enzymes 

5.3.1. Preparation of MsrA from E. coli 

 A glycerol stock of E. coli BL21(DE3) with msrA gene in pGEX vector259 was used for the 

preculture (2 mL) that was inoculated to 200 mL of LB medium with ampicillin (100 mg/L). The 

bacterial culture was incubated at 37 °C, 200 rpm until OD600 ≈ 1 was reached. Then the 

production of MsrA was induced with 0.5 mM IPTG and the culture was incubated at 37 °C, 200 

rpm for an additional 2 h. Then, cells were harvested by centrifugation (4000 × g for 30 min at 4 

°C). The cell pellet was resuspended in PBS buffer (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 

140 mM NaCl, pH 7.4) and lysed by sonication on ice. Cell debris was removed by centrifugation 

(10 000 × g for 30 min at 4 °C), the soluble fraction was loaded onto a glutathione agarose column 

(Protino Glutathione Agarose 4B, Macherey-Nagel) and the resulting suspension was gently mixed 

for 30 min at ambient temperature. The column was washed with 5 × 10 bed volumes of PBS and 

finally, the protein was eluted with 3 × 1 bed volume of elution buffer (50 mM Tris-HCl, 10 mM 

glutathione, pH 8). Purity was determined via SDS-PAGE. The elution buffer was exchanged with 

storage buffer (20 mM Tris-HCl buffer, 1 mM DTT, 10% glycerol, 0.1 M NaCl, pH = 8.0) with Amicon 

Ultra-4 centrifugal filter (3000 MWCO). This procedure typically yielded ≈ 50 mg of protein per liter 

of culture. Protein concentration was determined from the absorbance at 280 nm (using the 

calculated extinction coefficient). 
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Figure 15. SDS-PAGE of MsrA (E. coli) purification. (M)-protein mass marker, (1)- lysate, (2)-flow through, (3-4)-washes, 
(5-7)-elutions.  

 

5.3.2. Preparation of MsrA from S. cerevisiae 

A glycerol stock of E. coli BL21(DE3) with msrA gene in pQE30 vector300 was used for the 

preculture (4 mL) that was inoculated to 500 mL of LB medium with ampicillin (100 mg/L). The 

bacterial culture was incubated at 37 °C, 200 rpm until OD600 ≈ 0.5 was reached. Then the 

production of MsrA was induced with 0.5 mM IPTG and the culture was incubated at 37 °C, 200 

rpm for an additional 4 h. Then, cells were harvested by centrifugation (4000 × g for 30 min at 4 

°C). The cell pellet was resuspended in LEW buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8) and 

lysed by sonication on ice. Cell debris was removed by centrifugation (10 000 × g for 30 min at 

4 °C), and the soluble fraction was loaded onto the affinity column (Protino Ni-IDA Resin, 

Macherey-Nagel). The column was washed with 2 × 4 bed volumes of LEW buffer, and the protein 

was eluted with 3 × 1.5 bed volumes of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM 

imidazole, pH 8). Purity was determined via SDS-PAGE. The elution buffer was exchanged with 

storage buffer (20 mM Tris-HCl buffer, 1 mM DTT, 10% glycerol, 0.1 M NaCl, pH = 8.0) with Amicon 

Ultra-4 centrifugal filter (3000 MWCO). This procedure yielded approximately 24 mg of protein per 

liter of culture. Protein concentration was determined from the absorbance at 280 nm (using the 

calculated extinction coefficient). 
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Figure 16. SDS-PAGE of MsrA (S. cerevisiae). (M)-protein mass marker, (1)-flow through, (2-3)-washes, (4)-elution, (5-7)-
repeated at lower loadings. 

 

5.3.3. MsrB from H. sapiens (CBS-1),210 N. gonorrhoeae (pilB),202 T. kodakarensis (MsrB)251 and 

A. thaliana (MsrB2)207 

 Genes encoding MsrB domains from H. sapiens (CBS-1), N. gonorrhoeae (pilB), and T. 

kodakarensis (MsrB) in pET16b vectors (from Genescript), as well as MsrB2 from A. thaliana in the 

pQE30 vector, were transformed into chemically competent E. coli BL21(DE3) cells (Agilent) 

following the manufacturer’s protocol. An aliquot of the transformed cells was plated onto LB agar 

containing ampicillin (100 mg/L) and grown overnight at 37 °C. One colony from the corresponding 

MsrB-expressing strain was used to inoculate an overnight preculture, which (0.4 mL) was then 

used to inoculate 100 mL of LB medium with ampicillin (100 mg/L). The bacterial culture was 

incubated at 37 °C, 200 rpm, until OD600 reached approximately 0.4. MsrB production was induced 

by the addition of 0.2 mM IPTG (for MsrB2 from A. thaliana) or 0.5 mM IPTG (for all other MsrBs). 

The culture was incubated overnight at 22 °C (MsrB2 from A. thaliana) or at 37 °C (for all other 

MsrBs), with shaking at 200 rpm. The cells were harvested by centrifugation (4 000 × g for 30 

minutes at 4 °C). The cell pellet was resuspended in LEW buffer (50 mM NaH2PO4, 300 mM NaCl, 

pH 8) and lysed by sonication. After centrifugation (10 000 × g for 30 minutes at 4 °C), the soluble 

fraction was loaded onto a Protino Ni-IDA resin column (Macherey-Nagel) and purified by gravity 

flow at ambient temperature. The column was washed with 2 × 8 mL of LEW buffer, and the 

protein was eluted with 2 × 2 mL of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM 

imidazole, pH 8). Purity was determined via SDS-PAGE. The elution buffer was exchanged for 

storage buffer (20 mM Tris-HCl, 1 mM DTT, 10% glycerol, 0.1 M NaCl, pH 8.0) using an Amicon 

Ultra-4 centrifugal filter (3 000 MWCO), yielding approximately 10 mg of protein. The CBS-1 

reductase from H. sapiens provided only a very low yield of the desired product, so it was excluded 
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from further experiments. Protein concentration was determined from the absorbance at 280 nm 

(using the calculated extinction coefficient). 

 

Figure 17. (a) SDS-PAGE MsrB2 (A. thaliana): (M)-protein mass marker, (1)-lysate, (2)-flow through, (3)-elution; (b): 
SDS-PAGE MsrBs: (M)-protein mass marker; CBS-1 (H. sapiens): (1)-lysate, (2)- flow through, (3)- elution; PilB (N. 
gonorrhoeae): (4)-lysate, (5)- flow through, (6)- elution; MsrB (T. kodakarensis): (7)-lysate, (8)- flow through, (9)- 
elution. 

 

5.4. General Procedure for the Kinetic Resolution of Racemic Sulfoxides with Isolated 

Enzymes MsrA 

 

 A 1.5 mL Eppendorf tube was charged with individual solutions of DTT (1448 µL of 27 mM, 

4 equivs., 26 mM final concentration) in phosphate buffer (50 mM Na2HPO4, 50 mM NaH2PO4, 50 

mM NaCl, pH = 7.5) and a racemic sulfoxide (30 µL of 324 mM, 9.7 µmol, 6.5 mM final 

concentration) in CH3CN. The resulting mixture was gently mixed and the reaction was initiated by 

the addition of MsrA (22 µL of 444 µM, 0.1 mol%, 6.5 µM final concentration) in a storage buffer. 

The reaction mixture was incubated at 37 °C at 250 rpm. The course of the reaction was 

monitored by analytical HPLC. After the reaction reached 50% conversion (typically 1 - 6 h, or 

otherwise stated), the reaction mixture was extracted with toluene (2 × 4 mL), washed with H2O (2 

mL), brine (2 mL), dried under MgSO4 and concentrated by rotary evaporation under reduced 

pressure. The enantiomeric excess of the crude product was determined by HPLC with the chiral 

stationary phase. 
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(R)-1-Methyl-2-(methylsulfinyl)benzene ((R)-100).301 C8H10OS (154.23 g/mol), MsrA 

(S. cerevisiae): conversion 50% in 9 h, ee > 99%, s > 100. The enantiomeric excess 

was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 

1 mL/min; 25 °C, 220 nm, tr= 22.9 and 24.5 min); MsrA (E. coli): conversion 50%, ee > 99%, s > 100. 

The enantiomeric excess was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow 

rate 1 mL/min; 25 °C, 220 nm, tr= 22.4 and 23.9 min). 

 

(R)-1-Methyl-3-(methylsulfinyl)benzene ((R)-101).302 C8H10OS (154.23 g/mol), MsrA 

(S. cerevisiae): conversion 50%, ee > 99%, s > 100. The enantiomeric excess was 

determined by HPLC (IB chiralpak: heptane/propan-2-ol (90:10); flow rate 

0.25 mL/min; 25 °C; 220 nm; tr= 51.1 and 53.4 min).; MsrA (E. coli): conversion 50%, 

ee > 99%, s > 100. The enantiomeric excess was determined by HPLC (IC chiralpak: 

heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C; 220 nm; tr= 23.2 and 27.8 min). 

 

(R)-1-Methyl-4-(methylsulfinyl)benzene ((R)-1).146 C8H10OS (154.23 g/mol), 

MsrA (S. cerevisiae): conversion 50%, ee > 99%, s > 100. The enantiomeric 

excess was determined by HPLC (IA chiralpak: heptane/propan-2-ol 95:5; flow 

rate 0.25 mL/min; 25 °C; 220 nm; tr= 65.2 and 67.9 min); MsrA (E. coli): conversion 50%, ee > 99%, 

s > 100. The enantiomeric excess was determined by HPLC (IA chiralpak: heptane/propan-2-ol 

95:5; flow rate 0.25 mL/min; 25 °C; 220 nm; tr= 69.1 and 72.5 min). 

 

(R)-1-(Ethylsulfinyl)-4-methylbenzene ((R)-102).278 C9H12OS (168.25 g/mol), 

MsrA (S. cerevisiae): conversion 49% in 10 h, ee = 98%, s > 100. The 

enantiomeric excess was determined by HPLC (IA chiralpak: 

heptane/propan-2-ol (95:5); flow rate 0.5 mL/min; 25 °C; 220 nm; tr= 27.1 and 29.2 min); MsrA (E. 

coli): conversion 50% in 10 h, ee > 99%, s > 100. The enantiomeric excess was determined by HPLC 

(IA chiralpak: heptane/propan-2-ol (95:5); flow rate 0.5 mL/min; 25 °C; 220 nm; tr= 28.7 and 31.4 

min). 
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(R)-1-Bromo-4-(methylsulfinyl)benzene ((R)-74).206 C7H7BrOS (219.10 g/mol), 

MsrA (S. cerevisiae): conversion 50%, ee > 99%, s > 100. The enantiomeric excess 

was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 1 

mL/min; 25 °C; 220 nm; tr= 18.2 and 19.6 min).; MsrA (E. coli): conversion 50%, ee > 99%, s > 100. 

The enantiomeric excess was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow 

rate 1 mL/min; 25 °C; 220 nm; tr= 18.2 and 19.7 min). 

 

(R)-4-(Methylsulfinyl)benzaldehyde ((R)-103). C8H8O2S (168.21 g/mol), MsrA 

(S. cerevisiae): conversion 50%, ee > 99%, s > 100;. The enantiomeric excess 

was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 

1 mL/min; 25 °C; 220 nm; tr= 50.1 and 54.4 min). MsrA (E. coli): conversion 51%, ee = 99%, s > 100. 

The enantiomeric excess was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow 

rate 1 mL/min; 25 °C; 220 nm; tr= 46.5 and 50.5 min). 

 

(R)-4-(Methylsulfinyl)benzonitrile ((R)-110).146 C8H7NOS (165.21 g/mol), MsrA 

(E. coli): conversion 50%, (ee > 99%), s > 100. The enantiomeric excess was 

determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 

1 mL/min; 25 °C; 220 nm; tr= 41.5 and 45.6 min). 

 

(R)-1-Methoxy-4-(methylsulfinyl)benzene ((R)-111).146 C8H10O2S (170.23 

g/mol), MsrA (E. coli): conversion 50%, ee > 99%, s > 100. The enantiomeric 

excess was determined by HPLC (ODH chiralcel: heptane/propan-2-ol 

(90:10); flow rate 1 mL/min; 25 °C; 220 nm; tr= 13.3 and 15.9 min). 

 

4-(Methylsulfinyl)aniline (105). C7H9NOS (155.22 g/mol), MsrA (S. cerevisiae) 

conversion 48%, ee = n.d., s = n.d. The enantiomeric excess not determined 

due to inneficient extraction from the reaction mixture. 
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Oxisuran (106).286 C8H9NO2S (183.23 g/mol), MsrA (S. cerevisiae) conversion 

51%, ee = n.d., s = n.d. The enantiomeric excess not determined due to 

inneficient extraction from the reaction mixture. 

 

(R)-4-(Methylsulfinyl)phenol ((R)-112).303 C7H8O2S (156.20 g/mol), MsrA (E. 

coli): conversion 50%, ee > 99%, s > 100. Reaction mixture was evaporated on 

vaccum, suspended in propan-2-ol and filtered. The enantiomeric excess was 

determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C ; 220 

nm; tr= 13.5 and 14.6 min). 

 

(R)-((Methylsulfinyl)methyl)benzene ((R)-85).280 C8H10OS (154.23 g/mol), MsrA 

(S. cerevisiae): conversion 50%, ee > 99%, s > 100. The enantiomeric excess was 

determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 25 °C; 

220 nm; tr= 22.1 and 24.1 min).; MsrA (E. coli): conversion 50%, ee > 99%, s > 100. The 

enantiomeric excess was determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 

1 mL/min; 25 °C; 25 °C; 220 nm; tr= 22.1 and 23.9 min). 

 

(R)-((Ethylsulfinyl)methyl)benzene ((R)-113).100 C9H12OS (168.25 g/mol), The 

reaction was carried out with 0.15 mol% of MsrA (E. coli), conversion 50% in 

18 h, (ee > 99%), s > 100. The enantiomeric excess was determined by HPLC (IC chiralpak: 

heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C; 220 nm; tr= 22.2 and 24.3 min). 

 

(R)-(2-(Methylsulfinyl)ethyl)benzene ((R)-104).170 C9H12OS (168.25 g/mol), 

MsrA (S. cerevisiae): conversion 50%, (ee > 99%), s > 100. The enantiomeric 

excess was determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); 1 

mL/min; 25 °C; 220 nm; tr= 23.7 and 26.6 min).; MsrA (E. coli): conversion 50%, (ee > 99%), s > 100. 

The enantiomeric excess was determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); 1 

mL/min; 25 °C; 220 nm; tr= 22.9 and 25.7 min). 
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rac-1-Methyl-4-(propylsulfinyl)benzene ((R)-107).282 C10H14OS (182.28 

g/mol), MsrA (S. cerevisiae): conversion < 3%, ee = n.d., s = n.d.; MsrA (E. 

coli) conversion < 2%, ee = n.d., s = n.d. The enantiomeric excess not 

determined due to low conversion. 

 

rac-1-(Isopropylsulfinyl)-4-methylbenzene ((R)-108).283 C10H14OS (182.28 

g/mol), MsrA (S. cerevisiae) conversion < 3%, ee = n.d., s = n.d. The 

enantiomeric excess not determined due to low conversion. 

 

rac-1-((Chloromethyl)sulfinyl)-4-methylbenzene ((R)-109).293 C8H9ClOS 

(188.67 g/mol), MsrA (S. cerevisiae) conversion < 3%, ee = n.d., s = n.d. The 

enantiomeric excess not determined due to low conversion. 

 

5.5. General Procedure for Deracemisation of Sulfoxides 

 

 A 2 mL preculture of E. coli BL21(DE3) with msrA gene in pGEX vector was used to inoculate 

200 mL LB medium with ampicillin (100 mg/L). The bacterial culture was incubated at 37 °C, 200 

rpm until OD600 of 0.8-1.0 was reached. Then, the production of the enzyme was induced with 0.5 

mM IPTG, and the culture was incubated at 37 °C, 200 rpm for an additional 2 h until OD600 of 2.5 

was reached. Then, cells were harvested by centrifugation (3 500 × g, 30 min, 4 °C). The cell pellet 

was washed with M9 minimal medium (48 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 18.7 mM 

NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% glycerol, pH 6.95) and centrifuged (3500 × g, 30 min, 4 

°C). Racemic sulfoxide (0.65 mmol) in M9 minimal medium (80 mL) and cells resuspended in M9 

minimal medium (20 mL) were added to a 1L Erlenmeyer flask followed by a solution of oxaziridine 

6 (230 mg, 0.65 mmol) in decane (5 mL). The reaction mixture was incubated at 37 °C, 200 rpm for 

22 h. The conversion of the reaction was determined by analytical HPLC. Then, a 10% aqueous 

solution of Na2S2O3 (40 mL) was added and the reaction mixture was centrifuged (3 500 × g, 30 
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min, 4 °C). The supernatant was extracted with EtOAc (4 × 200 mL), the organic phase was washed 

with H2O (50 mL) and brine (50 mL), dried over MgSO4, and concentrated by rotary evaporation 

under reduced pressure. The crude product was purified by column chromatography on silica gel 

(typically cyclohexane/acetone = 1:1). The enantiomeric excess of the purified product was 

determined by HPLC with the chiral stationary phase. The absolute configuration of the sulfoxides 

was determined by comparison of the HPLC retention times and the optical rotation with the 

reported data. Sulindac rac-10 was solubilized using the following protocol.239 Sulindac rac-10 (233 

mg, 0.64 mmol) and β-CD (800 mg, 0.64 mmol, with approximately 10% water content) were 

suspended in 50% ethanol (50 mL) in a 250 mL flask. The mixture was placed on a rotary 

evaporator, heated to 50°C, and rotated without applying reduced pressure until all solids were 

dissolved. The solvent was then evaporated under reduced pressure. The resulting yellow residue 

was fully soluble in M9 minimal buffer (80 mL) used for deracemization.  

