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Halogenation/Dehalogenation/
Heteroatom Oxidation

In the last 50 years the number of known natural organo-halogen compounds has grown

from a dozen to more than 4000 today.1 The most studied group of halogenase biocatalysts

are haloperoxidases, which are able to accelerate a wide range of halogenation reactions

following the mode of action represented in Scheme 11.1.

More recently new halogenases have been identified such as 2-oxoglutarate iron-

dependent halogenase, nucleophilic halogenases that can introduce fluorine and FADH2

dependant halogenases. The FADH2 cofactor enzymes can halogenate substrates with

excellent regioselectivity. A good example of this reaction is the synthesis of isolated 7-

chlorotriptophan by Walsh et al.2 a target synthesis that would involve many steps using

traditional organic synthesis methods (Scheme 11.2).

Hence this group of enzymes offers the chemical industry significant improvements in

synthetic methodologies as low regio-selectivities are usually obtained in traditional

halogenation reagents and these reagents are limited to reaction at specific activated sites.

Halogenases are now known that regioselectively halogenate all four positions of the

indole benzene ring which is not possible with chemical reagents. By replacing chloride

salts by bromide salts in the reaction media bromination is possible in many cases.

Dehalogenases have been known to efficiently dehalogenate activated halogen com-

pounds and are applied on the large scale for the synthesis of (S)-chloropropionic acid as
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an intermediate in herbicide synthesis. In this chapter the synthesis of optically pure

bromoalkanes by kinetic resolution is described.

Another reaction that is gaining importance is the stereoselective oxidation at sulfur

using enzymes. This has recently been exemplified by Ee Lui Ang from Codexis during a

presentation on the “Engineering of oxidase enzymes for large scale production of APIs

and intermediates”. He described the production of Esomeprazole (1) and Armodafinil

(2) using enzymes obtained by directed evolution of cyclohexane monooxygenase

for the oxidation of thioethers to chiral sulfoxides with high ee using air as the oxidant

(Figure 11.1).3

Further examples of stereoselective heteroatom oxidation are described in this chapter.
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Scheme 1.1 General reaction for halogenases.
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Scheme 11.2 Regiospecific chlorination of tryptophan with Halogenases KtzQ.
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Figure 11.1 Directed evolution of cyclohexane monooxygenase for the oxidation of thioethers
to chiral sulfoxides.
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11.1 Preparation of Halogenated Molecules by a Fungal Flavin-Dependent
Halogenase Heterologously Expressed in Escherichia coli
Jia Zeng and Jixun Zhan

More than 4000 halogenated natural products have been isolated from nature, such

as chloramphenicol (antibacterial), vancomycin (antibacterial) and rebeccamycin

(anticancer). Incorporation of halogen atoms in drug leads is a common strategy to

modify molecules for improved bioactivities and specificities. Since chemical halogena-

tion often requires harsh reaction conditions and results in formation of unwanted

byproducts,1 it is of particular interest to use natural enzymes to prepare desired

halogenated molecules. Rdc2 is a flavin-dependent halogenase involved in Radicicol

biosynthesis in Pochonia chlamydosporia.2,3 It has been shown that this enzyme can

accept a variety of substrates to generate new halogenated derivatives. The encoding gene

was cloned from the cDNA of P. chlamydosporia and ligated into pET28a vector between

the NdeI and Hind III sites, yielding the expression plasmid pJZ54. This plasmid was

transformed into the E. coli BL21 CodonPlus (DE3)-RIL strain for protein expression.3

Although purified enzyme can be used in vitro, in the presence of a partner flavin reductase

(Fre) and other components including substrate, O2, FAD, NADH and Cl�/Br�, for small

scale preparation of mono- and dihalogenated products, E. coli BL21 CodonPlus (DE3)-

RIL/pJZ54 can be used as a whole-cell biocatalyst for large-scale production of haloge-

nated molecules. This whole-cell halogenation procedure is based on Reference 3

(Figure 11.1.1).3

11.1.1 Whole-Cell Biocatalytic Halogenation of Dihydroresorcylide

11.1.1.1 Materials and Equipment

- E. coli BL21 CodonPlus (DE3)-RIL strain harboring plasmid pJZ54 (frozen glycerol

stocks)