 

(R)-1-Methyl-2-(methylsulfinyl)benzene ((R)-100).301 C8H10OS (154.23 g/mol), 72 

mg; white solid, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/1), 72% yield; [α]𝐷
25 +244.4 (c = 0.49, CHCl3); lit: [α]𝐷

25 

+146.8 (c = 1.03, acetone) for (R), ee = 60%;301  1H NMR (400 MHz, CDCl3) δ 7.96 (dd, J = 7.8, 1.5 Hz, 

1H), 7.45 (ddd, J = 7.8, 7.4, 1.4 Hz, 1H), 7.39 (ddd, J = 7.4, 7.4,  1.5 Hz, 1H), 7.20 (dd, J = 7.4, 1.4 Hz, 

1H), 2.69 (s, 3H), 2.38 (s, 3H). The spectrum is in agreement with the reported data.277 The 

enantiomeric excess (ee > 99%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol 

(80:20); flow rate 1 mL/min; 25 °C, 220 nm, tr= 22.6 and 24.1 min). 

 

(R)-1-Methyl-3-(methylsulfinyl)benzene ((R)-101).302 C8H10OS (154.23 g/mol), 

70 mg; colorless oil, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/1), 70% yield; [α]𝐷
25 +155.7 (c = 0.49, CHCl3); lit: [α]𝐷

25 

+140.0 (c 1.0, CH3OH) for (R), ee > 99%;302 1H NMR (400 MHz, CDCl3) δ 7.50 – 7.49 (m, 1H), 7.42 – 

7.38 (m, 2H), 7.33–7.29 (m, 1H), 2.72 (s, 3H), 2.44 (s, 3H). The spectrum is in agreement with the 

reported data.274 The enantiomeric excess (ee > 99%) was determined by HPLC (IC chiralpak: 

heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C; 220 nm; tr= 23.1 and 27.7 min). 
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(R)-1-Methyl-4-(methylsulfinyl)benzene ((R)-1).146 C8H10OS (154.23 g/mol), 

62 mg, white solid, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/1), 62% yield; [α]𝐷
25 +146.1 (c = 0.51, CHCl3); lit: [α]𝐷

25 

+138.8 (c = 0.66, acetone) for (R), ee =96%;146 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.50 (m, 2H), 7.37 

– 7.30 (m, 2H), 2.71 (s, 3H), 2.42 (s, 3H). The spectrum is in agreement with the reported data.146 

The enantiomeric excess (ee > 99%) was determined by HPLC (IA chiralpak: heptane/propan-2-ol 

95:5; flow rate 0.25 mL/min; 25 °C; 220 nm; tr= 69.1 and 72.5 min). 

 

(R)-1-(Ethylsulfinyl)-4-methylbenzene ((R)-102).278 C9H12OS (168.25 g/mol), 

59 mg, colorless oil, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/2), 54% yield; [α]𝐷
25 +203.8 (c = 0.52, CHCl3); lit: 

[α]𝐷
25  +71.0 (c = 0.3, CHCl3) for (R), ee = 35%;304 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.47 (m, 2H), 

7.36 – 7.29 (m, 2H), 2.88 (dq, J = 13.2, 7.4 Hz, 1H), 2.76 (dq, J = 13.2, 7.4 Hz, 1H), 2.42 (s, 3H), 1.19 

(t, J = 7.4 Hz, 3H). The spectrum is in agreement with the reported data.278 The enantiomeric 

excess (ee = 99%) was determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 0.5 

mL/min; 25 °C; 220 nm; tr= 28.7 and 31.3 min). 

 

(R)-1-Bromo-4-(methylsulfinyl)benzene ((R)-74).206 C7H7BrOS (219.10 g/mol), 

112 mg, white solid, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/1), 79% yield; [α]𝐷
25 +131.3 (c = 0.50, CHCl3, lit: [α]𝐷

25 

+131.5 (c = 1.3, CHCl3) for (R), ee > 99%;206 1H NMR (400 MHz, CDCl3) δ 7.71 – 7.64 (m, 2H), 7.56 – 

7.49 (m, 2H), 2.72 (s, 3H). The spectrum is in agreement with the reported data.206 The 

enantiomeric excess (ee > 99%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol 

(80:20); flow rate 1 mL/min; 25 °C; 220 nm; tr= 18.3 and 19.7 min). 

 

(R)-4-(Methylsulfinyl)benzonitrile ((R)-110).146 C8H7NOS (165.21 g/mol), 65 mg, 

white solid, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/1), 61% yield; [α]𝐷
25 +172.4 (c = 0.40, CHCl3), lit: [α]𝐷

25 

+108.7 (c = 0.67, acetone) for (R), ee = 95%;146 1H NMR (400 MHz, CDCl3) δ 7.86 – 7.81 (m, 2H), 

7.79 – 7.75 (m, 2H), 2.76 (s, 3H). The spectrum is in agreement with the reported data.146 The 
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enantiomeric excess (ee > 99%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol 

(80:20); flow rate 1 mL/min; 25 °C; 220 nm; tr= 42.2 and 46.2 min). 

 

(R)-1-Methoxy-4-(methylsulfinyl)benzene ((R)-111).146 C8H10O2S (170.23 

g/mol), 99 mg, colorless oil, purified by column chromatography on silicagel 

(acetone/cyclohexane = 1/1), 90% yield; [α]𝐷
25 +162.7 (c = 0.50, CHCl3), 

lit:[α]𝐷
25 +154.2 (c = 0.48, CHCl3) for (R), ee = 95%;146 1H NMR (400 MHz, CDCl3) δ 7.66 – 7.55 (m, 

2H), 7.07 – 6.99 (m, 2H), 3.86 (s, 3H), 2.70 (s, 3H). The spectrum is in agreement with the reported 

data.146 The enantiomeric excess (ee > 99%) was determined by HPLC (ODH chiralcel: 

heptane/propan-2-ol (90:10); flow rate 1 mL/min; 25 °C; 220 nm; tr= 13.8 and 15.9 min). 

 

(R)-4-(Methylsulfinyl)phenol ((R)-112).303 C7H8O2S (156.20 g/mol), 52 mg, white 

solid, purified by column chromatography on silica gel 

(acetone/cyclohexane/MeOH = 1/1/0.05), 52% yield; [α]𝐷
25 +122.9 (c = 0.35, 

CH3OH), lit:[α]𝐷
25 +124.0 (c = 2.8, CH2Cl2) for (R), ee = 98%;303 1H NMR (400 MHz, CDCl3) 7.54 – 7.47 

(m, 2H), 6.99 – 6.92 (m, 2H), 2.76 (s, 3H). The spectrum is in agreement with the reported data.279 

The enantiomeric excess (ee > 99%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol 

(80:20); flow rate 1 mL/min; 25 °C ; 220 nm; tr= 13.0 and 14.1 min). 

 

(R)-((Methylsulfinyl)methyl)benzene ((R)-85).280 C8H10OS (154.23 g/mol), the 

deracemization was carried out with twice the amount of E. coli cells (OD600  =10, 

0.2 mol% MsrA), at the end of the reaction 2-mercaptoethanol (90µL, 1.1 mmol) was added 

instead of Na2S2O3 and the decane phase was removed prior to further work up. Purification by 

column chromatography on silica gel (acetone/cyclohexane/methanol = 1/1/0.05), afforded (R)-85 

in 75% yield (75 mg) as an off-white solid; [α]𝐷
25 +60.0 (c = 0.5, CHCl3), lit:[α]𝐷

25 +50.1 (c = 1.0, 

CHCl3) for (R), ee > 98%;305 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.27 (m, 5H), 4.06 (d, J = 12.8 Hz, 

1H), 3.92 (d, J = 12.8 Hz, 1H), 2.45 (s, 3H). The spectrum is in agreement with the reported data.280 

The enantiomeric excess (ee = 99%) was determined by HPLC (IA chiralpak: heptane/propan-2-ol 

(95:5); flow rate 1 mL/min; 25 °C; 25 °C; 220 nm; tr= 21.0 and 22.6 min). 



92 
 

 

(R)-((Ethylsulfinyl)methyl)benzene ((R)-113).100 C9H12OS (168.25 g/mol), the 

deracemization was carried out with three times the amount of E. coli cells 

(OD600  =15, 0.3 mol% MsrA), at the end of the reaction 2-mercaptoethanol (90µL, 1.1 mmol) was 

added instead of Na2S2O3 and the decane phase was removed prior to further work up. 

Purification by column chromatography on silica gel (acetone/cyclohexane = 1/2) afforded (R)-113. 

in 59% yield; (64 mg) as an yellowish oil; [α]𝐷
25 +81.4 (c = 0.51, CHCl3), lit: [α]𝐷

22 +24.0 (c = 1.0, 

ethanol) for (R), ee > 45%;100 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 4.03 (d, J = 12.9 Hz, 

1H), 3.94 (d, J = 12.9 Hz, 1H), 2.65 (dq, J = 13.2, 7.6 Hz, 1H), 2.55 (dq, J = 13.2, 7.6 Hz, 1H), 1.33 (t, J 

= 7.6 Hz, 3H). The spectrum is in agreement with the reported data.274 The enantiomeric excess 

(ee = 99%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 1 

mL/min; 25 °C; 220 nm; tr= 24.6 and 27.1 min). 

 

(R)-(2-(Methylsulfinyl)ethyl)benzene ((R)-104).170 C9H12OS (168.25 g/mol), 

97 mg, white solid, purified by column chromatography on silica gel 

(acetone/cyclohexane = 1/1→1/0), 88% yield; [α]𝐷
25 –81.9 (c = 0.52, CHCl3), 

lit: [α]𝐷
25 +59.0 (c = 1.03, CHCl3; for (S), ee = 30%;170 1H NMR (400 MHz, CDCl3) δ 7.36 – 7.22 (m, 

5H), 3.18 – 2.89 (m, 4H), 2.58 (s, 3H). The spectrum is in agreement with the reported data.170 The 

enantiomeric excess (ee > 99%) was determined by HPLC (IA chiralpak: heptane/propan-2-ol 

(95:5); 1 mL/min; 25 °C; 220 nm; tr= 23.1 and 25.7 min). 

 

(R)-Sulindac ((R)-10).146 C20H17FO3S (356.41 g/mol). Sulindac was treated 

with β-cyclodextrin before the deracemization according to the reported 

procedure239. The deracemization was carried out with three times the 

amount of E. coli cells (OD600 = 15, 0.3 mol% MsrA), at the end of the 

reaction 2-mercaptoethanol (90 µL, 1.1 mmol) was added instead of 

Na2S2O3 and the decane phase was removed prior to further work up. Purification by column 

chromatography on silica gel (acetone/cyclohexane/methanol = 1/1/0.05 to 1/1/0.2) afforded    

(R)-10 in 61% yield (140 mg) as an yellow solid; [α]𝐷
25 +95.1 (c = 0.51, CHCl3), lit: [α]𝐷

25 +52.2 (c = 

1.0, CH3OH) for (R), ee = 99%;146  1H NMR (400 MHz, CDCl3) δ 7.75 – 7.69 (m, 2H), 7.68 – 7.62 (m, 
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2H), 7.16 (s, 1H), 7.13 (dd, J = 8.4, 5.1 Hz, 1H), 6.89 (dd, J = 8.8, 2.4 Hz, 1H), 6.56 (ddd, J = 8.8, 8.8, 

2.4 Hz, 1H), 3.60 (s, 2H), 2.82 (s, 3H), 2.21 (s, 3H). The spectrum is in agreement with the reported 

data.146  Enantiomeric excess (ee = 97%) was determined by HPLC from a corresponding methyl 

ester 115.146  (IC chiralpak: heptane/propan-2-ol (60:40); 1 mL/min; 25 °C; 220 nm; tr= 48.0 and 

52.2min). 

5.5.1. Quantification of MsrA in the Cell Culture 

 2 mL preculture of E. coli BL21(DE3) with msrA gene in pGEX vector was used to inoculate 

200 mL LB medium with ampicillin (100 mg/L). The bacterial culture was incubated at 37 °C, 200 

rpm until OD600 of 0.8 was reached. Production of the enzyme was induced with 0.5 mM IPTG and 

the culture was incubated at 37 °C, 200 rpm for an additional 2 h until OD600 of 2.5 was reached. 

Then, cells were harvested by centrifugation (3500 × g, 30 min, 4 °C). The cell pellet was washed 

with M9 minimal medium (48 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 18.7 mM NH4Cl, 2 mM 

MgSO4, 0.1 mM CaCl2, 0.4% glycerol, pH 6.95) and centrifuged (3500 × g, 30 min, 4 °C). The cells 

were resuspended in M9 minimal medium (100 mL, OD600 = 5), and 200 µL aliquot was withdrawn. 

The cells from the aliquot were harvested by centrifugation (3500 × g, 4 min, 4 °C). The cell pellet 

was resuspended in 200 µL of SDS loading buffer (50mM Tris-Cl pH 6.8, 100mM DTT, 2% SDS, 0.1% 

bromophenol blue, 10% glycerol) and heated at 95°C for 6 min. The resulting solution was 

aliquoted and analyzed by SDS-PAGE and compared with the pure MsrA enzyme of known 

concentration and the bacterial cell culture of the same OD600 = 5 with the reference plasmid 

pUC19 instead of msrA gene containing pGEX (Figure 18). Quantification of MsrA was carried out 

using FIJI software.306 

 

Figure 18. SDS-PAGE MsrA quantification: (M)-protein mass marker, (1)-2 µg of MsrA, (2)-4 µg of MsrA, (3)-8 µg of 
MsrA, (4)-2 µL aliquot of cells (5)-4 µL aliquot of cells, (6)-8 µL aliquot of cells, (7)-16 µL aliquot of cells, (8)-8 µL aliquot 
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of cells with reference plasmid (pUC19) (9)-16 µL aliquot of cells with reference plasmid (pUC19).
 

 

5.6. Procedure for the Kinetic Resolution of Racemic Sulfoxides with Isolated Enzymes 

MsrBs (N. gonorrhoeae (pilB), T. kodakarensis (MsrB) and A. thaliana (MsrB2)) 

 

 A 1.5 mL Eppendorf vial was charged with individual solutions of DTT (1440 µL of 27 mM, 4 

equivs., 26 mM final concentration) in phosphate buffer (50 mM Na2HPO4, 50 mM NaH2PO4, 50 

mM NaCl, pH 7.5) and a racemic sulfoxide (30 µL of 324 mM, 9.7 µmol, 6.5 mM final 

concentration) in CH3CN. The resulting mixture was gently mixed and the reaction was initiated by 

the addition of the corresponding MsrB (1 mol%, 65 µM final concentration) in a storage buffer. 

The reaction mixture was incubated at 37 °C at 250 rpm. The course of the reaction was 

monitored by analytical HPLC. After 44 h the reaction with the highest conversion of 44% (MsrB2 

A. thaliana) was selected for further analysis (the conversion of the reactions with the other MsrBs 

was below 10%). The reaction mixture was extracted with toluene (2 × 4 mL), washed with H2O (2 

mL), brine (2 mL), dried under MgSO4, and concentrated by rotary evaporation under reduced 

pressure. The enantiomeric excess of the crude product was determined by HPLC with chiral 

stationary phase (ee = 63%) providing s = 17. 

5.7. Procedure for the Kinetic Resolution of Racemic Sulfoxides with DmsABC Reductase 

5.7.1. Procedure with the Membrane Fraction 

 

A 2 mL preculture of E. coli (msrA knock out - KEIO collection ID JW4178)258 was used to inoculate 

400 mL LB medium with kanamycin (50 mg/L). The bacterial culture was incubated at 37 °C, 200 

rpm until OD600 = 3.5 was reached. Then, 50 mL aliquot of the bacterial culture was withdrawn, 

and cells were harvested by centrifugation (4 200 × g, 30 min, 4 °C). The cell pellet was washed 

with Tris buffer (50 mM, pH 8.0) and centrifuged (4 200 × g, 30 min, 4 °C). Cells were resuspended 
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in Tris buffer (5.9 mL), and lysed by ultrasound on ice for 5-6 min (15 s burst/15 s rest) and divided 

to Eppendorf vials (each 1.5 mL). Cell membrane fraction (in one vial) was obtained by 

centrifugation (16 900 × g for 30 min at 4 °C), resuspended in Tris buffer (1470 µL) with NADH 

(2 equiv., final concentration 13 mM,) and a racemic sulfoxide (30 µL of 324 mM, 9.7 µmol, 

6.5 mM final concentration) in CH3CN was added. The reaction mixture was incubated at 37 °C, 

200 rpm for 18-24 h. The conversion of the reaction was determined by analytical HPLC. Then, the 

reaction mixture was centrifuged (16 900 × g, 2 min, 4 °C). The supernatant was extracted with 

EtOAc (2 × 2 mL), the organic phase was washed with H2O (1 mL) and brine (1 mL), dried over 

MgSO4, and concentrated by rotary evaporation under reduced pressure. The enantiomeric excess 

was determined by HPLC with chiral stationary phase. The absolute configuration of the sulfoxides 

was determined by comparison of the HPLC retention times and the optical rotation with the 

reported data. 

5.7.2. General Procedure with the Whole E. coli Cells 

 

 A 2 mL preculture of E. coli (msrA knock out - KEIO collection ID JW4178)258 was used to 

inoculate 400 mL LB medium with kanamycin (50 mg/L). The bacterial culture was incubated at 37 

°C, 200 rpm until OD600 of 3 was reached. Then, 47 mL aliquot of the bacterial culture was 

withdrawn, and cells were harvested by centrifugation (4 200 × g, 30 min, 4 °C). The cell pellet was 

washed with M9 minimal medium (48 mM Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 18.7 mM 

NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% glycerol, pH 7.0) and centrifuged (4 200 × g, 30 min, 

4 °C). Cells resuspended in M9 minimal medium (2 mL) were added to a mixture of racemic 

sulfoxide (0.065 mmol) in M9 minimal medium (8 mL) in 100 mL Erlenmeyer flask and then decane 

(0.5 mL) was added. The final OD600 in the reaction mixture was 14 (0.2 ppm of DmsABC) unless 

otherwise stated. The reaction mixture was incubated at 37 °C, 200 rpm. The conversion of the 

reaction was determined by analytical HPLC. Then, the reaction mixture was centrifuged 

(16 900 × g, 2 min, 4 °C). The supernatant was extracted with EtOAc (4 mL), the organic phase was 

washed with H2O (1 mL) and brine (1 mL), dried over MgSO4, and concentrated by rotary 

evaporation under reduced pressure. The enantiomeric excess was determined by HPLC with 
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chiral stationary phase. The absolute configuration of the sulfoxides was determined by 

comparison of the HPLC retention times and the optical rotation with the reported data.  

 A modified protocol was utilized for substrates 8, 123-125. Due to the low solubility and 

acidic instability of the substrates,167 pH of M9 minimal buffer was adjusted to 9.0, and methanol 

(2 %) was added to the reaction. Decane as co-solvent was omitted in these experiments. Also, 

reactions were carried out at a 14.5 µmol scale.  

 

(S)-1-Methyl-2-(methylsulfinyl)benzene ((S)-100).307 C8H10OS (154.23 g/mol), final 

OD600 = 28 (0.4 ppm of DmsABC), conversion 50% in 2 h, s > 100. The enantiomeric 

excess (ee = 98%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol 

(80:20); flow rate 1 mL/min; 25 °C, 254 nm, tr= 23.2 and 24.8 min) 

 

(S)-1-Methyl-3-(methylsulfinyl)benzene ((S)-101).307 C8H10OS (154.23 g/mol), 

conversion 50% in 1 h, s > 100. The enantiomeric excess (ee > 99%) was determined 

by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C; 254 

nm; tr= 24.4 and 29.9 min). 

 

(S)-1-Methyl-4-(methylsulfinyl)benzene ((S)-1).307 C8H10OS (154.23 g/mol), 

conversion 50% in 2 h, s > 100. The enantiomeric excess (ee > 99%) was 

determined by HPLC (ODH chiralcel: heptane/propan-2-ol (98:2); flow rate 

1 mL/min; 25 °C; 254 nm; tr= 32.1 and 35.7 min). 

 

(S)-1-(Ethylsulfinyl)-4-methylbenzene ((S)-102).307 C9H12OS (168.25 g/mol), 

final OD600 = 28 (0.4 ppm of DmsABC), conversion 52% in 2 h, s > 100. The 

enantiomeric excess (ee = 99%) was determined by HPLC (IA chiralpak: 

heptane/propan-2-ol (95:5); flow rate 0.5 mL/min; 25 °C; 254 nm; tr= 27.4 and 29.2 min). 
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(S)-1-(Propylsulfinyl)-4-methylbenzene ((S)-107).282 C10H14OS (182,28 

g/mol), final OD600 = 28 (0.4 ppm of DmsABC), conversion 39% in 2 h, s = 3. 

The enantiomeric excess (ee = 26%) was determined by HPLC (IA chiralpak: 

heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 254 nm; tr= 12.9 and 13.7 min). 

 

1-(Isopropylsulfinyl)-4-methylbenzene (108).283 C10H14OS (182,28 g/mol), 

final OD600 = 28 (0.4 ppm of DmsABC), conversion 9 % in 2 h, s = 0. The 

enantiomeric excess (ee = 0%) was determined by HPLC (IA chiralpak: 

heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 254 nm; tr= 12.0 and 12.8 min). 

 

(R)-1-((chloromethyl)sulfinyl)-4-methylbenzene ((R)-109).293 C8H9ClOS 

(188,67 g/mol), final OD600 = 28 (0.4 ppm of DmsABC), conversion 52% in 2 h, s 

> 100. The enantiomeric excess (ee = 99%) was determined by HPLC (IC 

chiralpak: heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C; 254 nm; tr= 17.8.7 and 19.4 

min). ; [α]𝐷
25 –139.0 (c = 0.5, CHCl3), lit:[α]𝐷

25 +136 (c = 1.0, CHCl3) for (S), ee = 95%).293 

 

(S)-1-Bromo-4-(methylsulfinyl)benzene ((S)-74).307 C7H7BrOS (219.10 g/mol), 

conversion 51% in 1 h, s > 100. The enantiomeric excess (ee > 99%) was 

determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 

1 mL/min; 25 °C; 254 nm; tr= 18.6 and 20.2 min). 

 

(S)-4-(Methylsulfinyl)benzonitrile ((S)-110).307 C8H7NOS (165.21 g/mol), 

conversion 52% in 1 h, s > 100. The enantiomeric excess (ee = 99%) was 

determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 

1 mL/min; 25 °C; 254 nm; tr= 47.0 and 51.3 min). 

 

(S)-1-Methoxy-4-(methylsulfinyl)benzene ((S)-111).307 C8H10O2S (170.23 

g/mol), conversion 48% in 1 h, s > 100. The enantiomeric excess (ee = 98%) 
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was determined by HPLC (ODH chiralcel: heptane/propan-2-ol (90:10); flow rate 1 mL/min; 25 °C; 

254 nm; tr= 17.0 and 18.1 min). 

 

(S)-((Methylsulfinyl)methyl)benzene ((S)-85).307 C8H10OS (154.23 g/mol), 

conversion 48% in 1 h, s > 100. The enantiomeric excess (ee = 99%) was 

determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 25 °C; 

220 nm; tr= 21.9 and 24.0 min). 

 

(S)-((Ethylsulfinyl)methyl)benzene ((S)-113).307 C9H12OS (168.25 g/mol), 

conversion 49% in 1 h, s > 100. The enantiomeric excess (ee = 99%) was 

determined by HPLC (IC chiralpak: heptane/propan-2-ol (80:20); flow rate 1 mL/min; 25 °C; 220 

nm; tr= 24.0 and 26.5 min). 

 

(S)-(2-(Methylsulfinyl)ethyl)benzene ((S)-104).307 C9H12OS (168.25 g/mol), 

conversion 51% in 1 h, s > 100. The enantiomeric excess (ee = 99%) was 

determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); 1 mL/min; 25 

°C; 220 nm; tr= 23.1 and 25.2 min). 

 

Esomeprazole ((S)-8).167 C17H19N3O3S (345,42 g/mol), 

14.5 µmol scale, final OD600 = 40 (2.0 ppm of DmsABC), 

conversion 29% in 2 h, s > 100. The enantiomeric excess 

(ee = 40%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol (60:40); 1 mL/min; 25 °C; 

300 nm; tr= 20.4 and 33.3 min). 

 

(S)-5-Methoxy-2-(propylsulfinyl)-1H-benzo[d]imidazole ((S)-123). 

C11H14N2O2S (238.31 g/mol), 14.5 µmol scale, final OD600 = 40 (2.0 

ppm of DmsABC), conversion 42% in 2 h, s = 3. The enantiomeric 
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excess (ee = 28%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol (60:40); 1 mL/min; 

25 °C; 300 nm; tr= 6.3 and 7.7 min). 

 

(S)-2-((p-Tolylsulfinyl)methyl)pyridine ((S)-124).292 C13H13NOS (231.31 

g/mol), 14.5 µmol scale, final OD600 = 40 (2.0 ppm of DmsABC), 

conversion 20% in 2 h, s = 3. The enantiomeric excess (ee = 11%) was 

determined by HPLC (IC chiralpak: heptane/propan-2-ol (60:40); 1 mL/min; 25 °C; 254 nm; tr= 21.5 

and 29.4 min). 

 

(S)-4-Methoxy-3,5-dimethyl-2-((p-tolylsulfinyl)methyl)pyridine 

((S)-125). C16H19NO2S (289.39 g/mol), 14.5 µmol scale, final OD600 = 

40 (2.0 ppm of DmsABC), conversion 5% in 2 h , s = n.d. After 18 

hours, the conversion rate reached 16%, with s = 7. The 

enantiomeric excess (ee = 14%) was determined by HPLC (IC chiralpak: heptane/propan-2-ol 

(60:40); 1 mL/min; 25 °C; 254 nm; tr= 27.6 and 36.9 min). 

 

 

Figure 19. Several examples of Omeprazole condition screening: a) Kinetic resolution with centrifuged whole cells 
showing a dark decane layer, b) Kinetic resolution varying E. coli cell concentrations (OD600) without decane in M9 
minimal buffer (pH = 7), c) Stability screening of Omeprazole with E.coli in basic buffer (pH = 10) and M9 minimal buffer 
(pH = 7) - organic phase extracts. 
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5.7.3. Scale-up Procedure for the Kinetic Resolution of Omeprazole  

 

 2.5 mL preculture of E. coli (msrA knock out - KEIO collection ID JW4178)258 was used to 

inoculate each of three 500 mL LB media with kanamycin (50 mg/L) in three 2 L Erlenmeyer flasks. 

The bacterial cultures were incubated at 37 °C, 200 rpm until OD600 of 3 was reached (6 hours). 

Then, cells were harvested by centrifugation (4200 × g, 30 min, 4 °C). Resuspended cells in M9 

minimal medium (10 mL, pH 9) were added to a solution of racemic omeprazole (50 mg, 0.145 

mmol, final concentration 0.5 mg/mL) in M9 minimal medium (88 mL, pH 9) and methanol (2 mL) 

in 1 L Erlenmeyer flask. The reaction mixture was incubated at 37 °C, 200 rpm in the dark. The 

conversion of the reaction was determined by analytical HPLC. After 3 h (conversion = 56 %), the 

reaction mixture was centrifuged (4200 × g, 20 min, 4 °C) and the supernatant was 

extracted with diethyl ether (4 × 200 mL), the organic phase was washed with H2O (40 

mL) and brine (40 mL), dried over anhydrous MgSO4/Na2SO4 and concentrated by 

rotary evaporation under reduced pressure. Purification of the crude product by 

HPLC(method e) afforded (S)-8 in 36% yield (18 mg) as an off-white solid; [α]𝐷
25= –147° 

(c = 0.2, CHCl3); lit: [α]𝐷
25 = –157° (c = 0.5, CHCl3) for (S)-omeprazole sodium salt, ee > 

99%).308 1H NMR (400 MHz, CD3OD) δ 8.13 (s, 1H), 7.54 (d, J = 8.9 Hz, 1H), 7.12 (d, J = 

2.4 Hz, 1H), 7.00 (dd, J = 8.9, 2.4 Hz, 1H), 4.80 (d, J = 13.2 Hz, 1H), 4.73 (d, J = 13.2 Hz, 

1H), 3.87 (s, 3H), 3.72 (s, 3H), 2.26 (s, 3H), 2.18 (s, 3H). The spectrum is in agreement with the 

reported data.167 Enantiomeric excess (ee = 98%) was determined by HPLC (IC chiralpak: 

heptane/propan-2-ol (60:40); 1 mL/min; 25 °C; 300 nm; tr= 18.1 and 29.4 min). 

5.8. General Procedure for the Kinetic Resolution of Racemic Sulfoxides with Isolated Enzymes 

E. coli MsrA (WT) and MsrA (F52L) mutant  

 

 A 1.5 mL Eppendorf tube was charged with individual solutions of phosphate buffer 

(214 µL, 50mM Na2HPO4/NaH2PO4, 50mM NaCl, pH = 8) and DTT (250 µL of 52 mM, 4 equivs., 26 

mM final concentration) in phosphate buffer and a racemic sulfoxide (10 µL of 324 mM, 3.2 µmol, 
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6.5 mM final concentration) in CH3CN. The reaction was initiated by the addition of MsrA (wild 

type, WT) or F52L mutant, 25.6 µL of 635 µM, 0.5 mol%, 32.5 µM final concentration) in a storage 

buffer (Tris buffer, pH = 8). The reaction mixture was flushed with argon and incubated at 25 °C 

without agitation. The course of the reaction was monitored by analytical HPLC. After 24 h, the 

reaction mixture was extracted with EtOAc (4 mL), washed with water (0.5 mL), and brine (0.5 mL), 

dried over MgSO4, and concentrated by rotary evaporation under reduced pressure. The 

enantiomeric excess of the crude product was determined by HPLC with the chiral stationary 

phase. 

(R)-1-Methyl-4-(methylsulfinyl)benzene ((R)-1).307 C8H10OS (154.23 g/mol), 

WT: conversion 51% in 24 h, ee > 99%, s > 100; F52L: conversion 51% in 24 h, 

ee > 99%, s > 100. The enantiomeric excess (ee) was determined by HPLC (ODH 

chiralcel: heptane/propan-2-ol (98:2); flow rate 1 mL/min; 25 °C; 254 nm; tr= 31.3 and 34.1 min). 

 

(R)-1-(Ethylsulfinyl)-4-methylbenzene ((R)-102).307 C9H12OS (168.25 g/mol), 

WT: conversion 50% in 24 h, ee > 99%, s > 100; F52L: conversion 51% in 24 h, 

ee > 99%, s > 100. The enantiomeric excess (ee) was determined by HPLC (IA 

chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 254 nm; tr= 16.4 and 17.9 min). 

 

(R)-1-(Propylsulfinyl)-4-methylbenzene ((R)-107).307 C10H14OS (182.28 

g/mol), WT: conversion <4% in 24 h, ee = 3%, s = n.d.; F52L: conversion 

51% in 24 h, ee = 99%, s > 100. The enantiomeric excess (ee) was 

determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 254 nm; 

tr= 14.7 and 16.0 min). 

 

1-(Isopropylsulfinyl)-4-methylbenzene (108).309 C10H14OS (182.28 g/mol), 

WT: conversion < 4% in 24 h, ee = 0%, s = n.d.; F52L: conversion < 4% in 24 h, 

ee = 0%, s = n.d. The enantiomeric excess (ee) was determined by HPLC (IA 

chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 254 nm; tr= 13.8 and 15.1 min). 
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(R)-1-(Butylsulfinyl)-4-methylbenzene ((R)-129).278 C11H16OS (196.31 

g/mol), WT: conversion 0% in 24 h, ee = 0%, s = n.d.; F52L: conversion 

50% in 24 h, ee > 99%, s > 100. The enantiomeric excess (ee) was 

determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 254 nm; 

tr= 14.2 and 15.5 min). 

 

(R)-(2-(Butylsulfinyl)ethyl)benzene ((R)-130).284 C12H18OS (210.34 

g/mol), WT: conversion 0% in 24 h, ee = 0%, s = n.d.; F52L: conversion 

52% in 24 h, ee > 99%, s > 100. The enantiomeric excess (ee) was 

determined by HPLC (IA chiralpak: heptane/propan-2-ol (95:5); flow rate 1 mL/min; 25 °C; 220 nm; 

tr= 17.1 and 23.0 min). 

 

(R)-Albendazole sulfoxide ((R)-131).298 C12H15N3O3S (281.33 

g/mol), a stock solution was prepared in N-methyl-2-pyrolidone 

instead of CH3CN, using 1.5mol% of MsrA. White precipitate 

(Albendazole) with some coprecipitated albendazole sulfoxide was centrifuged down, and it was 

continued with the supernatant. MsrA WT : conversion = 6% in 24 h, ee = 6%, s = n.d.; F52L MsrA: 

conversion = 49% in 24 h, ee = 94%, s > 100. The enantiomeric excess was determined by HPLC (IC 

chiralpak: heptane/propan-2-ol (70:30); flow rate 1 mL/min; 25 °C; 294 nm; tr= 24.5 and 31.4 min).  
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6. Use of Artificial Intelligence in This Work 

Artificial intelligence, ChatGPT (OpenAI), and Grammarly (Grammarly, Inc.), were employed as a 

supplementary tool during the preparation of this thesis. It was utilized for providing linguistic 

corrections, stylistic suggestions, improving clarity in Englishm, and for shortening sections and 

eliminating redundancy. All AI-generated outputs were carefully reviewed, edited, and adapted by 

the author to ensure accuracy and compliance with academic standards. The use of AI aligns with 

ethical practices and does not substitute for the author's critical analysis and independent 

research. 

  



104 
 

7. Literature 

(1) Kaiser, D.; Klose, I.; Oost, R.; Neuhaus, J.; Maulide, N. Bond-Forming and -Breaking Reactions 
at Sulfur(IV): Sulfoxides, Sulfonium Salts, Sulfur Ylides, and Sulfinate Salts. Chem. Rev. 2019, 
119 (14), 8701–8780. 

(2) Zhang, Z.-X.; Davies, T. Q.; Willis, M. C. Modular Sulfondiimine Synthesis Using a Stable 
Sulfinylamine Reagent. J. Am. Chem. Soc. 2019, 141 (33), 13022–13027. 

(3) Zhao, P.; Zeng, Q. Progress in the Enantioselective Synthesis of Sulfur (VI) Compounds. 
Chem. Eur. J. 2023, 29 (47), e202302059. 

(4) Timmann, S.; Feng, Z.; Alcarazo, M. Recent Applications of Sulfonium Salts in Synthesis and 
Catalysis. Chem. Eur. J. Early View, e202402768. https://doi.org/10.1002/chem.202402768 

(5) Bentley, R. Role of Sulfur Chirality in the Chemical Processes of Biology. Chem. Soc. Rev. 
2005, 34 (7), 609–624. 