- Luria–Bertani (LB) medium powder

- Bacto Agar

- Isopropyl-1-thio-b-D-galactoside (IPTG) (1 M stock in water, filter sterilized)

- Kanamycin sulfate (35 g.L�1 stock in water, filter sterilized)

- Chloramphenicol (25 g.L�1 stock in ethanol, filter sterilized)
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Figure 11.1.1 Whole-cell large-scale halogenation procedure.
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- HPLC grade acetonitrile (1 L, containing 0.1% HPLC grade trifluoacetic acid)

- HPLC grade water (1 L, containing 0.1% HPLC grade trifluoacetic acid)

- Dihydroresorcylide (34mg)

- 10-mL sterilized pipettes

- 1-mL syringes

- 0.22-mm polyvinylidene difluoride syringe filters

- Sterile inoculation loop

- Petri dishes

- Autoclave

- Incubator

- Rotary shaker

- Benchtop centrifuge

- Separatory funnels

- Rotovapor

- HPLC system with a DAD detector

- Agilent Zorbax SB-C18 reversed-phase analytical column (5mm, 150� 4.6mm)

11.1.1.2 Procedure

Initial culture

1. E. coli BL21 CodonPlus (DE3)-RIL/pJZ54 was streaked onto LB agar plates supple-

mented with chloramphenicol (25mgmL�1) and kanamycin (35mg.mL�1). The plates

were incubated at 37 �C for 15 hrs to obtain single colonies.

2. A single colony was inoculated into a 250-mL Erlenmeyer flask containing 50mL of

LB medium (containing 25mg.mL�1 chloramphenicol and 35mg.mL�1 kanamycin) at

37 �C and 250 rpm on a rotary shaker for 15 hrs.

Whole cell halogenation

1. The 50-mL overnight seed culture was then transferred into 8 2-L Erlenmeyer flasks,

each containing 500mL of fresh LB medium with 25mg.mL�1 chloramphenicol and

35mg.mL�1 kanamycin. The culture was grown at 37 �C and 250 rpm on a rotary shaker.

2. Once the OD500 of the culture reached 0.4�0.6, 200mM IPTG was added to induce the

expression of Rdc2. The induced broth was maintained at 250 rpm and 28 �C on a rotary

shaker.

3. Three hours after induction, the substrate (34mg, dissolved in 1mL of methanol) was

added into the broth and the culture was maintained at 250 rpm and 28 �C on a rotary

shaker for an additional 36 h.

11.1.1.3 Analytical Methods

The biotransformation broth was centrifuged at 3,500 rpm for 7min to harvest the

supernatant and pellet. The resulting pellet and supernatant were extracted three times

with methanol (300mL) and ethyl acetate (4 L), respectively. The extracts were combined

and evaporated under reduced pressure. The residue was re-dissolved in 1mL of MeOH
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and filtered through 0.22mm polyvinylidene difluoride syringe filters. The extract was

separated by HPLC to yield the pure halogenated product, 11-chlorodihydroresorcylide

(9.8mg, 26% yield). A gradient of acetonitrile–water system (10–90%) containing 0.1%

trifluoroacetic acid (TFA) was programmed at 1mL.min�1 over 30min and the product

was detected at 310 nm.

ESI-MS:m/z 327 [MþH]þ; 1H NMR (CD3OD; 300MHz): d 6.40 (s, 1H, CH-13), 5.09
(1H, m, CH-2), 4.64 (1H, d, J¼ 18.5Hz, CHa-9), 4.50 (1H, d, J¼ 18.5Hz, CHb-9), 2.64

(1H, m, CHb-7), 2.49 (1H, m, CHa-7), 1.97 (1H, m, CHa-7), 1.70 (2H, m, CH2-3), 1.52

(1H, m, CHb-7), 1.49 (2H, m, CH2-5), 1.31 (3H, d, J¼ 6.5Hz, CH3-1), 1.30 (2H, m, CH2-

6); 13C NMR (CD3OD; 75MHz): d 210.8 (C-8), 171.9 (C-16), 163.7 (C-14), 160.7 (C-12),
136.9 (C-10), 117.1 (C-11), 108.2 (C-15), 104.1 (CH-13), 75.5 (CH-2), 47.5 (CH2-9), 43.2

(CH2-7), 33.0 (CH2-3), 28.6 (CH2-5), 22.8 (CH2-6), 22.5 (CH2-4), 19.4 (CH3-1).