(6) Rayner, D. R.; Gordon, A. J.; Mislow, K. Thermal Racemization of Diaryl, Alkyl Aryl, and 
Dialkyl Sulfoxides by Pyramidal Inversion. J. Am. Chem. Soc. 1968, 90 (18), 4854–4860. 

(7) Hope, H.; de la Camp, U. The Crystal Structure and Absolute Configuration of (+)-Methyl-p-
Tolyl Sulfoxide. Acta Crystallogr. B 1970, 26 (6), 846–853. 

(8) Schläfer, H. L.; Schaffernicht, W. Dimethylsulfoxyd als Lösungsmittel für anorganische 
Verbindungen. Angew. Chem. 1960, 72 (17), 618–626. 

(9) Martin, D.; Weise, A.; Niclas, H.-J. The Solvent Dimethyl Sulfoxide. Angew. Chem. Int. Ed. 
Engl. 1967, 6 (4), 318–334. 

(10) Ichikawa, E.; Suzuki, M.; Yabu, K.; Albert, M.; Kanai, M.; Shibasaki, M. New Entries in Lewis 
Acid−Lewis Base Bifunctional Asymmetric Catalyst:  Catalytic Enantioselective Reissert 
Reaction of Pyridine Derivatives. J. Am. Chem. Soc. 2004, 126 (38), 11808–11809. 

(11) Trost, B. M.; Rao, M. Development of Chiral Sulfoxide Ligands for Asymmetric Catalysis. 
Angew. Chem. Int. Ed. 2015, 54 (17), 5026–5043. 

(12) Wells, C. Chemistry: What do the molecular orbitals of DMSO look like? - Quora. 
https://www.quora.com/Chemistry-What-do-the-molecular-orbitals-of-DMSO-look-like 

(13) Garcia, J.; Costa, V. M.; Carvalho, A.; Baptista, P.; de Pinho, P. G.; de Lourdes Bastos, M.; 
Carvalho, F. Amanita Phalloides Poisoning: Mechanisms of Toxicity and Treatment. Food 
Chem. Toxicol. 2015, 86, 41–55. 

(14) Bushnell, D. A.; Cramer, P.; Kornberg, R. D. Structural Basis of Transcription: α-Amanitin-RNA 
Polymerase II Cocrystal at 2.8 Å Resolution. Proc. Natl. Acad. Sci. U. S. A. 2002, 99 (3), 1218–
1222. 

(15) Wieland, T.; Goetzendoerfer, C.; Dabrowski, J.; Lipscomb, W. N.; Shoham, G. Unexpected 
Similarity of the Structures of the Weakly Toxic Amanitin (S)-Sulfoxide and the Highly Toxic 
(R)-Sulfoxide and Sulfone as Revealed by Proton Nuclear Magnetic Resonance and x-Ray 
Analysis. Biochemistry 1983, 22 (5), 1264–1271. 

(16) Pahl, A.; Lutz, C.; Hechler, T. Amanitins and Their Development as a Payload for Antibody-
Drug Conjugates. Drug Discov. Today Technol. 2018, 30, 85–89. 

(17) May, J. P.; Perrin, D. M. Tryptathionine Bridges in Peptide Synthesis. Pept. Sci. 2007, 88 (5), 
714–724. 

(18) Matinkhoo, K.; Pryyma, A.; Todorovic, M.; Patrick, B. O.; Perrin, D. M. Synthesis of the 
Death-Cap Mushroom Toxin α-Amanitin. J. Am. Chem. Soc. 2018, 140 (21), 6513–6517. 

https://doi.org/10.1002/chem.202402768


105 
 

(19) Na, G.; Salt, D. E. The Role of Sulfur Assimilation and Sulfur-Containing Compounds in Trace 
Element Homeostasis in Plants. Environ. Exp. Bot. 2011, 72 (1), 18–25. 

(20) Francioso, A.; Baseggio Conrado, A.; Mosca, L.; Fontana, M. Chemistry and Biochemistry of 
Sulfur Natural Compounds: Key Intermediates of Metabolism and Redox Biology. Oxid. Med. 
Cell. Longev. 2020, 2020 (1), 8294158. 

(21) Chandran, S.; Binninger, D. Role of Oxidative Stress, Methionine Oxidation and Methionine 
Sulfoxide Reductases (MSR) in Alzheimer’s Disease. Antioxidants 2024, 13 (1), 21. 

(22) Stoll, A.; Seebeck, E. Chemical Investigations on Alliin, the Specific Principle of Garlic. In 
Advances in Enzymology and Related Areas of Molecular Biology; John Wiley & Sons, Ltd, 
1951; pp 377–400. 

(23) Janská, P.; Knejzlík, Z.; Perumal, A. S.; Jurok, R.; Tokárová, V.; Nicolau, D. V.; Štěpánek, F.; 
Kašpar, O. Effect of Physicochemical Parameters on the Stability and Activity of Garlic 
Alliinase and Its Use for In-Situ Allicin Synthesis. PLOS ONE 2021, 16 (3), e0248878. 

(24) Fimognari, C.; Hrelia, P. Sulforaphane as a Promising Molecule for Fighting Cancer. Mutat. 
Res. Mutat. Res. 2007, 635 (2), 90–104. 

(25) McGrath, N. A.; Brichacek, M.; Njardarson, J. T. A Graphical Journey of Innovative Organic 
Architectures That Have Improved Our Lives. J. Chem. Educ. 2010, 87 (12), 1348–1349. 

(26) Top 100 Most Prescribed, Top Selling Drugs. Medscape. 
http://www.medscape.com/viewarticle/825053 

(27) Shin, J. M.; Cho, Y. M.; Sachs, G. Chemistry of Covalent Inhibition of the Gastric (H+, K+)-
ATPase by Proton Pump Inhibitors. J. Am. Chem. Soc. 2004, 126 (25), 7800–7811. 

(28) Roche, V. F. The Chemically Elegant Proton Pump Inhibitors. Am. J. Pharm. Educ. 2006, 70 
(5), 101. 

(29) Hoffmann, J.; Johansson, S.; Larsson, S.; Löfberg, I.; Ohlson, K.; Persson, B.; Skãnberg, I.; 
Tekenbergs-Hjelte, L. Chemical Reactions of Omeprazole and Omeprazole Analogues. I. A 
Survey of the Chemical Transformations of Omeprazole and Its Analogues. Acta Chem. 
Scand. 1989, 43, 536–548. 

(30) Lindberg, P. L.; Unge, S. V. Compositions. US5714504A, February 3, 1998. 

(31) Cotton, H.; Kronstrom, A.; Mattson, A.; Moller, E. Novel Form of S-Omeprazole. 
US20050075369A1, April 7, 2005. 

(32) Hirshkowitz, M.; Black, J. E.; Wesnes, K.; Niebler, G.; Arora, S.; Roth, T. Adjunct Armodafinil 
Improves Wakefulness and Memory in Obstructive Sleep Apnea/Hypopnea Syndrome. 
Respir. Med. 2007, 101 (3), 616–627. 

(33) Nishino, S.; Okuro, M. Armodafinil for Excessive Daytime Sleepiness. Drugs Today Barc. 
Spain 2008, 44 (6), 395–414. 

(34) Darwish, M.; Kirby, M.; Hellriegel, E. T.; Robertson, P. Armodafinil and Modafinil Have 
Substantially Different Pharmacokinetic Profiles Despite Having the Same Terminal Half-
Lives. Clin. Drug Investig. 2009, 29 (9), 613–623. 

(35) Hauck, W.; Adam, P.; Bobier, C.; Landmesser, N. Use of Large-Scale Chromatography in the 
Preparation of Armodafinil. Chirality 2008, 20 (8), 896–899. 

(36) Huskisson, E. C.; Scott, J. Sulindac. Trials of a New Anti-Inflammatory Drug. Ann. Rheum. Dis. 
1978, 37 (1), 89–92. 

(37) Duggan, D. E.; Hooke, K. F.; Risley, E. A.; Shen, T. Y.; Arman, C. G. Identification of the 
Biologically Active Form of Sulindac. J. Pharmacol. Exp. Ther. 1977, 201 (1), 8–13. 



106 
 

(38) Davies, N. M.; Watson, M. S. Clinical Pharmacokinetics of Sulindac. Clin. Pharmacokinet. 
1997, 32 (6), 437–459. 

(39) Brunell, D.; Sagher, D.; Kesaraju, S.; Brot, N.; Weissbach, H. Studies on the Metabolism and 
Biological Activity of the Epimers of Sulindac. Drug Metab. Dispos. 2011, 39 (6), 1014–1021. 

(40) Seo, S.-K.; Jin, H.-O.; Lee, H.-C.; Woo, S.-H.; Kim, E.-S.; Yoo, D.-H.; Lee, S.-J.; An, S.; Rhee, C.-
H.; Hong, S.-I.; Choe, T.-B.; Park, I.-C. Combined Effects of Sulindac and Suberoylanilide 
Hydroxamic Acid on Apoptosis Induction in Human Lung Cancer Cells. Mol. Pharmacol. 
2008, 73 (3), 1005–1012. 

(41) Meyskens, F. L., Jr.; McLaren, C. E.; Pelot, D.; Fujikawa-Brooks, S.; Carpenter, P. M.; Hawk, E.; 
Kelloff, G.; Lawson, M. J.; Kidao, J.; McCracken, J.; Albers, C. G.; Ahnen, D. J.; Turgeon, D. K.; 
Goldschmid, S.; Lance, P.; Hagedorn, C. H.; Gillen, D. L.; Gerner, E. W. 
Difluoromethylornithine Plus Sulindac for the Prevention of Sporadic Colorectal Adenomas: 
A Randomized Placebo-Controlled, Double-Blind Trial. Cancer Prev. Res. (Phila. Pa.) 2008, 1 
(1), 32–38. 

(42) Swanson, B. N.; Ferguson, R. K.; Raskin, N. H.; Wolf, B. A. Peripheral Neuropathy After 
Concomitant Administration of Dimethyl Sulfoxide and Sulindac. Arthritis Rheum. 1983, 26 
(6), 791–793. 

(43) Swanson, B. N.; Mojaverian, P.; Boppana, V. K. Inhibition of Sulindac Metabolism by 
Dimethyl Sulfoxide in the Rat. J. Toxicol. Environ. Health Part Curr. Issues 1983. 

(44) Ratnayake, J. H.; Hanna, P. E.; Anders, M. W.; Duggan, D. E. Sulfoxide Reduction. In Vitro 
Reduction of Sulindac by Rat Hepatic Cytosolic Enzymes. Drug Metab. Dispos. 1981, 9 (2), 
85–87. 

(45) Auchampach, J. A.; Maruyama, M.; Cavero, I.; Gross, G. J. The New K+ Channel Opener 
Aprikalim (RP 52891) Reduces Experimental Infarct Size in Dogs in the Absence of 
Hemodynamic Changes. J. Pharmacol. Exp. Ther. 1991, 259 (3), 961–967. 

(46) Wiley, P. F.; MacKellar, F. A. The Structure of Sparsomycin. J. Am. Chem. Soc. 1970, 92 (2), 
417–418. 

(47) Parsons, W. J.; Ramkumar, V.; Stiles, G. L. The New Cardiotonic Agent Sulmazole Is an A1 
Adenosine Receptor Antagonist and Functionally Blocks the Inhibitory Regulator, Gi. Mol. 
Pharmacol. 1988, 33 (4), 441–448. 

(48) Sato, S.; Tatsumi, K.; Nishino, T. A Novel Xanthine Dehydrogenase Inhibitor (BOF-4272). In 
Purine and Pyrimidine Metabolism in Man VII: Part A: Chemotherapy, ATP Depletion, and 
Gout; Harkness, R. A., Elion, G. B., Zöllner, N., Eds.; Advances in Experimental Medicine and 
Biology; Springer US: Boston, MA, 1991; pp 135–138. 

(49) Pearson, R. G. Hard and Soft Acids and Bases. J. Am. Chem. Soc. 1963, 85 (22), 3533–3539. 

(50) Smith, S. G.; Winstein, S. Sulfoxides as Nucleophiles. Tetrahedron 1958, 3 (3), 317–319. 

(51) Kuhn, R.; Trischmann, H. Trimethyl-Sulfoxonium-Ion. Justus Liebigs Ann. Chem. 1958, 611 
(1), 117–121. 

(52) Cardoso, B. de P.; Royo, B.; Calhorda, M. J. Preference for Sulfoxide S- or O-Bonding to 3d 
Transition Metals – DFT Insights. J. Organomet. Chem. 2015, 792, 167–176. 

(53) Ordoñez, M.; Guerrero-de la Rosa, V.; Labastida, V.; Llera, J. M. Enantioselective Diels-Alder 
Reactions Catalyzed by Chiral Magnesium Lewis Acids Prepared from Hydroxysulfoxides. 
Tetrahedron Asymmetry 1996, 7 (9), 2675–2686. 

(54) Wojaczyńska, E.; Wojaczyński, J. Enantioselective Synthesis of Sulfoxides: 2000−2009. Chem. 
Rev. 2010, 110 (7), 4303–4356. 



107 
 

(55) Seidel, F. W.; Frieß, S.; Heinemann, F. W.; Chelouan, A.; Scheurer, A.; Grasruck, A.; Herrera, 
A.; Dorta, R. C2-Symmetric (SO)N(SO) Sulfoxide Pincer Complexes of Mg and Pd: Helicity 
Switch by Ambidentate S/O-Coordination and Isolation of a Chiral Pd-Sulfenate. 
Organometallics 2018, 37 (7), 1160–1171. 

(56) Sipos, G.; Drinkel, E. E.; Dorta, R. The Emergence of Sulfoxides as Efficient Ligands in 
Transition Metal Catalysis. Chem. Soc. Rev. 2015, 44 (11), 3834–3860. 

(57) W. Hoffmann, R. The Quest for Chiral Grignard Reagents. Chem. Soc. Rev. 2003, 32 (4), 225–
230. 

(58) Hoffmann, R. W.; Nell, P. G. α-Chloroalkylmagnesium Reagents of >90 % Ee by 
Sulfoxide/Magnesium Exchange. Angew. Chem. Int. Ed. 1999, 38 (3), 338–340. 

(59) Satoh, T.; Takano, K. A Method for Generation of α-Halo Carbanions (Carbenoids) from Aryl 
α-Haloalkyl Sulfoxides with Alkylmetals. Tetrahedron 1996, 52 (7), 2349–2358. 

(60) Hölzer, B.; Hoffmann, R. W. Kumada–Corriu Coupling of Grignard Reagents, Probed with a 
Chiral Grignard Reagent. Chem. Commun. 2003, No. 6, 732–733. 

(61) Capozzi, M. A. M.; Cardellicchio, C.; Naso, F. Enantioselective Routes to Sulfoxides Based 
Upon the Use of Carbanionic Leaving Groups. Eur. J. Org. Chem. 2004, 2004 (9), 1855–1963. 

(62) Capozzi, M. A. M.; Cardellicchio, C.; Naso, F.; Rosito, V. A Straightforward Enantioselective 
Route to Dialkyl Sulfoxides Based upon Two Carbon-for-Carbon Substitution Reactions on 
the Sulfinyl Group. J. Org. Chem. 2002, 67 (21), 7289–7294. 

(63) Ogura, K.; Tsuchihashi, G. Nucleophilic Substitution of α-Chloro-Sulphoxides. J. Chem. Soc. 
Chem. Commun. 1970, No. 24, 1689–1690. 

(64) Hojo, M.; Masuda, R.; Saeki, T.; Fujimori, K.; Tsutsumi, S. An Alternative Synthetic Method 
for Sulfoxides. Reaction of Chloromethyl Sulfoxides with Grignard Reagents. Synthesis 1977, 
1977 (11), 789–791. 

(65) Solladié, G. Asymmetric Synthesis Using Nucleophilic Reagents Containing a Chiral Sulfoxide 
Group. Synthesis 1981, 1981 (3), 185–196. 

(66) Pellissier, H. Use of Chiral Sulfoxides in Asymmetric Synthesis. Tetrahedron 2006, 62 (24), 
5559–5601. 

(67) Nakamura, S.; Watanabe, Y.; Toru, T. Extremely Efficient Chiral Induction in Conjugate 
Additions of P-Tolyl α-Lithio-β-(Trimethylsilyl)Ethyl Sulfoxide and Subsequent Electrophilic 
Trapping Reactions. J. Org. Chem. 2000, 65 (6), 1758–1766. 

(68) García Ruano, J. L.; Alemparte, C. Synthesis and Dienophilic Behavior of (S)-2-Cyano-3-(p-
Tolylsulfinyl)-1,4- Benzoquinone. J. Org. Chem. 2004, 69 (4), 1405–1408. 

(69) Marino, J. P.; Perez, A. D. Enantiospecific Lactonizations of Chiral 1-(Arylsulfinyl) 
Cyclohexenes with Chloro Ketenes. J. Am. Chem. Soc. 1984, 106 (24), 7643–7644. 

(70) García Ruano, J. L.; Alemán, J.; Aranda, M. T.; Arévalo, M. J.; Padwa, A. Highly 
Stereoselective Vinylogous Pummerer Reaction Mediated by Me3SiX. Org. Lett. 2005, 7 (1), 
19–22. 

(71) Kita, Y.; Shibata, N.; Fukui, S.; Fujita, S. Enantioselective Pummerer-Type Rearrangement by 
Reaction of O-Silylated Ketene Acetal with Enantiopure α-Substituted Sulfoxides. 
Tetrahedron Lett. 1994, 35 (52), 9733–9736. 

(72) Rodríguez, N.; Cuenca, A.; Ramírez de Arellano, C.; Medio-Simón, M.; Peine, D.; Asensio, G. 
Palladium-Catalyzed Reaction of Boronic Acids with Chiral and Racemic α-Bromo Sulfoxides. 
J. Org. Chem. 2004, 69 (23), 8070–8076. 