Other suitable alternate substrates include monocillins, curvularin, zearalenone and

curcumin. This method may also apply to other structurally similar molecules to

synthesize mono-chlorinated derivatives.

11.1.2 Conclusion

Rdc2 is a fungal flavin-dependent halogenase with broad substrate specificity. It was

overexpressed in E. coli BL21 CodonPlus (DE3)-RIL. Because E. coli cells contain all

necessary reaction components including Fre, the whole system is able to conduct the

designed halogenation. Substrates can be efficiently halogenated by the Rdc2-containing

E. coli strain in 36 hrs. Because this strain can generate specifically halogenated

derivatives, it represents a useful whole-cell halogenating biocatalyst for preparation of

new molecules under mild conditions, which can also contribute to the development

of green chemistry.
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11.2 Preparation of Optically Pure Haloalkanes and Alcohols
by Kinetic Resolution Using Haloalkane Dehalogenases
Zbynek Prokop, Veronika Stepankova, Khomaini Hasan,

Radka Chaloupkova and Jiri Damborsky

Haloalkane dehalogenases (EC 3.8.1.5) catalyze the removal of a halogen from haloge-

nated aliphatic compounds by the hydrolytic replacement, leading to formation of the
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corresponding alcohols (Figure 11.2.1). The hydrolytic replacement of a halide by

hydroxyl functionality takes place in a stereospecific manner1. The haloalkane dehalo-

genases are applicable in asymmetric biocatalysis since haloalkanes and alcohols are

valuable building blocks in organic synthesis.1,2,3 The kinetic resolution of a wide range of

racemic brominated substrates was performed with four haloalkane dehalogenases: DhaA

from Rhodococcus rhodochrous NCIMB 13064, LinB from Sphingobium japonicum

UT26, DbjA from Bradyrhizobium japonicum USDA 110 and DatA from Agrobacterium

tumefaciens C58. The gram-scale synthesis has been demonstrated during enzymatic

preparation of optically pure (S)-2-bromopentane by kinetic resolution of racemic

2-bromopentane using the haloalkane dehalogenase DbjA.4

11.2.1 Procedure 1: Kinetic Resolution of a-Bromoesters and b-Bromoalkanes

11.2.1.1 Materials and Equipment

- Tris(hydroxymethyl)aminomethane (Sigma-Aldrich)

- Halogenated substrates (Sigma-Aldrich)

- Diethyl ether (Chromservis)

- Anhydrous sodium sulfate (Sigma-Aldrich)

- Haloalkane dehalogenase enzymes (Enantis)

Figure 11.2.1 Reaction mechanism of a-bromoesters (a) and b-bromoalkanes (b) conversion
catalyzed by the haloalkane dehalogenases.
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- 25mL Reaction vessels with screw cap (Pierce Chemical)

- Microliter syringes (Hamilton), glass tubes with screw cap (Sigma-Aldrich)

- Pasteur pipettes (Hirschmann Laborgerate)

- Chromatography crimp top vials (Chromacol)

- Gas chromatograph HP 6890 equipped with flame ionization detector (Hewlett

Packard)

- Capillary GC columns Chiraldex G-TA and B-TA (Alltech)

11.2.1.2 Procedure

1. Kinetic resolution was performed at room temperature (21 �C) in screw-capped

reaction vessels containing 20mL of 50mM Tris-sulfate buffer, pH 8.2.

2. Racemic substrates were added to a final concentration of 0.1 to 5mM.

3. Enzymatic reactions were initiated by adding purified haloalkane dehalogenase to the

final enzyme concentration 0.025 to 0.15mg.mL�1.
4. The progress of each reaction was monitored by periodically withdrawing 0.5mL

samples from the reaction mixture, extracting them with 1mL of diethyl ether, drying

them on a Pasteur pipette column containing anhydrous sodium sulfate, and analyzing

them by using a gas chromatograph HP 6890 equipped with a flame ionization detector

and Chiraldex capillary GC columns 30m B-TA and 50m G-TA (0.25mm ID,

0.125 mm film). The carrier gas was He at a flow rate of 1mL.min�1. 1mL samples

were injected to split-splitless injector at 200 �C with a split ratio of 1:50. The flame

ionization detector was operated at 250 �C, H2 flow 40mL.min�1, N2 flow 40mL.min�1

and synthetic air flow 450mL.min�1. The temperature programmewas isothermal at the

temperature based on properties of analyzed compound (60 to 120 �C).