108 
 

(73) Zhou, M.; Tsien, J.; Qin, T. Sulfur(IV)-Mediated Unsymmetrical Heterocycle Cross-Couplings. 
Angew. Chem. Int. Ed. 2020, 59 (19), 7372–7376. 

(74) Furukawa, N.; Sato, S. New Aspects of Hypervalent Organosulfur Compounds. Organosulfur 
Chem. II 1999, 89–129. 

(75) Takiguchi, H.; Ohmori, K.; Suzuki, K. Synthesis and Determination of the Absolute 
Configuration of Cavicularin by a Symmetrization/Asymmetrization Approach. Angew. 
Chem. Int. Ed. 2013, 52 (40), 10472–10476. 

(76) Dean, W. M.; Šiaučiulis, M.; Storr, T. E.; Lewis, W.; Stockman, R. A. Versatile C(Sp2)−C(Sp3) 
Ligand Couplings of Sulfoxides for the Enantioselective Synthesis of Diarylalkanes. Angew. 
Chem. Int. Ed. 2016, 55 (34), 10013–10016. 

(77) Andresini, M.; Tota, A.; Degennaro, L.; Bull, J. A.; Luisi, R. Synthesis and Transformations of 
NH-Sulfoximines. Chem. Eur. J. 2021, 27 (69), 17293–17321. 

(78) Okamura, H.; Bolm, C. Rhodium-Catalyzed Imination of Sulfoxides and Sulfides:  Efficient 
Preparation of N-Unsubstituted Sulfoximines and Sulfilimines. Org. Lett. 2004, 6 (8), 1305–
1307. 

(79) Lacote, E.; Amatore, M.; Fensterbank, L.; Malacria, M. Catalytic Synthesis of Sulfoximines 
Using Copper (II) Salts. Synlett 2002, 2002 (01), 0116–0118. 

(80) Bizet, V.; Hendriks, C. M. M.; Bolm, C. Sulfur Imidations: Access to Sulfimides and 
Sulfoximines. Chem. Soc. Rev. 2015, 44 (11), 3378–3390. 

(81) Frings, M.; Bolm, C.; Blum, A.; Gnamm, C. Sulfoximines from a Medicinal Chemist’s 
Perspective: Physicochemical and in Vitro Parameters Relevant for Drug Discovery. Eur. J. 
Med. Chem. 2017, 126, 225–245. 

(82) Lücking, U. Frontispiece: New Opportunities for the Utilization of the Sulfoximine Group in 
Medicinal Chemistry from the Drug Designer’s Perspective. Chem. Eur. J. 2022, 28 (56), 
e202285661. 

(83) Andersen, K. K. Synthesis of (+)-Ethyl p-Tolyl Sulfoxide from (−)-Menthyl (−)-p-
Toluenesulfinate. Tetrahedron Lett. 1962, 3 (3), 93–95. 

(84) Andersen, K. K.; Gaffield, W.; Papanikolaou, N. E.; Foley, J. W.; Perkins, R. I. Optically Active 
Sulfoxides. The Synthesis and Rotatory Dispersion of Some Diaryl Sulfoxides2. J. Am. Chem. 
Soc. 1964, 86 (24), 5637–5646. 

(85) Lu, B. Z.; Jin, F.; Zhang, Y.; Wu, X.; Wald, S. A.; Senanayake, C. H. New General Sulfinylating 
Process for Asymmetric Synthesis of Enantiopure Sulfinates and Sulfoxides. Org. Lett. 2005, 
7 (8), 1465–1468. 

(86) Llera, J. M.; Fernández, I.; Alcudia, F. An Efficient Synthesis of Both Enantiomers of Chiral 
Non Racemic Methylsulfoxides from DAG. Tetrahedron Lett. 1991, 32 (49), 7299–7302. 

(87) Rebiere, F.; Samuel, O.; Ricard, L.; Kagan, H. B. A General Route to Enantiomerically Pure 
Sulfoxides from a Chiral Sulfite. J. Org. Chem. 1991, 56 (21), 5991–5999. 

(88) Wudl, Fred.; Lee, T. B. K. Asymmetric Synthesis of Chiral Sulfoxides.  II.  Intramolecular 
Oxygen to Nitrogen Sulfinyl Migration. J. Am. Chem. Soc. 1973, 95 (19), 6349–6358. 

(89) Han, Z.; Krishnamurthy, D.; Grover, P.; Wilkinson, H. S.; Fang, Q. K.; Su, X.; Lu, Z.-H.; Magiera, 
D.; Senanayake, C. H. A Highly Selective and Practical Method for Enantiopure Sulfoxides 
Utilizing Activated and Functionally Differentiated N-Sulfonyl-1,2,3-Oxathiazolidine-2-Oxide 
Derivatives. Angew. Chem. Int. Ed. 2003, 42 (18), 2032–2035. 

(90) Han, Z.; Krishnamurthy, D.; Grover, P.; Fang, Q. K.; Su, X.; Wilkinson, H. S.; Lu, Z.-H.; Magiera, 
D.; Senanayake, C. H. Practical and Highly Stereoselective Technology for Preparation of 



109 
 

Enantiopure Sulfoxides and Sulfinamides Utilizing Activated and Functionally Differentiated 
N-Sulfonyl-1,2,3-Oxathiazolidine-2-Oxide Derivatives. Tetrahedron 2005, 61 (26), 6386–
6408. 

(91) Cogan, D. A.; Liu, G.; Kim, K.; Backes, B. J.; Ellman, J. A. Catalytic Asymmetric Oxidation of 
Tert-Butyl Disulfide. Synthesis of Tert-Butanesulfinamides, Tert-Butyl Sulfoxides, and Tert-
Butanesulfinimines. J. Am. Chem. Soc. 1998, 120 (32), 8011–8019. 

(92) Evans, D. A.; Faul, M. M.; Colombo, L.; Bisaha, J. J.; Clardy, J.; Cherry, D. Asymmetric 
Synthesis of Chiral Organosulfur Compounds Using N-Sulfinyloxazolidinones. J. Am. Chem. 
Soc. 1992, 114 (15), 5977–5985. 

(93) Oppolzer, W.; Froelich, O.; Wiaux-Zamar, C.; Bernardinelli, G. Asymmetric Synthesis of Chiral 
Sulfoxides and Sulfinimines by Using N-Sulfinylsultam. Tetrahedron Lett. 1997, 38 (16), 
2825–2828. 

(94) Drabowicz, J.; Bujnicki, B.; Biscarini, P.; Mikołajczyk, M. Diastereomeric Sulfinates Derived 
from (l)-N-Methylephedrine: Synthesis, Applications and Rearrangements. Tetrahedron 
Asymmetry 1999, 10 (16), 3177–3187. 

(95) Folli, U.; Iarossi, D.; Montanari, F.; Torre, G. Asymmetric Induction and Configurational 
Correlations in Oxidations at Sulphur. Part III. Oxidations of Aryl Alkyl Sulphides to 
Sulphoxides by Optically Active Peroxy-Acids. J. Chem. Soc. C Org. 1968, No. 0, 1317–1322. 

(96) Davis, F. A.; Jenkins, R.; Yocklovich, S. G. 2-Arenesulfonyl-3-Aryloxaziridines: A New Class of 
Aprotic Oxidizing Agents (Oxidation of Organic Sulfur Compounds). Tetrahedron Lett. 1978, 
19 (52), 5171–5174. 

(97) Davis, F. A.; Jenkins Jr, R. H.; Awad, S. B.; Stringer, O. D.; Watson, W. H.; Galloy, J. Chemistry 
of Oxaziridines. 3. Asymmetric Oxidation of Organosulfur Compounds Using Chiral 2-
Sulfonyloxaziridines. J. Am. Chem. Soc. 1982, 104 (20), 5412–5418. 

(98) Davis, F. A.; Sheppard, A. C. Applications of Oxaziridines in Organic Synthesis. Tetrahedron 
1989, 45 (18), 5703–5742. 

(99) Davis, F. A.; Towson, J. C.; Vashi, D. B.; ThimmaReddy, R.; McCauley, J. P. Jr.; Harakal, M. E.; 
Gosciniak, D. J. Chemistry of Oxaziridines. 13. Synthesis, Reactions, and Properties of 3-
Substituted 1,2-Benzisothiazole 1,1-Dioxide Oxides. J. Org. Chem. 1990, 55 (4), 1254–1261. 

(100) Meladinis, V.; Verfürth, U.; Herrmann, R. Highly Efficient Camphor-Derived Oxaziridines for 
the Asymmetric Oxidation of Sulfides to Chiral Sulfoxides. Z. Für Naturforschung B 1990, 45 
(12), 1689–1694. 

(101) Davis, F. A.; McCauley Jr, J. P.; Harakal, M. E. Chiral Sulfamides: Synthesis of Optically Active 
2-Sulfamyloxaziridines. High Enantioselectivity in the Asymmetric Oxidation of Sulfides to 
Sulfoxides. J. Org. Chem. 1984, 49 (8), 1465–1467. 

(102) Davis, F. A.; Reddy, R. T.; Han, W.; Carroll, P. J. Chemistry of Oxaziridines. 17. N-
(Phenylsulfonyl)(3, 3-Dichlorocamphoryl) Oxaziridine: A Highly Efficient Reagent for the 
Asymmetric Oxidation of Sulfides to Sulfoxides. J. Am. Chem. Soc. 1992, 114 (4), 1428–1437. 

(103) Davis, F. A.; Lal, S. G.; Durst, H. D. Chemistry of Oxaziridines. 10. Selective Catalytic Oxidation 
of Sulfides to Sulfoxides Using N-Sulfonyloxaziridines. J. Org. Chem. 1988, 53 (21), 5004–
5007. 

(104) Page, P. C. B.; Heer, J. P.; Bethell, D.; Collington, E. W.; Andrews, D. M. A New System for 
Catalytic Asymmetric Oxidation of Sulfides Using a Hydrogen Peroxide Based Reagent. 
Tetrahedron Lett. 1994, 35 (51), 9629–9632. 



110 
 

(105) Bethell, D.; Bulman Page, P. C.; Vahedi, H. Catalytic Asymmetric Oxidation of Sulfides to 
Sulfoxides Mediated by Chiral 3-Substituted-1,2-Benzisothiazole 1,1-Dioxides. J. Org. Chem. 
2000, 65 (20), 6756–6760. 

(106) Bohé, L.; Lusinchi, M.; Lusinchi, X. Oxygen Atom Transfer from a Chiral N-Alkyl Oxaziridine 
Promoted by Acid. The Asymmetric Oxidation of Sulfides to Sulfoxides. Tetrahedron 1999, 
55 (1), 155–166. 

(107) Takata, T.; Ando, W. Asymmetric Oxidation of Racemic Sulfide. Stereochemistry of 
Enantiomer Differentiation Reaction. Tetrahedron Lett. 1986, 27 (14), 1591–1594. 

(108) Scettri, A.; Bonadies, F.; Lattanzi, A. Asymmetric Oxidation with Furylhydroperoxides. 
Tetrahedron Asymmetry 1996, 7 (3), 629–632. 

(109) Adam, W.; Korb, M. N.; Roschmann, K. J.; Saha-Möller, C. R. Titanium-Catalyzed, Asymmetric 
Sulfoxidation of Alkyl Aryl Sulfides with Optically Active Hydroperoxides. J. Org. Chem. 1998, 
63 (10), 3423–3428. 

(110) Lattanzi, A.; Scettri, A. Metal-Catalyzed Asymmetric Oxidations Mediated by Optically Pure 
Furyl Hydroperoxides. J. Organomet. Chem. 2006, 691 (10), 2072–2082. 

(111) Lattanzi, A.; Piccirillo, S.; Scettri, A. Flexible Synthetic Approach to a (S)-Norcamphor-Based 
Hydroperoxide: An Efficient Oxidant for Asymmetric Sulfoxidations. Eur. J. Org. Chem. 2006, 
2006 (3), 713–718. 

(112) O’Mahony, G. E.; Kelly, P.; Lawrence, S. E.; Maguire, A. R. Synthesis of Enantioenriched 
Sulfoxides. 2011. 

(113) Pitchen, P.; Dunach, E.; Deshmukh, M. N.; Kagan, H. B. An Efficient Asymmetric Oxidation of 
Sulfides to Sulfoxides. J. Am. Chem. Soc. 1984, 106 (26), 8188–8193. 

(114) Di Furia, F.; Modena, G.; Seraglia, R. Synthesis of Chiral Sulfoxides by Metal-Catalyzed 
Oxidation with t-Butyl Hydroperoxide. Synthesis 1984, 1984 (04), 325–326. 

(115) Zhao, S. H.; Samuel, O.; Kagan, H. B. Asymmetric Oxidation of Sulfides Mediated by Chiral 
Titanium Complexes : Mechanistic and Synthetic Aspects. Tetrahedron 1987, 43 (21), 5135–
5144. 

(116) Bryliakov, K. P.; Talsi, E. P. Transition Metal Catalyzed Asymmetric Oxidation of Sulfides. 
Curr. Org. Chem. 2008, 12 (5), 386–404. 

(117) Superchi, S.; Scafato, P.; Restaino, L.; Rosini, C. Enantioselective Oxidation of Sulfides 
Catalyzed by Titanium Complexes of 1,2-Diarylethane-1,2-Diols: Effect of the Aryl 
Substitution. Chirality 2008, 20 (3–4), 592–596. 

(118) Superchi, S.; Rosini, C. Catalytic Asymmetric Oxidation of Aryl Methyl Sulfides Mediated by a 
(S,S)-1,2-Diphenylethan-1,2-Diol/Titanium/Water Complex. Tetrahedron Asymmetry 1997, 8 
(3), 349–352. 

(119) Yamanoi, Y.; Imamoto, T. Preparation of Enantiopure 2,2,5,5-Tetramethyl-3,4-Hexanediol 
and Its Use in Catalytic Enantioselective Oxidation of Sulfides to Sulfoxides. J. Org. Chem. 
1997, 62 (24), 8560–8564. 

(120) Reetz, M. T.; Merk, C.; Naberfeld, G.; Rudolph, J.; Griebenow, N.; Goddard, R. 3,3′-Dinitro-
Octahydrobinaphthol: A New Chiral Ligand for Metal-Catalyzed Enantioselective Reactions. 
Tetrahedron Lett. 1997, 38 (30), 5273–5276. 

(121) Bonchio, M.; Calloni, S.; Di Furia, F.; Licini, G.; Modena, G.; Moro, S.; Nugent, W. A. 
Titanium(IV)−(R,R,R)-Tris(2-Phenylethoxy)Amine− Alkylperoxo Complex Mediated 
Oxidations:  The Biphilic Nature of the Oxygen Transfer to Organic Sulfur Compounds. J. Am. 
Chem. Soc. 1997, 119 (29), 6935–6936. 



111 
 

(122) Komatsu, N.; Nishibayashi, Y.; Sugita, T.; Uemura, S. Catalytic Asymmetric Oxidation of 
Sulfides to Sulfoxides Using R-(+)-Binaphthol. Tetrahedron Lett. 1992, 33 (37), 5391–5394. 

(123) Komatsu, N.; Hashizume, M.; Sugita, T.; Uemura, S. Catalytic Asymmetric Oxidation of 
Sulfides to Sulfoxides with Tert-Butyl Hydroperoxide Using Binaphthol as a Chiral Auxiliary. J. 
Org. Chem. 1993, 58 (17), 4529–4533. 

(124) Scettri, A.; Bonadies, F.; Lattanzi, A.; Senatore, A.; Soriente, A. Kinetic Resolution of Racemic 
Sulfoxides by a Modified Sharpless Procedure. Tetrahedron Asymmetry 1996, 7 (3), 657–
658. 

(125) Komatsu, N.; Hashizume, M.; Sugita, T.; Uemura, S. Kinetic Resolution of Sulfoxides 
Catalyzed by Chiral Titanium-Binaphthol Complex. J. Org. Chem. 1993, 58 (26), 7624–7626. 

(126) Jia, X.; Li, X.; Xu, L.; Li, Y.; Shi, Q.; Au-Yeung, T. T.-L.; Yip, C. W.; Yao, X.; Chan, A. S. C. 
Titanium-Catalyzed Tandem Sulfoxidation-Kinetic Resolution Process: A Convenient Method 
for Higher Enantioselectivities and Yields of Chiral Sulfoxide. Adv. Synth. Catal. 2004, 346 (7), 
723–726. 

(127) Cibulka, R.; Jurok, R. Organokatalytické Enantioselektivní Oxidace Sulfidů Na Sulfoxidy. 
Chem. Listy 2012, 106 (10), 896–902. 

(128) Colonna, S.; Manfredi, A.; Spadoni, M.; Casella, L.; Gullotti, M. Asymmetric Oxidation of 
Sulphides to Sulphoxides Catalysed by Titanium Complexes of N-Salicylidene-L-Amino Acids. 
J. Chem. Soc. Perkin 1 1987, No. 0, 71–73. 

(129) Nakajima, K.; Sasaki, C.; Kojima, M.; Aoyama, T.; Ohba, S.; Saito, Y.; Fujita, J. Crystal 
Structure of a Binuclear N,N′-Disalicylidene-(R,R)-1,2-Cyclohexanediamine-Titanium(IV) 
Complex and Asymmetric Oxidation of Methyl Phenyl Sulfide with Trityl Hydroperoxide 
Catalyzed by the Complex. Chem. Lett. 1987, 16 (11), 2189–2192. 

(130) Colombo, A.; Marturano, G.; Pasini, A. Chiral Induction in the Oxidation of Thioanisole with 
Chiral Oxotitanium(Iv) Schiff-Bases Complexes as Catalysts - the Importance of the 
Conformation of the Ligands. GAZZETTA Chim. Ital. 1986, 116 (1), 35–40. 