11.2.1.3 Results

Tested dehalogenases showed excellent enantioselectivity with a-bromoesters

(Table 11.2.1).4,5 The enzyme DbjA and DatA also showed high enantioselectivity with

b-substituted bromoalkanes. The (R)-enantiomers of the brominated substrates were

preferentially converted in all reaction, resulting in formation of corresponding (S)-

alcohols.

11.2.2 Procedure 2: Gram-Scale Synthesis of (S)-2-Bromopentane

11.2.2.1 Materials and Equipment

- Tris(hydroxymethyl)aminomethane (Sigma-Aldrich)

- Dimethyl sulfoxide (Sigma-Aldrich)

- (�)-2-Bromopentane (TCI Europe)

- Diethyl ether (Sigma-Aldrich)

- Anhydrous magnesium sulfate (Sigma-Aldrich)

- Pentane (Sigma-Aldrich)
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Table 11.2.1 Kinetic resolution of a series of racemic substrates by DhaA, LinB, DbjA and DatA.4,5E-value is enantiomeric ratio; ee is
enantiomeric excess; c is degree of conversion; n.a. is no activity detectable below the detection limit of 0.5 nmol.min�1.mg�1 of enzyme; n.d. is
not determined.

methyl 2-
bromopropionate

ethyl 2-
bromopropionate

methyl 2-
bromobutyrate

ethyl 2-
bromobutyrate

2-
bromobutane

2-
bromopentane

2-
bromohexane

2-
bromoheptane

DhaA E-value H200 85 n.d. H200 2 7 4 3
ee (%) H99 97 n.d. H99 24 79 43 41
c (%) 54 50 n.d. 51 57 61 60 48

LinB E-value 52 97 28 H200 2 16 12 3
ee (%) 92 95 88 H99 16 80 53 39
c (%) 51 51 51 51 56 53 55 51

DbjA E-value H200 H200 H200 H200 1 145 68 28
ee (%) H99 H99 97 H99 7 H99 90 80
c (%) 51 50 54 50 50 53 50 50

DatA E-value 54 H200 n.a. n.a. 6 H200 H200 n.d.
ee (%) 84 H99 n.a. n.a. 45 H99 H99 n.d.
c (%) 50 52 n.a. n.a. 51 56 49 n.d.
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- Silica gel for column chromatography, 40–60 mm, 60A
�
(Acros Organics), DbjA crude

extract (Enantis)

- 20 L Reagent bottle (Simax)

- Glass tubes with screw cap (Sigma-Aldrich)

- Pasteur pipettes (Hirschmann Laborgerate)

- Chromatography crimp top vials (Chromacol)

- Column for flash chromatography (Vitrum Glassco)

- Magnetic stirrer MR Hei-Mix L (Heidolph)

- Rotary evaporator R-215 (B€uchi Labortechnik)
- Gas chromatograph HP 6890 equipped with flame ionization detector (Hewlett Packard)

- Capillary GC column Chiraldex G-TA (Alltech), 300MHz NMR (Bruker)

11.2.2.2 Procedure

1. The synthesis of (S)-2-bromopentane was performed at a room temperature (21 �C) in
24.6 L of 50mM Tris sulfate buffer, pH 8.2, containing 20% (v/v) dimethyl sulfoxide

for better substrate solubility.

2. The conversion of 7 g of racemic 2-bromopentane was initiated by addition of DbjA

crude extract (20mL, 80 U).

3. The reaction was monitored by periodical withdrawing 0.5mL samples from the

reaction mixture, extracting them with 1mL of diethyl ether, drying them on a Pasteur

pipette column containing anhydrous magnesium sulfate, and analyzing using gas

chromatograph HP 6890 equipped with a flame ionization detector and a 50m

Chiraldex G-TA capillary column (0.25mm ID, 0.125mm film). The carrier gas was

He at a flow rate of 1mL.min�1. 1mL samples were injected with a split ratio of 1:50.