(131) Venkataramanan, N. S.; Kuppuraj, G.; Rajagopal, S. Metal–Salen Complexes as Efficient 
Catalysts for the Oxygenation of Heteroatom Containing Organic Compounds—Synthetic 
and Mechanistic Aspects. Coord. Chem. Rev. 2005, 249 (11), 1249–1268. 

(132) Saito, B.; Katsuki, T. Ti(Salen)-Catalyzed Enantioselective Sulfoxidation Using Hydrogen 
Peroxide as a Terminal Oxidant. Tetrahedron Lett. 2001, 42 (23), 3873–3876. 

(133) Bolm, C. Vanadium-Catalyzed Asymmetric Oxidations. Coord. Chem. Rev. 2003, 237 (1), 245–
256. 

(134) Sun, J.; Zhu, C.; Dai, Z.; Yang, M.; Pan, Y.; Hu, H. Efficient Asymmetric Oxidation of Sulfides 
and Kinetic Resolution of Sulfoxides Catalyzed by a Vanadium−Salan System. J. Org. Chem. 
2004, 69 (24), 8500–8503. 

(135) Palucki, M.; Hanson, P.; Jacobsen, E. N. Asymmetric Oxidation of Sulfides with H2O2 
Catalyzed by (Salen)Mn(III) Complexes. Tetrahedron Lett. 1992, 33 (47), 7111–7114. 

(136) Kokubo, C.; Katsuki, T. Highly Enantioselective Catalytic Oxidation of Alkyl Aryl Sulfides Using 
Mn-Salen Catalyst. Tetrahedron 1996, 52 (44), 13895–13900. 

(137) Naruta, Y.; Tani, F.; Maruyama, K. Catalytic and Asymmetric Oxidation of Sulphides with Iron 
Complexes of Chiral ‘Twin Coronet’ Porphyrins. J. Chem. Soc. Chem. Commun. 1990, No. 19, 
1378–1380. 



112 
 

(138) Legros, J.; Bolm, C. Highly Enantioselective Iron-Catalyzed Sulfide Oxidation with Aqueous 
Hydrogen Peroxide under Simple Reaction Conditions. Angew. Chem. Int. Ed. 2004, 43 (32), 
4225–4228. 

(139) Egami, H.; Katsuki, T. Fe(Salan)-Catalyzed Asymmetric Oxidation of Sulfides with Hydrogen 
Peroxide in Water. J. Am. Chem. Soc. 2007, 129 (29), 8940–8941. 

(140) Jurok, R.; Cibulka, R.; Dvořáková, H.; Hampl, F.; Hodačová, J. Planar Chiral Flavinium Salts – 
Prospective Catalysts for Enantioselective Sulfoxidation Reactions. Eur. J. Org. Chem. 2010, 
2010 (27), 5217–5224. 

(141) Massey, V. The Chemical and Biological Versatility of Riboflavin. Biochem. Soc. Trans. 2000, 
28 (4), 283–296. 

(142) Gelalcha, F. G. Heterocyclic Hydroperoxides in Selective Oxidations. Chem. Rev. 2007, 107 
(7), 3338–3361. 

(143) Shinkai, S.; Yamaguchi, T.; Kawase, A.; Kitamura, A.; Manabe, O. Asymmetric Oxidation by 
New Cyclic Flavins with Planar Chirality (Chiral Flavinophanes). J. Chem. Soc. Chem. 
Commun. 1987, No. 19, 1506–1508. 

(144) Mojr, V.; Buděšínský, M.; Cibulka, R.; Kraus, T. Alloxazine–Cyclodextrin Conjugates for 
Organocatalytic Enantioselective Sulfoxidations. Org. Biomol. Chem. 2011, 9 (21), 7318–
7326. 

(145) Mojr, V.; Herzig, V.; Buděšínský, M.; Cibulka, R.; Kraus, T. Flavin–Cyclodextrin Conjugates as 
Catalysts of Enantioselective Sulfoxidations with Hydrogen Peroxide in Aqueous Media. 
Chem. Commun. 2010, 46 (40), 7599–7601. 

(146) Liao, S.; Čorić, I.; Wang, Q.; List, B. Activation of H2O2 by Chiral Confined Brønsted Acids: A 
Highly Enantioselective Catalytic Sulfoxidation. J. Am. Chem. Soc. 2012, 134 (26), 10765–
10768. 

(147) Holland, H. L. Biotransformation of Organic Sulfides. Nat. Prod. Rep. 2001, 18 (2), 171–181. 

(148) Jackson, D. A.; Symons, R. H.; Berg, P. Biochemical Method for Inserting New Genetic 
Information into DNA of Simian Virus 40: Circular SV40 DNA Molecules Containing Lambda 
Phage Genes and the Galactose Operon of Escherichia Coli. Proc. Natl. Acad. Sci. 1972, 69 
(10), 2904–2909. 

(149) Saiki, R. K.; Gelfand, D. H.; Stoffel, S.; Scharf, S. J.; Higuchi, R.; Horn, G. T.; Mullis, K. B.; Erlich, 
H. A. Primer-Directed Enzymatic Amplification of DNA with a Thermostable DNA 
Polymerase. Science 1988, 239 (4839), 487–491. 

(150) Leak, D. J.; Sheldon, R. A.; Woodley, J. M.; Adlercreutz, P. Biocatalysts for Selective 
Introduction of Oxygen. Biocatal. Biotransformation 2009, 27 (1), 1–26. 

(151) Matsui, T.; Dekishima, Y.; Ueda, M. Biotechnological Production of Chiral Organic Sulfoxides: 
Current State and Perspectives. Appl. Microbiol. Biotechnol. 2014, 98 (18), 7699–7706. 

(152) Ozaki, S.; Ortiz de Montellano, P. R. Molecular Engineering of Horseradish Peroxidase: 
Thioether Sulfoxidation and Styrene Epoxidation by Phe-41 Leucine and Threonine Mutants. 
J. Am. Chem. Soc. 1995, 117 (27), 7056–7064. 

(153) Anderson, M.; Allenmark, S. The Potential Of Vanadium Bromoperoxidase As A Catalyst In 
Preparative Asymmetric Sulfoxidation. Biocatal. Biotransformation 2000, 18 (1), 79–86. 

(154) Colonna, S.; Gaggero, N.; Richelmi, C.; Pasta, P. Recent Biotechnological Developments in 
the Use of Peroxidases. Trends Biotechnol. 1999, 17 (4), 163–168. 

(155) Colonna, S.; Gaggero, N.; Carrea, G.; Pasta, P. A New Enzymatic Enantioselective Synthesis of 
Dialkyl Sulfoxidescatalysed by Monooxygenases. Chem. Commun. 1997, No. 5, 439–440. 



113 
 

(156) Colonna, S.; Gaggero, N.; Pasta, P.; Ottolina, G. Enantioselective Oxidation of Sulfides to 
Sulfoxides Catalysed by Bacterial Cyclohexanone Monooxygenases. Chem. Commun. 1996, 0 
(20), 2303–2307. 

(157) Kamerbeek, N. M.; Olsthoorn, A. J. J.; Fraaije, M. W.; Janssen, D. B. Substrate Specificity and 
Enantioselectivity of 4-Hydroxyacetophenone Monooxygenase. Appl. Environ. Microbiol. 
2003, 69 (1), 419–426. 

(158) Riebel, A.; de Gonzalo, G.; Fraaije, M. W. Expanding the Biocatalytic Toolbox of Flavoprotein 
Monooxygenases from Rhodococcus Jostii RHA1. J. Mol. Catal. B Enzym. 2013, 88, 20–25. 

(159) Zhang, Z.-G.; Lonsdale, R.; Sanchis, J.; Reetz, M. T. Extreme Synergistic Mutational Effects in 
the Directed Evolution of a Baeyer–Villiger Monooxygenase as Catalyst for Asymmetric 
Sulfoxidation. J. Am. Chem. Soc. 2014, 136 (49), 17262–17272. 

(160) Fürst, M. J. L. J.; Gran-Scheuch, A.; Aalbers, F. S.; Fraaije, M. W. Baeyer–Villiger 
Monooxygenases: Tunable Oxidative Biocatalysts. ACS Catal. 2019, 9 (12), 11207–11241. 

(161) Kato, S.; Yang, H.-J.; Ueno, T.; Ozaki, S.; Phillips, George N.; Fukuzumi, S.; Watanabe, Y. 
Asymmetric Sulfoxidation and Amine Binding by H64D/V68A and H64D/V68S Mb:  
Mechanistic Insight into the Chiral Discrimination Step. J. Am. Chem. Soc. 2002, 124 (29), 
8506–8507. 

(162) Lee, K.; Brand, J. M.; Gibson, D. T. Stereospecific Sulfoxidation by Toluene and Naphthalene 
Dioxygenases. Biochem. Biophys. Res. Commun. 1995, 212 (1), 9–15. 

(163) Morris, G. M.; Huey, R.; Lindstrom, W.; Sanner, M. F.; Belew, R. K.; Goodsell, D. S.; Olson, A. 
J. AutoDock4 and AutoDockTools4: Automated Docking with Selective Receptor Flexibility. J. 
Comput. Chem. 2009, 30 (16), 2785–2791. 

(164) Drug Discovery | Schrödinger. https://www.schrodinger.com/platform/drug-discovery 

(165) Patel, R. N. Synthesis of Chiral Pharmaceutical Intermediates by Biocatalysis. Coord. Chem. 
Rev. 2008, 252 (5), 659–701. 

(166) Hall, M. Enzymatic Strategies for Asymmetric Synthesis. RSC Chem. Biol. 2021, 2 (4), 958–
989. 

(167) Bong, Y. K.; Song, S.; Nazor, J.; Vogel, M.; Widegren, M.; Smith, D.; Collier, S. J.; Wilson, R.; 
Palanivel, S. M.; Narayanaswamy, K.; Mijts, B.; Clay, M. D.; Fong, R.; Colbeck, J.; Appaswami, 
A.; Muley, S.; Zhu, J.; Zhang, X.; Liang, J.; Entwistle, D. Baeyer–Villiger Monooxygenase-
Mediated Synthesis of Esomeprazole As an Alternative for Kagan Sulfoxidation. J. Org. 
Chem. 2018, 83 (14), 7453–7458. 

(168) Mahmoudian, M.; Michael, A. Asymmetric Sulphur Oxygenation by an Ethene-Utilising 
Micrococcus Sp. J. Biotechnol. 1993, 27 (2), 173–179. 

(169) Beecher, J.; Richardson, P.; Roberts, S.; Willetts, A. Oxidative Biotransformations by 
Microorganisms: Stereoselective Sulfoxide Formation by Saccharomyces Cerevisiae. 
Biotechnol. Lett. 1995, 17 (10), 1069–1074. 

(170) Holland, H. L.; Brown, F. M.; Larsen, B. G. Biotransformation of Organic Sulfides-IV. 
Formation of Chiral Benzyl Alkyl and Phenyl Alkyl Sulfoxides by Helminthosporium Species 
NRRL 4671. Bioorg. Med. Chem. 1994, 2 (7), 647–652. 

(171) Holland, H. L.; Turner, C. D.; Andreana, P. R.; Nguyen, D. Biotransformation of Organic 
Sulfides. Part 12. Conversion of Heterocyclic Sulfides to Chiral Sulfoxides by 
Helminthosporium Sp. NRRL 4671 and Mortierella Isabellina ATCC 42613. Can. J. Chem. 
1999, 77 (4), 463–471. 



114 
 

(172) Madigan, M. T.; Aiyer, J.; Buckley, D. H.; Sattley, W. M.; Stahl, D. A. Brock Biology of 
Microorganisms, Global Edition; Pearson Education, 2021. 

(173) Kaprálek, F. Základy Bakteriologie; Karolinum, 1999. 

(174) Yoshida, T.; Kito, M.; Tsujii, M.; Nagasawa, T. Microbial Synthesis of a Proton Pump Inhibitor 
by Enantioselective Oxidation of a Sulfide into Its Corresponding Sulfoxide by 
Cunninghamella Echinulata MK40. Biotechnol. Lett. 2001, 23 (15), 1217–1222. 

(175) Kagan, H. B.; Fiaud, J. C. Kinetic Resolution. Top. Stereochem. 1988, 18, 249–330. 

(176) Pasteur, L. Mémoire Sur La Fermentation Alcoholique. C R Hebd Séance Acad Sci Paris 1857, 
45, 1032–1036. 

(177) Mikolajczyk, M.; Drabowicz, J. Asymmetric Reduction of Chiral Sulfoxides by Optically Active 
Lithium Aluminum Hydride Complexes with Alcohols. Phosphorus Sulfur Relat. Elem. 1976, 1 
(2–3), 301–303. 

(178) Wang, J.; Frings, M.; Bolm, C. Iron-Catalyzed Imidative Kinetic Resolution of Racemic 
Sulfoxides. Chem. Eur. J. 2014, 20 (4), 966–969. 

(179) Gaumont, A.-C.; Gulea, M.; Perrio, S.; Reboul, V. 8.15 Reduction of SO and SO2 to S, S–X to 
S–H, and PO to P. Compr. Org. Synth. Second Ed. 2014, 8, 535–563. 

(180) Shiri, L.; Kazemi, M. Deoxygenation of Sulfoxides. Res. Chem. Intermed. 2017, 43 (11), 6007–
6041. 

(181) BRENDA Enzyme Database. https://www.brenda-enzymes.org/index.php 

(182) Abo, M.; Tachibana, M.; Okubo, A.; Yamazaki, S. Enantioselective Deoxygenation of Alkyl 
Aryl Sulfoxides by DMSO Reductase from Rhodobacter Sphaeroides f.s. Denitrificans. Bioorg. 
Med. Chem. 1995, 3 (2), 109–112. 

(183) Abo, M.; Okubo, A.; Yamazaki, S. Preparative Asymmetric Deoxygenation of Alkyl Aryl 
Sulfoxides by Rhodobacter Sphaeroides f.Sp. Denitrificans. Tetrahedron Asymmetry 1997, 8 
(3), 345–348. 

(184) Abo, M.; Dejima, M.; Asano, F.; Okubo, A.; Yamazaki, S. Electrochemical Enzymatic 
Deoxygenation of Chiral Sulfoxides Utilizing DMSO Reductase. Tetrahedron Asymmetry 
2000, 11 (3), 823–828. 

(185) Moskovitz, J.; Weissbach, H.; Brot, N. Cloning the Expression of a Mammalian Gene Involved 
in the Reduction of Methionine Sulfoxide Residues in Proteins. Proc. Natl. Acad. Sci. 1996, 
93 (5), 2095–2099. 

(186) Lao, J. R.; Fernández-Pérez, H.; Vidal-Ferran, A. Hydrogenative Kinetic Resolution of Vinyl 
Sulfoxides. Org. Lett. 2015, 17 (16), 4114–4117. 

(187) Yang, L.; Wang, B.; Yin, X.; Zeng, Q. Advances of Sulfenate Anions in Catalytic Asymmetric 
Synthesis of Sulfoxides. Chem. Rec. 2022, 22 (3), e202100242. 

(188) Wang, L.; Chen, M.; Zhang, P.; Li, W.; Zhang, J. Palladium/PC-Phos-Catalyzed 
Enantioselective Arylation of General Sulfenate Anions: Scope and Synthetic Applications. J. 
Am. Chem. Soc. 2018, 140 (9), 3467–3473. 

(189) Lee, B. C.; Gladyshev, V. N. The Biological Significance of Methionine Sulfoxide 
Stereochemistry. Free Radic. Biol. Med. 2011, 50 (2), 221–227. 

(190) Métayer, S.; Seiliez, I.; Collin, A.; Duchêne, S.; Mercier, Y.; Geraert, P.-A.; Tesseraud, S. 
Mechanisms through Which Sulfur Amino Acids Control Protein Metabolism and Oxidative 
Status. J. Nutr. Biochem. 2008, 19 (4), 207–215. 

(191) Kantorow, M.; Lee, W.; Chauss, D. Focus on Molecules: Methionine Sulfoxide Reductase A. 
Exp. Eye Res. 2012, 100, 110–111. 



115 
 

(192) Cabreiro, F.; Picot, C. R.; Friguet, B.; Petropoulos, I. Methionine Sulfoxide Reductases. Ann. 
N. Y. Acad. Sci. 2006, 1067 (1), 37–44. 

(193) Tarrago, L.; Péterfi, Z.; Lee, B. C.; Michel, T.; Gladyshev, V. N. Monitoring Methionine 
Sulfoxide with Stereospecific Mechanism-Based Fluorescent Sensors. Nat. Chem. Biol. 2015, 
11 (5), 332–338. 

(194) Chung, H.; Kim, A.; Jung, S.-A.; Kim, S. W.; Yu, K.; Lee, J. H. The Drosophila Homolog of 
Methionine Sulfoxide Reductase A Extends Lifespan and Increases Nuclear Localization of 
FOXO. FEBS Lett. 2010, 584 (16), 3609–3614. 

(195) Moskovitz, J. Methionine Sulfoxide Reductases: Ubiquitous Enzymes Involved in Antioxidant 
Defense, Protein Regulation, and Prevention of Aging-Associated Diseases. Biochim. 
Biophys. Acta BBA - Proteins Proteomics 2005, 1703 (2), 213–219. 

(196) Drazic, A.; Winter, J. The Physiological Role of Reversible Methionine Oxidation. Biochim. 
Biophys. Acta BBA - Proteins Proteomics 2014, 1844 (8), 1367–1382. 

(197) Brot, N.; Weissbach, L.; Werth, J.; Weissbach, H. Enzymatic Reduction of Protein-Bound 
Methionine Sulfoxide. Proc. Natl. Acad. Sci. 1981, 78 (4), 2155–2158. 