The column temperature was programmed at 60 �C; injector temperature was 200 �C,
detector temperature was 250 �C. H2 flow was 40mL.min�1, N2 flow was 40mL.min�1

and air flow was 450mL.min�1. (S)-2-pentanol, (R)-2-pentanol, (R)-2-bromopentane,

(S)-2-bromopentane peaks were observed well separated in retention times 11.2, 11.7,

15.3 and 17.9 min, respectively (Figure 11.2.2).

4. The reaction was stopped by addition of sulfuric acid, decreasing pH to 4.0, when total

conversion of the preferred enantiomer was reached.

5. The unconverted enantiomer was extracted with pentane (20� 100mL), the organic

phases were dried over anhydrous magnesium sulfate and the pentane was removed on

a rotary evaporator.

6. The compounds were separated by flash column chromatography using pentane as the

eluent6. The presence of 2-bromopentane in collected fractions was analyzed by gas

chromatography as described above. Fractions containing 2-bromopentane were

concentrated on a rotary evaporator.

7. The purity of the product was analyzed by 300MHz NMR (Bruker). The 1H-NMR

spectrum was recorded at ambient temperature in CDCl3 (reference 7.24 ppm). 1H

NMR (CDCl3): d 0.91 (t, 3H), 1.32–1.60 (m, 2H), 1.64–1.87 (m, 2H), 1.68 (d, 3H), 4.11

(m, 1H). Enantiomeric excess was determined by gas chromatography as described

above.
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11.2.2.3 Results

The kinetic resolution of racemic 2-bromopentane (7 g) by the haloalkane dehalogenase

DbjA at room temperature gave complete conversion of the (R)-enantiomer after 150min.4

Subsequent extraction and purification by flash column chromatography gave the (S)-

enantiomer in an excellent enantiomeric excess ofH99% e.e. with the reaction yield 21%.

The chemical purity of the product was 86% and can be further improved by fractional

distillation.

11.2.3 Conclusions

Haloalkane dehalogenases are attractive biocatalysts due to their easy preparation, good

stability and an absence of a cofactor. These enzymes show high kinetic discrimination

between enantiomers of several chiral brominated substrates. All studied haloalkane

dehalogenases showed excellent enantioselectivity with a-bromoesters, DbjA and DatA

additionally showed high enantioselectivity with b-substituted bromoalkanes. The gram-

scale synthesis reached excellent enantiomeric purity in kinetic resolution of racemic 2-

bromopentane by using DbjA. These observations demonstrate that the enzymes from this

protein family possess suitable enantioselectivity for synthesis of haloalkanes, haloalco-

hols and alcohols in high optical purity, which can find application in pharmaceutical, food

and cosmetic industry.
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11.3 Preparation of Enantiopure Sulfoxides by Enantioselective Oxidation
with Whole Cells of Rhodococcus sp. ECU0066
Ai-Tao Li, Gao-Wei Zheng, Hui-Lei Yu, Jiang Pan, Chun-Xiu Li and Jian-He Xu

The bioresolution of racemic sulfoxides for the synthesis of enantiomerically pure

sulfoxides provides a new biocatalytic process as an alternative to conventional chemical

processes that use toxic metal catalysts. A new bacterial strain of Rhodococcus sp.

ECU0066 was isolated from soil samples using phenyl methyl sulfide as carbon source.1

This strain of Rhodococcus sp. grows quickly, displays a high enzyme activity towards the

preparation of a variety of (S)-sulfoxides, and is easy to use which enables it to be a

potentially useful biocatalyst for large scale application (Scheme 11.3.1).1,2 Compared

with enzyme-mediated reactions, the application of whole cell systems is much cheaper

and more convenient, avoiding the involvement of expensive cofactors (NADH/NADPH)

S
R2

O

R1

Rhodococcus sp. ECU0066

R1

S
R2 +

O

O

R1

S
R2

O

(±)-1a: R1=H,  R2=Me                           2a: R1=H, R2=Me     (S)-1a yield 37.0; ee > 99.0% 
(±)-1b: R1=Me, R2=Me                           2b: R1=Me, R2=Me    (S)-1b yield 40.0; ee > 99.0% 
(±)-1c: R1=Cl,  R2=Me                           2c: R1=Cl, R2=Me     (S)-1c yield 42.8; ee > 99.0% 
(±)-1d: R1=H,  R2=Et                            2d: R1=H, R2=Et      (S)-1d yield 22.7; ee > 99.0% 

Scheme 11.3.1 Synthesis of enantiopure sulfoxides by bioresolution of racemic sulfoxides.
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and the tedious separation of enzymes, although the apparent enantioselectivity is some-

times less than that obtained using isolated enzymes. The biocatalytic resolution of racemic

phenyl methyl sulfoxide was employed to illustrate the high efficiency of the whole-cell

catalyzed reaction system. Comprehensive overviews are given in references 3–6, and the

experimental details described below are taken from reference 2.

11.3.1 Procedure: Preparation of (S)-Phenyl Methyl Sulfoxide 1a

11.3.1.1 Materials and Equipment

- Rhodococcus sp. ECU0066 (agar slant culture-medium stocks)

- Rich medium (RM, 200mL): glucose (15 g�L�1), yeast extract (5.0 g�L�1), peptone

(5.0 g�L�1), K2HPO4�3H2O (0.66 g�L�1), KH2PO4 (0.5 g�L�1), NaCl (1.0 g�L�1), MgSO4

(0.2 g�L�1), pH 7.0

- RM agar powder (15 g�L�1)
- Saturated NaCl solution (20mL)

- Anhydrous N2SO4 (10 g)

- Analytical grade petroleum ether (400mL)

- Analytical grade ethyl acetate (300mL)

- HPLC grade hexane (200mL)

- HPLC grade isopropanol (20mL)

- Phenyl methyl sulfide (12.4mg�mL�1 in methanol)

- Racemic phenyl methyl sulfoxide stock solution (210mg�mL�1 in water)

- Standard sample of racemic phenyl methyl sulfoxide (100mg as HPLC or TLC

standard)

- Standard sample of phenyl methyl sulfone (100mg as HPLC or TLC standard)

- Polyvinylidene difluoride syringe filters (pore size: 0.22mm)

- 10mL and 1mL Syringes

- Sterile loop

- Petri dishes

- Rotary shakers (30 �C)
- 500-mL and 250-mL Erlenmeyer flasks

- Centrifuge capable of reaching 8500� g while holding 4 �C
- 250-mL Separatory funnel

- Silica gel powder from 300 to 400 meshes (100 g)

- Chromatographic column

- HPLC system and UV detector

- Chiral HPLC column (Chiralcel OD-H, Daicel Co., Japan, 250mm� 4.6mm)

Optional:

- Silica gel TLC plates

- Petroleum ether/ethyl acetate (2:1) as elution solvent

- Reagent spray bottle

- Pipette

- UV lamp/viewing box
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- Racemic methyl p-tolyl sulfoxide (77mg�mL�1 in water)

- Racemic 4-chlorphenyl methyl sulfoxide (87mg�mL�1 in water)

- Racemic ethyl phenyl sulfoxide (231mg�mL�1 in water)

11.3.1.2 Procedure

Initial culture

1. The microbe of Rhodocccus sp. ECU0066 from an agar slant culture-medium stock was

streaked onto RM agar plates to obtain single colonies.

2. Single colonies were inoculated into RM (50mL) in a 250-mL Erlenmeyer flask and

then a pre-culture was conducted at 30 �C and 180 rpm for 12 h.

3. Sterilized RM (100mL) was added to a 500-mL Erlenmeyer flask, and inoculated with

5% (v/v) of a pre-culture then cultivated at 30 �C and 180 rpm. Phenyl methyl sulfide

(to a final concentration of 0.1mM) was added as the enzyme inducer at the early

logarithmic phase (6 h) of fermentation.

Preparation of enantiopure sulfoxide by growing cells

1. After cultivation of the initial culture for 24 h, the stock solution of racemic phenyl

methyl sulfoxide (2mL; 210mg�mL�1) was added for in situ biotransformation.

2. The reaction was monitored by HPLC, and samples (0.5mL) were withdrawn at

various time intervals for analysis. When a high ee (enantiomeric excess) value was

obtained, the reaction was stopped and the reaction mixture was centrifuged at

8500� g for 10min at 4 �C.
3. The harvested cells were soaked in EtOAc (2� 20mL) for 5min each and the

supernatant was extracted with EtOAc (3� 50mL). The two EtOAc extracts were

combined, washed twice with saturated NaCl (10mL� 2), dried over anhydrous

Na2SO4 and finally evaporated under reduced pressure.