(198) Grimaud, R.; Ezraty, B.; Mitchell, J. K.; Lafitte, D.; Briand, C.; Derrick, P. J.; Barras, F. Repair of 
Oxidized Proteins: IDENTIFICATION OF A NEW METHIONINE SULFOXIDE REDUCTASE*. J. 
Biol. Chem. 2001, 276 (52), 48915–48920. 

(199) Boschi-Muller, S.; Gand, A.; Branlant, G. The Methionine Sulfoxide Reductases: Catalysis and 
Substrate Specificities. Arch. Biochem. Biophys. 2008, 474 (2), 266–273. 

(200) Ezraty, B.; Aussel, L.; Barras, F. Methionine Sulfoxide Reductases in Prokaryotes. Biochim. 
Biophys. Acta BBA - Proteins Proteomics 2005, 1703 (2), 221–229. 

(201) Delaye, L.; Becerra, A.; Orgel, L.; Lazcano, A. Molecular Evolution of Peptide Methionine 
Sulfoxide Reductases (MsrA and MsrB): On the Early Development of a Mechanism That 
Protects Against Oxidative Damage. J. Mol. Evol. 2007, 64 (1), 15–32. 

(202) Lowther, W. T.; Weissbach, H.; Etienne, F.; Brot, N.; Matthews, B. W. The Mirrored 
Methionine Sulfoxide Reductases of Neisseria Gonorrhoeae pilB. Nat. Struct. Biol. 2002, 9 
(5), 348–352. 

(203) Kauffmann, B.; Favier, F.; Olry, A.; Boschi-Muller, S.; Carpentier, P.; Branlant, G.; Aubry, A. 
Crystallization and Preliminary X-Ray Diffraction Studies of the Peptide Methionine Sulfoxide 
Reductase B Domain of Neisseria Meningitidis PILB. Acta Crystallogr. D Biol. Crystallogr. 
2002, 58 (9), 1467–1469. 

(204) Boschi-Muller, S.; Branlant, G. Methionine Sulfoxide Reductase: Chemistry, Substrate 
Binding, Recycling Process and Oxidase Activity. Bioorganic Chem. 2014, 57, 222–230. 

(205) Ma, X.-X.; Guo, P.-C.; Shi, W.-W.; Luo, M.; Tan, X.-F.; Chen, Y.; Zhou, C.-Z. Structural Plasticity 
of the Thioredoxin Recognition Site of Yeast Methionine S-Sulfoxide Reductase Mxr1 *. J. 
Biol. Chem. 2011, 286 (15), 13430–13437. 

(206) Makukhin, N.; Tretyachenko, V.; Moskovitz, J.; Míšek, J. A Ratiometric Fluorescent Probe for 
Imaging of the Activity of Methionine Sulfoxide Reductase A in Cells. Angew. Chem. Int. Ed. 
2016, 55 (41), 12727–12730. 

(207) Rouhier, N.; Santos, C. V. D.; Tarrago, L.; Rey, P. Plant Methionine Sulfoxide Reductase A and 
B Multigenic Families. Photosynth. Res. 2006, 89 (2), 247–262. 

(208) Maupin-Furlow, J. A. Methionine Sulfoxide Reductases of Archaea. Antioxidants 2018, 7 
(10), 124. 



116 
 

(209) Hage, H.; Rosso, M.-N.; Tarrago, L. Distribution of Methionine Sulfoxide Reductases in Fungi 
and Conservation of the Free-Methionine-R-Sulfoxide Reductase in Multicellular Eukaryotes. 
Free Radic. Biol. Med. 2021, 169, 187–215. 

(210) Jung, S.; Hansel, A.; Kasperczyk, H.; Hoshi, T.; Heinemann, S. H. Activity, Tissue Distribution 
and Site-Directed Mutagenesis of a Human Peptide Methionine Sulfoxide Reductase of Type 
B: hCBS1. FEBS Lett. 2002, 527 (1–3), 91–94. 

(211) Kim, H.-Y.; Gladyshev, V. N. Methionine Sulfoxide Reduction in Mammals: Characterization 
of Methionine-R-Sulfoxide Reductases. Mol. Biol. Cell 2004, 15 (3), 1055–1064. 

(212) Tarrago, L.; Gladyshev, V. N. Recharging Oxidative Protein Repair: Catalysis by Methionine 
Sulfoxide Reductases towards Their Amino Acid, Protein, and Model Substrates. Biochem. 
Mosc. 2012, 77 (10), 1097–1107. 

(213) Gand, A.; Antoine, M.; Boschi-Muller, S.; Branlant, G. Characterization of the Amino Acids 
Involved in Substrate Specificity of Methionine Sulfoxide Reductase A*. J. Biol. Chem. 2007, 
282 (28), 20484–20491. 

(214) Moskovitz, J.; Poston, J. M.; Berlett, B. S.; Nosworthy, N. J.; Szczepanowski, R.; Stadtman, E. 
R. Identification and Characterization of a Putative Active Site for Peptide Methionine 
Sulfoxide Reductase (MsrA) and Its Substrate Stereospecificity *. J. Biol. Chem. 2000, 275 
(19), 14167–14172. 

(215) Lowther, W. T.; Brot, N.; Weissbach, H.; Honek, J. F.; Matthews, B. W. Thiol–Disulfide 
Exchange Is Involved in the Catalytic Mechanism of Peptide Methionine Sulfoxide 
Reductase. Proc. Natl. Acad. Sci. 2000, 97 (12), 6463–6468. 

(216) Kim, H.-Y.; Gladyshev, V. N. Methionine Sulfoxide Reductases: Selenoprotein Forms and 
Roles in Antioxidant Protein Repair in Mammals. Biochem. J. 2007, 407 (3), 321–329. 

(217) Tarrago, L.; Kaya, A.; Kim, H.-Y.; Manta, B.; Lee, B.-C.; Gladyshev, V. N. The Selenoprotein 
Methionine Sulfoxide Reductase B1 (MSRB1). Free Radic. Biol. Med. 2022, 191, 228–240. 

(218) Weissbach, H.; Etienne, F.; Hoshi, T.; Heinemann, S. H.; Lowther, W. T.; Matthews, B.; St. 
John, G.; Nathan, C.; Brot, N. Peptide Methionine Sulfoxide Reductase: Structure, 
Mechanism of Action, and Biological Function. Arch. Biochem. Biophys. 2002, 397 (2), 172–
178. 

(219) Lowther, W. T.; Brot, N.; Weissbach, H.; Matthews, B. W. Structure and Mechanism of 
Peptide Methionine Sulfoxide Reductase, an “Anti-Oxidation” Enzyme,. Biochemistry 2000, 
39 (44), 13307–13312. 

(220) Boschi-Muller, S.; Azza, S.; Sanglier-Cianferani, S.; Talfournier, F.; Dorsselear, A. V.; Branlant, 
G. A Sulfenic Acid Enzyme Intermediate Is Involved in the Catalytic Mechanism of Peptide 
Methionine Sulfoxide Reductase fromEscherichia Coli *. J. Biol. Chem. 2000, 275 (46), 
35908–35913. 

(221) Lim, J. C.; You, Z.; Kim, G.; Levine, R. L. Methionine Sulfoxide Reductase A Is a Stereospecific 
Methionine Oxidase. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (26), 10472–10477. 

(222) Gabbita, S. P.; Aksenov, M. Y.; Lovell, M. A.; Markesbery, W. R. Decrease in Peptide 
Methionine Sulfoxide Reductase in Alzheimer’s Disease Brain. J. Neurochem. 1999, 73 (4), 
1660–1666. 

(223) Liu, F.; Hindupur, J.; Nguyen, J. L.; Ruf, K. J.; Zhu, J.; Schieler, J. L.; Bonham, C. C.; Wood, K. 
V.; Davisson, V. J.; Rochet, J.-C. Methionine Sulfoxide Reductase A Protects Dopaminergic 
Cells from Parkinson’s Disease-Related Insults. Free Radic. Biol. Med. 2008, 45 (3), 242–255. 

(224) De Luca, A.; Sanna, F.; Sallese, M.; Ruggiero, C.; Grossi, M.; Sacchetta, P.; Rossi, C.; De 
Laurenzi, V.; Di Ilio, C.; Favaloro, B. Methionine Sulfoxide Reductase A Down-Regulation in 



117 
 

Human Breast Cancer Cells Results in a More Aggressive Phenotype. Proc. Natl. Acad. Sci. 
2010, 107 (43), 18628–18633. 

(225) Oien, D. B.; Moskovitz, J. Substrates of the Methionine Sulfoxide Reductase System and 
Their Physiological Relevance. In Current Topics in Developmental Biology; Current Topics in 
Developmental Biology; Academic Press, 2007; Vol. 80, pp 93–133. 

(226) Erickson, J. R.; Joiner, M. A.; Guan, X.; Kutschke, W.; Yang, J.; Oddis, C. V.; Bartlett, R. K.; 
Lowe, J. S.; O’Donnell, S. E.; Aykin-Burns, N.; Zimmerman, M. C.; Zimmerman, K.; Ham, A.-J. 
L.; Weiss, R. M.; Spitz, D. R.; Shea, M. A.; Colbran, R. J.; Mohler, P. J.; Anderson, M. E. A 
Dynamic Pathway for Calcium-Independent Activation of CaMKII by Methionine Oxidation. 
Cell 2008, 133 (3), 462–474. 

(227) Hung, R.-J.; Pak, C. W.; Terman, J. R. Direct Redox Regulation of F-Actin Assembly and 
Disassembly by Mical. Science 2011, 334 (6063), 1710–1713. 

(228) Drazic, A.; Miura, H.; Peschek, J.; Le, Y.; Bach, N. C.; Kriehuber, T.; Winter, J. Methionine 
Oxidation Activates a Transcription Factor in Response to Oxidative Stress. Proc. Natl. Acad. 
Sci. 2013, 110 (23), 9493–9498. 

(229) Moskovitz, J.; Bar-Noy, S.; Williams, W. M.; Requena, J.; Berlett, B. S.; Stadtman, E. R. 
Methionine Sulfoxide Reductase (MsrA) Is a Regulator of Antioxidant Defense and Lifespan 
in Mammals. Proc. Natl. Acad. Sci. 2001, 98 (23), 12920–12925. 

(230) Koc, A.; Gasch, A. P.; Rutherford, J. C.; Kim, H.-Y.; Gladyshev, V. N. Methionine Sulfoxide 
Reductase Regulation of Yeast Lifespan Reveals Reactive Oxygen Species-Dependent and -
Independent Components of Aging. Proc. Natl. Acad. Sci. 2004, 101 (21), 7999–8004. 

(231) Makukhin, N.; Nosek, V.; Míšek, J. Development of a Ratiometric Fluorescent Probe with 
Two ­Reactive Sulfoxides for Monitoring the Activity of Methionine Sulfoxide Reductase A. 
Synthesis 2018, 50 (4), 772–777. 

(232) Tarallo, V.; Sudarshan, K.; Nosek, V.; Míšek, J. Development of a Simple High-Throughput 
Assay for Directed Evolution of Enantioselective Sulfoxide Reductases. Chem. Commun. 
2020, 56 (40), 5386–5388. 

(233) Tokarenko, A.; Nosek, V.; Míšek, J. Design, Synthesis, and Evaluation of Probes for Spatially 
Resolved Imaging of Enantioselective Sulfoxide Reductases. J. Org. Chem. 2022, 87 (2), 
1585–1588. 

(234) Ghanem, A.; Aboul-Enein, H. Y. Application of Lipases in Kinetic Resolution of Racemates. 
Chirality 2005, 17 (1), 1–15. 

(235) Aono, R.; Kobayashi, H.; Joblin, K. N.; Horikoshi, K. Effects of Organic Solvents on Growth of 
Escherichia Coli K-12. Biosci. Biotechnol. Biochem. 1994, 58 (11), 2009–2014. 

(236) Aono, R.; Negishi, T.; Nakajima, H. Cloning of Organic Solvent Tolerance Gene ostA That 
Determines N-Hexane Tolerance Level in Escherichia Coli. Appl. Environ. Microbiol. 1994, 60 
(12), 4624–4626. 

(237) Fringuelli, F.; Pellegrino, R.; Pizzo, F. Facile and Selective Oxidation of Sulfides to Sulfoxides 
by T-Butyl Hydroperoxide in Aqueous Medium. Synth. Commun. 1993, 23 (22), 3157–3163. 

(238) Kundu, R.; Ball, Z. T. Copper-Catalyzed Remote Sp3 C−H Chlorination of Alkyl 
Hydroperoxides. Org. Lett. 2010, 12 (11), 2460–2463. 

(239) Haggag, Y. A.; El-Gizawy, S. A.; El-din, E. E. Z.; El-Shitany, N. A.; Osman, M. A. Sulindac Solid 
Dispersions: Development, Characterization and in Vivo Evaluation of Ulcerogenic Activity in 
Rats. J. Appl. Pharm. Sci. 2016, 6 (2), 022–031. 



118 
 

(240) Engwerda, A. H. J.; Koning, N.; Tinnemans, P.; Meekes, H.; Bickelhaupt, F. M.; Rutjes, F. P. J. 
T.; Vlieg, E. Deracemization of a Racemic Allylic Sulfoxide Using Viedma Ripening. Cryst. 
Growth Des. 2017, 17 (8), 4454–4457. 

(241) Tudorache, M.; Nica, S.; Bartha, E.; Lupan, I.; Parvulescu, V. I. Sequential Deracemization of 
Sulfoxides via Whole-Cell Resolution and Heterogeneous Oxidation. Appl. Catal. Gen. 2012, 
441–442, 42–46. 

(242) Peng, T.; Tian, J.; Zhao, Y.; Jiang, X.; Cheng, X.; Deng, G.; Zhang, Q.; Wang, Z.; Yang, J.; Chen, 
Y. Multienzyme Redox System with Cofactor Regeneration for Cyclic Deracemization of 
Sulfoxides. Angew. Chem. Int. Ed. 2022, 61 (37), e202209272. 

(243) Bierbaumer, S.; Schmermund, L.; List, A.; Winkler, C. K.; Glueck, S. M.; Kroutil, W. Synthesis 
of Enantiopure Sulfoxides by Concurrent Photocatalytic Oxidation and Biocatalytic 
Reduction. Angew. Chem. Int. Ed. 2022, 61 (17), e202117103. 

(244) Chen, K.; Arnold, F. H. Tuning the Activity of an Enzyme for Unusual Environments: 
Sequential Random Mutagenesis of Subtilisin E for Catalysis in Dimethylformamide. Proc. 
Natl. Acad. Sci. 1993, 90 (12), 5618–5622. 

(245) Giver, L.; Gershenson, A.; Freskgard, P.-O.; Arnold, F. H. Directed Evolution of a 
Thermostable Esterase. Proc. Natl. Acad. Sci. 1998, 95 (22), 12809–12813. 

(246) Joo, H.; Lin, Z.; Arnold, F. H. Laboratory Evolution of Peroxide-Mediated Cytochrome P450 
Hydroxylation. Nature 1999, 399 (6737), 670–673. 

(247) Glieder, A.; Farinas, E. T.; Arnold, F. H. Laboratory Evolution of a Soluble, Self-Sufficient, 
Highly Active Alkane Hydroxylase. Nat. Biotechnol. 2002, 20 (11), 1135–1139. 

(248) Zha, D.; Wilensek, S.; Hermes, M.; Jaeger, K.-E.-; Reetz, M. T. Complete Reversal of 
Enantioselectivity of an Enzyme-Catalyzed Reaction by Directed Evolution. Chem. Commun. 
2001, No. 24, 2664–2665. 

(249) Bartsch, S.; Kourist, R.; Bornscheuer, U. T. Complete Inversion of Enantioselectivity towards 
Acetylated Tertiary Alcohols by a Double Mutant of a Bacillus Subtilis Esterase. Angew. 
Chem. Int. Ed. 2008, 47 (8), 1508–1511. 

(250) Alamuri, P.; Maier, R. J. Methionine Sulfoxide Reductase in Helicobacter Pylori: Interaction 
with Methionine-Rich Proteins and Stress-Induced Expression. J. Bacteriol. 2006, 188 (16), 
5839–5850. 

(251) Fukushima, E.; Shinka, Y.; Fukui, T.; Atomi, H.; Imanaka, T. Methionine Sulfoxide Reductase 
from the Hyperthermophilic Archaeon Thermococcus Kodakaraensis, an Enzyme Designed 
To Function at Suboptimal Growth Temperatures. J. Bacteriol. 2007, 189 (19), 7134–7144. 

(252) Weissbach, H.; Resnick, L.; Brot, N. Methionine Sulfoxide Reductases: History and Cellular 
Role in Protecting against Oxidative Damage. Biochim. Biophys. Acta BBA - Proteins 
Proteomics 2005, 1703 (2), 203–212. 

(253) Cammack, R.; Weiner, J. H. Electron Paramagnetic Resonance Spectroscopic 
Characterization of Dimethyl Sulfoxide Reductase of Escherichia Coli. Biochemistry 1990, 29 
(36), 8410–8416. 

(254) Weiner, J. H.; MacIsaac, D. P.; Bishop, R. E.; Bilous, P. T. Purification and Properties of 
Escherichia Coli Dimethyl Sulfoxide Reductase, an Iron-Sulfur Molybdoenzyme with Broad 
Substrate Specificity. J. Bacteriol. 1988, 170 (4), 1505–1510. 

(255) Makukhin, N.; Havelka, V.; Poláchová, E.; Rampírová, P.; Tarallo, V.; Strisovsky, K.; Míšek, J. 
Resolving Oxidative Damage to Methionine by an Unexpected Membrane-Associated 
Stereoselective Reductase Discovered Using Chiral Fluorescent Probes. FEBS J. 2019, 286 
(20), 4024–4035. 