4. The residue was purified by silica gel column chromatography with petroleum ether/

ethyl acetate (2:1) as elution solvent, yielding pure products of chiral phenyl methyl

sulfoxide (yield 37.0%, eeH 99.0%) and achiral sulfone. The products of sulfoxide and

sulfone formed were confirmed by 1H NMR analysis.

11.3.1.3 Analytical Methods

Standard solutions were prepared by dissolving a weighed amount of compounds in a

mixture of hexane/isopropanol (93:7, v/v). Aliquots of 0.5mL biotransformation samples

were saturated with NaCl and then mixed with 0.5mL of EtOAc, and the resultant

mixtures were vortexed for 30 s. After centrifugation at 12,000� g for 3min, the EtOAc

phase was dried over Na2SO4, filtered through polyvinylidene difluoride syringe filters

(0.22mm), and 10 mL are subjected to HPLC analysis.

TheHPLCsystemusedamobilephaseconsistingofhexane/isopropanol(93:7,v/v)ataflow

rateof1.0mL�min�1.Achiralcolumn(ChiralcelOD-H,DaicelCo., Japan,250mm� 4.6mm)

and a detection wavelength of 254 nm were employed for the analysis of both standards

andsamples.HPLCretentiontimesforstandardswereasfollows:(R)-phenylmethylsulfoxide,

18.5min; (S)-phenyl methyl sulfoxide, 23.4min; phenyl methyl sulfone, 21.5min.
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The TLC analysis was conducted on silica gel plates carefully spotted with 10 – 20mg of
standard compound and 10mL of sampleswhen the product was purified by silica gel column

chromatography. Petroleumether/ethyl acetate (2:1, v/v) as elution solventwas used forTLC

assay. Rf values of standards are: phenyl methyl sulfoxide, 0.2; phenyl methyl sulfone, 0.6.

Other suitable alternative racemic sulfoxide substrates include racemic methyl p-tolyl

sulfoxide, racemic 4-chlorphenyl methyl sulfoxide and racemic ethyl phenyl sulfoxide.

11.3.2 Conclusion

Compared with asymmetric oxidation of sulfides for production of enantiopure sulfoxides,

the bioresolution of racemic sulfoxides by Rhodococcus sp. ECU0066 appears to be more

promising due to the higher product ee (eeH 99.0%) with 22.7�42.8% yields. The

advantages of this bioresolution process enable the wide application of this biocatalyst to

the production of other biologically active enantiopure sulfoxides.
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11.4 Kinetic Resolution of an Insecticidal Dithiophosphate by
Chloroperoxidase Catalyzed Oxidation of the Thiophosphoryl Group
Marian Mikołajczyk, Jerzy Łuczak and Piotr Kiełbasiński

Organic thionophosphates are widely used in agriculture as insecticides and to some extent

as fungicides and herbicides.1 Some of them are chiral at phosphorus. However, the number

of P-chiral organophosphorus insecticides, which have been obtained in enantiomeric form,

is very limited,2 in spite of a usual difference in biological activity.3 This is due to a difficulty

in finding efficient and environmentally benign routes for a switch from racemicmixtures to

single-enantiomer forms. As the main biodegradation pathway of thionophosphates is their

oxidative desulfurization leading to the corresponding phosphoryl compounds (oxons), a

new chemo-enzymatic approach to the synthesis of enantiomeric forms of insecticidal

thionophosphates and their phosphoryl analogs (oxons) has been developed.4 A key step in

this synthesis is an enzymatic kinetic resolution of racemic thionophosphates which takes

place in the oxidation of the P¼S group catalyzed by chloroperoxidase fromCaldariomyces

fumago. This is exemplified by almost complete resolution of racemic O,S-dimethyl-O-p-

nitrophenyl phosphorodithioate 1 leading to the corresponding oxon (S)-2 and unoxidized
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Scheme 11.4.1 Enzymatic kinetic resolution of racemic dithiophosphate 1. Reprinted with
permission from M. Mikołajczyk, J. Łuczak, P. Kiełbasiński, and S. Colonna, Tetrahedron:
Asymm. 20, 1948–1951. Copyright 2009 Elsevier.

thionophosphate (R)-1 (Scheme 11.4.1). A successful resolution of 1 allowed the synthesis

of the enantiomers (S)-1 and (R)-2 by stereoretentive thionation (Lawesson’s reagent) of (S)-

2 and oxidation (PhIO2) of (R)-1, respectively.