119 
 

(256) Luckarift, H. R.; Dalton, H.; Sharma, N. D.; Boyd, D. R.; Holt, R. A. Isolation and 
Characterisation of Bacterial Strains Containing Enantioselective DMSO Reductase Activity: 
Application to the Kinetic Resolution of Racemic Sulfoxides. Appl. Microbiol. Biotechnol. 
2004, 65 (6), 678–685. 

(257) Hanlon, S. P.; Graham, D. L.; Hogan, P. J.; Holt, R. A.; Reeve, C. D.; Shaw, A. L.; McEwan, A. G. 
Asymmetric Reduction of Racemic Sulfoxides by Dimethyl Sulfoxide Reductases from 
Rhodobacter Capsulatus, Escherichia Coli and Proteus Species. Microbiology 1998, 144 (8), 
2247–2253. 

(258) Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K. A.; Tomita, 
M.; Wanner, B. L.; Mori, H. Construction of Escherichia Coli K-12 in-Frame, Single-Gene 
Knockout Mutants: The Keio Collection. Mol. Syst. Biol. 2006, 2 (1), 2006.0008. 

(259) Brot, N.; Atiour Rahman, M.; Moskovitz, J.; Weissbach, H. [45] Escherichia Coli Peptide 
Methionine Sulfoxide Reductase: Cloning, High Expression, and Purification. In Methods in 
Enzymology; Biothiols Part A Monothiols and Dithiols, Protein Thiols, and Thiyl Radicals; 
Academic Press, 1995; Vol. 251, pp 462–470. 

(260) Bozdag, S.; Calis, S.; Sumnu, M. Formulation and Stability Evaluation of Enteric-Coated 
Omeprazole Formulations. STP Pharma Sci. 1999, 9 (4), 321–327. 

(261) Lindberg, P.; Nordberg, P.; Alminger, T.; Braendstroem, A.; Wallmark, B. The Mechanism of 
Action of the Antisecretory Agent Omeprazole. J. Med. Chem. 1986, 29 (8), 1327–1329. 

(262) Sachs, G.; Shin, J. M.; Briving, C.; Wallmark, B.; Hersey, S. The Pharmacology of the Gastric 
Acid Pump: The H+, K+ ATPase. Annu. Rev. Pharmacol. Toxicol. 1995, 35 (1), 277–305. 

(263) Lindberg, P.; Brändström, A.; Wallmark, B.; Mattsson, H.; Rikner, L.; Hoffmann, K.-J. 
Omeprazole: The First Proton Pump Inhibitor. Med. Res. Rev. 1990, 10 (1), 1–54. 

(264) Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, 
K.; Bates, R.; Žídek, A.; Potapenko, A.; Bridgland, A.; Meyer, C.; Kohl, S. A. A.; Ballard, A. J.; 
Cowie, A.; Romera-Paredes, B.; Nikolov, S.; Jain, R.; Adler, J.; Back, T.; Petersen, S.; Reiman, 
D.; Clancy, E.; Zielinski, M.; Steinegger, M.; Pacholska, M.; Berghammer, T.; Bodenstein, S.; 
Silver, D.; Vinyals, O.; Senior, A. W.; Kavukcuoglu, K.; Kohli, P.; Hassabis, D. Highly Accurate 
Protein Structure Prediction with AlphaFold. Nature 2021, 596 (7873), 583–589. 

(265) Schramm, V. L. Enzymatic Transition States and Drug Design. Chem. Rev. 2018, 118 (22), 
11194–11258. 

(266) Horton, J. Albendazole: A Review of Anthelmintic Efficacy and Safety in Humans. 
Parasitology 2000, 121 (S1), S113–S132. 

(267) Gyurik, R. J.; Chow, A. W.; Zaber, B.; Brunner, E. L.; Miller, J. A.; Villani, A. J.; Petka, L. A.; 
Parish, R. C. Metabolism of Albendazole in Cattle, Sheep, Rats and Mice. Drug Metab. 
Dispos. Biol. Fate Chem. 1981, 9 (6), 503–508. 

(268) Capece, B. P. S.; Virkel, G. L.; Lanusse, C. E. Enantiomeric Behaviour of Albendazole and 
Fenbendazole Sulfoxides in Domestic Animals: Pharmacological Implications. Vet. J. 2009, 
181 (3), 241–250. 

(269) Paredes, A.; de Campos Lourenço, T.; Marzal, M.; Rivera, A.; Dorny, P.; Mahanty, S.; Guerra-
Giraldez, C.; García, H. H.; Nash, T. E.; Cass, Q. B.; the Cysticercosis Working Group in Peru. 
In Vitro Analysis of Albendazole Sulfoxide Enantiomers Shows That (+)-(R)-Albendazole 
Sulfoxide Is the Active Enantiomer against Taenia Solium. Antimicrob. Agents Chemother. 
2013, 57 (2), 944–949. 



120 
 

(270) Jiang, X.; Chen, Y.; Zhou, S.; Pan, B.; Tian, J.; Xu, X.; Cheng, X.; Chen, Y.-Z.; Yang, J. 
Engineering of Methionine Sulfoxide Reductase A with Expanded Substrate Scope for 
Deracemization of Sulfinyl Esters. ACS Sustain. Chem. Eng. 2024, 12 (32), 11987–11996. 

(271) Huang, M.; Pan, T.; Jiang, X.; Luo, S. Catalytic Deracemization Reactions. J. Am. Chem. Soc. 
2023. 

(272) Biotech Jobs and Research Resources - theLabRat.com.http://thelabrat.com/ 

(273) Buffer Formulations.https://www.bio-
rad.com/webroot/web/pdf/lsr/literature/Bulletin_6199.pdf. 

(274) Hendriks, C. M. M.; Lamers, P.; Engel, J.; Bolm, C. Sulfoxide-to-Sulfilimine Conversions: Use 
of Modified Burgess-Type Reagents. Adv. Synth. Catal. 2013, 355 (17), 3363–3368. 

(275) Golchoubian, H.; Hosseinpoor, F. Effective Oxidation of Sulfides to Sulfoxides with Hydrogen 
Peroxide under Transition-Metal-Free Conditions. Molecules 2007, 12 (3), 304–311. 

(276) Popr, M.; Hybelbauerová, S.; Jindřich, J. A Complete Series of 6-Deoxy-Monosubstituted 
Tetraalkylammonium Derivatives of α-, β-, and γ-Cyclodextrin with 1, 2, and 3 Permanent 
Positive Charges. Beilstein J. Org. Chem. 2014, 10 (1), 1390–1396. 

(277) Tanaka, H.; Nishikawa, H.; Uchida, T.; Katsuki, T. Photopromoted Ru-Catalyzed Asymmetric 
Aerobic Sulfide Oxidation and Epoxidation Using Water as a Proton Transfer Mediator. J. 
Am. Chem. Soc. 2010, 132 (34), 12034–12041. 

(278) Gogoi, P.; Kotipalli, T.; Indukuri, K.; Bondalapati, S.; Saha, P.; Saikia, A. K. Application of a 
Novel 1,3-Diol with a Benzyl Backbone as Chiral Ligand for Asymmetric Oxidation of Sulfides 
to Sulfoxides. Tetrahedron Lett. 2012, 53 (22), 2726–2729. 

(279) Gan, S.; Yin, J.; Yao, Y.; Liu, Y.; Chang, D.; Zhu, D.; Shi, L. Metal- and Additive-Free Oxygen-
Atom Transfer Reaction: An Efficient and Chemoselective Oxidation of Sulfides to Sulfoxides 
with Cyclic Diacyl Peroxides. Org. Biomol. Chem. 2017, 15 (12), 2647–2654. 

(280) Lattanzi, A.; Piccirillo, S.; Scettri, A. Enantioselective Sulfoxidation and Kinetic Resolution 
Combined Protocol Mediated by a Functionalized (S)-Norcamphor-Based 
Hydroperoxide/Titanium(IV) Isopropoxide System. Adv. Synth. Catal. 2007, 349 (3), 357–
363. 

(281) Monguchi, Y.; Ida, T.; Maejima, T.; Yanase, T.; Sawama, Y.; Sasai, Y.; Kondo, S.; Sajiki, H. 
Palladium on Carbon-Catalyzed Gentle and Quantitative Combustion of Hydrogen at Room 
Temperature. Adv. Synth. Catal. 2014, 356 (2–3), 313–318. 

(282) Bickart, P.; Carson, F. W.; Jacobus, J.; Miller, E. G.; Mislow, K. Thermal Racemization of Allylic 
Sulfoxides and Interconversion of Allylic Sulfoxides and Sulfenates. Mechanism and 
Stereochemistry. J. Am. Chem. Soc. 1968, 90 (18), 4869–4876. 

(283) Gholami, H.; Zhang, J.; Anyika, M.; Borhan, B. Absolute Stereochemical Determination of 
Asymmetric Sulfoxides via Central to Axial Induction of Chirality. Org. Lett. 2017, 19 (7), 
1722–1725. 

(284) Guerrero-Corella, A.; Martinez-Gualda, A. M.; Ahmadi, F.; Ming, E.; Fraile, A.; Alemán, J. 
Thiol–Ene/Oxidation Tandem Reaction under Visible Light Photocatalysis: Synthesis of Alkyl 
Sulfoxides. Chem. Commun. 2017, 53 (75), 10463–10466. 

(285) Fernández-Salas, J. A.; Eberhart, A. J.; Procter, D. J. Metal-Free CH–CH-Type Cross-Coupling 
of Arenes and Alkynes Directed by a Multifunctional Sulfoxide Group. J. Am. Chem. Soc. 
2016, 138 (3), 790–793. 



121 
 

(286) El Ouazzani, H.; Khiar, N.; Fernández, I.; Alcudia, F. General Method for Asymmetric 
Synthesis of α-Methylsulfinyl Ketones:  Application to the Synthesis of Optically Pure 
Oxisuran and Bioisosteres. J. Org. Chem. 1997, 62 (2), 287–291. 

(287) Otto, N.; Opatz, T. Screening of Ligands for the Ullmann Synthesis of Electron-Rich Diaryl 
Ethers. Beilstein J. Org. Chem. 2012, 8 (1), 1105–1111. 

(288) Morrison, G. C.; Shavel, J. J. Pyridyl {62 -Ketosulfoxides and Sulfones. US3679691A, July 25, 
1972. 

(289) Romeiro, N. C.; Leite, R. D. F.; Lima, L. M.; Cardozo, S. V. S.; de Miranda, A. L. P.; Fraga, C. A. 
M.; Barreiro, E. J. Synthesis, Pharmacological Evaluation and Docking Studies of New 
Sulindac Analogues. Eur. J. Med. Chem. 2009, 44 (5), 1959–1971. 

(290) Timko, L.; Fischer-Fodor, E.; Garajová, M.; Mrva, M.; Chereches, G.; Ondriska, F.; Bukovský, 
M.; Lukáč, M.; Karlovská, J.; Kubincová, J.; Devínsky, F. Synthesis of Structural Analogues of 
Hexadecylphosphocholine and Their Antineoplastic, Antimicrobial and Amoebicidal Activity. 
Eur. J. Med. Chem. 2015, 93, 263–273. 

(291) Foti, R. S.; Rock, D. A.; Han, X.; Flowers, R. A. I.; Wienkers, L. C.; Wahlstrom, J. L. Ligand-
Based Design of a Potent and Selective Inhibitor of Cytochrome P450 2C19. J. Med. Chem. 
2012, 55 (3), 1205–1214. 

(292) Furukawa, N.; Hosono, E.; Fujihara, H.; Ogawa, S. Studies on the Stereoselective Methylation 
of α-Sulfinyl Carbanions Generated from Three Isomeric Pyridylmethyl p-Tolyl Sulfoxides 
and Benzyl 2-Pyridyl Sulfoxide. Bull. Chem. Soc. Jpn. 1990, 63 (2), 461–465. 

(293) Alwedi, E.; Zakharov, L. N.; Blakemore, P. R. Chain Extension of Boronic Esters with 
Lithiooxiranes Generated by Sulfoxide–Metal Exchange – Stereocontrolled Access to 2°/2°, 
2°/3°, and 3°/3° Vicinal Diols and Related Compounds. Eur. J. Org. Chem. 2014, 2014 (30), 
6643–6648. 

(294) Satoh, T.; Oohara, T.; Ueda, Y.; Yamakawa, K. . . Alpha.,. Beta.-Epoxy Sulfoxides as Useful 
Intermediates in Organic Synthesis. 21. A Novel Approach to the Asymmetric Synthesis of 
Epoxides, Allylic Alcohols,. Alpha.-Amino Ketones, and. Alpha.-Amino Aldehydes from 
Carbonyl Compounds through. Alpha.,. Beta.-Epoxy Sulfoxides Using the Optically Active p-
Tolylsulfinyl Group to Induce Chirality. J. Org. Chem. 1989, 54 (13), 3130–3136. 

(295) Hoyt, A. L.; Blakemore, P. R. On the Nature of the Chain-Extending Species in Organolithium 
Initiated Stereospecific Reagent-Controlled Homologation Reactions Using α-Chloroalkyl 
Aryl Sulfoxides. Tetrahedron Lett. 2015, 56 (23), 2980–2982. 

(296) Bicherov, A. V.; Akopova, A. R.; Spiglazov, V. I.; Morkovnik, A. S. New Synthetic Route to 
Modafinil Drug Including Desulfobenzhydrylation of Sodium Carbamoylmethyl Thiosulfate: 
Experimental and Quantum Chemical Studies. Russ. Chem. Bull. 2010, 59 (1), 91–101. 

(297) Okunola-Bakare, O. M.; Cao, J.; Kopajtic, T.; Katz, J. L.; Loland, C. J.; Shi, L.; Newman, A. H. 
Elucidation of Structural Elements for Selectivity across Monoamine Transporters: Novel 2-
[(Diphenylmethyl)Sulfinyl]Acetamide (Modafinil) Analogues. J. Med. Chem. 2014, 57 (3), 
1000–1013. 

(298) Dai, W.; Li, G.; Wang, L.; Chen, B.; Shang, S.; Lv, Y.; Gao, S. Enantioselective Oxidation of 
Sulfides with H2O2 Catalyzed by a Pre-Formed Manganese Complex. RSC Adv. 2014, 4 (87), 
46545–46554. 

(299) Ahn, K. H.; Ham, C.; Kim, S.-K.; Cho, C.-W. Practical Synthesis of Chiral Sultam Auxiliaries: 3-
Substituted-1, 2-Benzisothiazoline 1, 1-Dioxides. J. Org. Chem. 1997, 62 (20), 7047–7048. 



122 
 

(300) Moskovitz, J.; Berlett, B. S.; Poston, J. M.; Stadtman, E. R. The Yeast Peptide-Methionine 
Sulfoxide Reductase Functions as an Antioxidant in Vivo. Proc. Natl. Acad. Sci. 1997, 94 (18), 
9585–9589. 

(301) Tohma, H.; Takizawa, S.; Morioka, H.; Maegawa, T.; Kita, Y. Novel Catalytic Asymmetric 
Sulfoxidation in Water Using the Hypervalent Iodine Reagent Iodoxybenzene. Chem. Pharm. 
Bull. 2000, 48 (3), 445–446. 

(302) Toda, F.; Tanaka, K.; Nagamatsu, S. Mutual Optical Resolution of 2,2′-Dihydroxy-1,1′-
Binaphthyl and Alkyl Aryl or Dialkyl Sulfoxides by Complex Formation. Tetrahedron Lett. 
1984, 25 (43), 4929–4932. 

(303) Zhao, H.; Kayser, M. M.; Wang, Y.; Palkovits, R.; Schüth, F. Mesoporous Silica Modified with 
Enantiopure Sulfoxide as Catalyst in Allylation of Aldehydes. Microporous Mesoporous 
Mater. 2008, 116 (1), 196–203. 

(304) Gelat, F.; Jayashankaran, J.; Lohier, J.-F.; Gaumont, A.-C.; Perrio, S. Organocatalytic 
Asymmetric Synthesis of Sulfoxides from Sulfenic Acid Anions Mediated by a Cinchona-
Derived Phase-Transfer Reagent. Org. Lett. 2011, 13 (12), 3170–3173. 

(305) Clara-Sosa, A.; Pérez, L.; Sánchez, M.; Melgar-Fernández, R.; Juaristi, E.; Quintero, L.; Anaya 
de Parrodi, C. Cis- and Trans-N-(Benzylsulfinyl)Hexahydrobenzoxazolidin-2-Ones as Novel 
Chiral Sulfinyl Transfer Reagents. Tetrahedron 2004, 60 (52), 12147–12152. 

(306) Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, 
S.; Rueden, C.; Saalfeld, S.; Schmid, B.; Tinevez, J.-Y.; White, D. J.; Hartenstein, V.; Eliceiri, K.; 
Tomancak, P.; Cardona, A. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. 
Methods 2012, 9 (7), 676–682. 

(307) Nosek, V.; Míšek, J. Chemoenzymatic Deracemization of Chiral Sulfoxides. Angew. Chem. Int. 
Ed. 2018, 57 (31), 9849–9852. 

(308) Reddy, L. A.; Malakondaiah, G. C.; Babu, K. S.; Bhattacharya, A.; Bandichhor, R.; Himabindu, 
V.; Reddy, P. P.; Anand, R. V. An Investigation on Key Parameters That Influence the 
Resolution of Omeprazole Sodium. Org. Process Res. Dev. 2008, 12 (1), 66–68. 

(309) Nosek, V.; Míšek, J. Enzymatic Kinetic Resolution of Chiral Sulfoxides – an 
Enantiocomplementary Approach. Chem. Commun. 2019, 55 (70), 10480–10483. 

 