11.4.1 Procedure: Kinetic Resolution of Racemic Dithiophosphate 1 by Oxidation

with CPO/H2O2 System

11.4.1.1 Materials and Equipment

- O, S-Dimethyl O-p-nitrophenyl phosphorodithioate (20mg, 0.074mmol)

- CPO (300 U)

- Citrate buffer of pH 5 (20mL)

- Hydrogen peroxide (0.082mmol)

- Ethanol (1mL)

- Sodium sulfite (100mg)

- Chloroform (15mL)

- Magnesium sulfate (1 g)

- Reaction flask (50mL)

- Separatory funnel

- Equipment for column chromatography

- Thin-layer chromatography (TLC) plates (silica-gel-coated plates Merck 60 F254)

- Silica gel Merck 60 (230–240 mesh)

11.4.1.2 Procedure

1. To a magnetically stirred mixture of (�)-1 (20mg, 0.074mmol), CPO (300 U) in citrate

buffer pH5 (19mL) and EtOH (1mL) was slowly added H2O2 (0.082mmol) in buffer

(1mL). The reaction was monitored by TLC. After 22 days the reaction was completed.
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2. The reaction mixture was quenched with sodium sulfite (100mg). The aqueous layer

was extracted with CHCl3 (3� 5mL). The organic extract was dried over MgSO4,

filtered and evaporated to give the crude material (15mg, 77% yield).

3. Separation by column chromatography (SiO2, 230–240 mesh, CHCl3) gave unreacted

(þ)-(R)-1 (5mg), [a]20D¼þ24.0 (CHCl3), 97% ee, and oxon (�)-(S)-2 (5mg),

[a]20D¼�29.6 (MeOH), 99,6% ee, both as oils.

(þ)-(R)-O,S–dimethyl O-p-nitrophenyl phosphorodithioate 1:

97% ee determined by HPLC on a Chiralpak AS Column (250� 4.6) using hexane-(iso-

PrOH-EtOH-THF, 3:1:1) 90:10 as an eluent system at a flow rate of 0.7mL.min�1 with UV
detection at 254 nm. Rt¼ 11.4min (major ent) and Rt¼ 12.5min (minor ent). 31P NMR

(81MHz; CCl3) d 95.7; 1H NMR (200MHz; CDCl3) d 7.38–8.28 (arom, 4H), 3.91 (d,

J¼ 15.4Hz, OCH3), 2.41 (d, J¼ 17.3Hz, SCH3);
13C NMR (50.3MHz; CDCl3) d 155.13,

145.04, 125.39, 121.99, 54.49, 15.57. HRMS (CI) calculated for C8H10NO4PS2 278.9790,

found 278.9792.

(�)-(S)-O,S-dimethyl O-p-nitrophenyl phosphorothiolate 2:

99.6% ee determined by HPLC on a Chiralpak AS Column under the same conditions as

described for 1. Rt¼ 30.0min (major ent) and Rt¼ 26.9min (minor ent). 31P NMR

(81MHz; CDCl3) d 27.3 1H NMR (200MHz; CDCl3) d7.42–827 (arom, 4H), 3.95(d,

J¼ 12.9Hz, OCH3), 2.36 (d, J¼ 16.1Hz, SCH3);
13C NMR (50.3MHz; CDCl3) d 154.87,

144.96, 125.64, 121.05, 54.46, 12.67.

11.4.2 Conclusion

The efficient enzymatic kinetic resolution of P-chiral thiophosphoryl compounds de-

scribed above provides an easy and quick access to both the starting P¼S compounds and

the corresponding P¼O compounds (oxons) in enantiomerically pure form. In this way,

multi-step stereoselective synthesis of P-chiral enantiomeric thiophosphoryl compounds

and/or tedious optical resolutions of their precursors may be avoided.
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