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ABSTRACT. A systematic study of the stereochemistry of oxidation at sulfur catalyzed by 

cyclohexanone monooxygenase from Acinerobacter using as the substrates numerous alkyl 

aryl sulfides, dialkyl sulfides and dialkyl disulfides has been carried out. It was found that the 

stmcturc of the sulfide dramatically influenced the emu&selectivity of the enzyme which 

yidded sulfoxides with optical purities ranging from 99% ee and R-configuration to 93% ee 

~g~~~. 

INTRODUCTION 

Enantiometically pure sulfoxides are important chiral synthons for the synthesis of natural products and 

rank among the most powerful stereodir&ng gr0ups.t For these reasons both chemical2 and biological3 

approaches have been tested to stereospecifically oxidize organic sulfides to the correspondent sulfoxides. 

Regarding the biological oxidations, Aspergillw niger, 3a Mortierella &belha,3hc Corynebacterium 

e@ii,s ~e~~~r~~ sp, k Fwium oxyspom& and, more recently, chlcropemx~C~ and 

hixauu&sh peroxidas@ have been employed with numerous alkyt aryl sulfides, vinyl sulfties and ally1 a@ 

dfidcs obtaiaing, in some cases, products of high optical purity. Walsh and cowo&ers3i have described the 

synthesis of both enantiomers of ethyl p-tolyl sulfoxide by the use of purified monooxygenase from hog liver 

t&m#mcs ( R-sulfoxide; 90% ee) or cyclohexanone monooxigenase from Acinerobucter ( S-sulfoxide; 64% 

CC). kbwt%%r, the investigation was not extended to other sulfides. 

In the pnsent paper, we report on a systematic study of the stereochemistry of oxidation at sulfur by 

cyclohexanone monooxygenase from AcimeMacrer, using numerous alkyl aryl sulfides (A). dialkyl sulfides 

0)). and dialkyl disulfides (C) as the substrates. We found that the structum of the sulfide dramatically 

*hfhmwxd not only the cnantioselectivity but even the enaotiopreference of the enzyme which yielded 

sulfoxides mgiag From 99% ee and R-configuration ( methyl phenyl sulfoxide) to 93% ee and 

Sag (ethyl ~fl~~n~ sulfoxide). 
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RESULTS AND DISCUSSION 

The oxidation of a large number of sulfides by cyclohexanone monooxygenase (reaction 1 ) was 

coupk!d to a second enzymatic reaction in order to regenerate NADPH. As NADPH regenerating system it 

WBS used either glucose 6-phosphate and glucose 6-phosphate dehydrogenase (G6PDH) (reaction 2). as 

ahady npmed by Light et al?’ or malate and malic enzyme (reaction 3).4 

R-S-R’ + NADPH + 0, + H+ monooxygenase, R-SO-R’+NADPt + H&I (reactiott 1) 

D-ghrcose-6P + NADPC G6PDH, D-gluconate-6P + NADPH + H+ (reaction 2f 

L-malate + NADP+ malicenzvme* pyruvate + CO, + NADPH + H+ (reaction 3) 

‘Ibe degrees of conversions of sulfides into sulfoxides, after overnight reaction, are reported in Table 

I.The two NADPH regenerating systems had similar effectiveness; however the malate/malic enzyme system 

is pmfmbk for preparative-scale synthesis because L-malate is much cheaper than glucose-dphosphate. 

Besides the substrates listed in Table I, some sulfides with bulky alkyl chains such as r-butyl phenyl 

sulfide, octyl phenyl sulfide and decyl p-tolyl sulfide were tested, but no appreciable oxidation was observed. 

Also phenyl disulfide, p-tolyl disulfiie and 2-phenyl- 1,34thiane were not oxidizedpossibly because of the 

insolubility of these solid compounds in the aqueous reaction medium. 

The initial oxidation rates of allcyl aryl sulfides by cyclohexanone monooxygenase were determined 

spectmphotometrically and the results are shown in Table II. The increase in size of the alkyl chain increased 

enzymatic activity especially when passing from the ethyl to the iso-pmpyl group ( entries I,& 11 and 12.16, 

W ). The benzyl was activating compared to the phenyl group ( entries 6,l) and activation was also induced 

by the intmduction in the aromatic ring of methyl and fluoride and the rates wem in the order purcu mera~ 

Wtho ( enuies 12,9,3 ). 

Regarding the stereo&e&v&y of enzymatic SuIfoxid~ion, the data in TaMe I indicate that it was 

highly dependent on substrate structure. Thus, in the case of alkyd aryl sulfides (A), the optical purity of the 

products ranged &om 99% ee and R-configuration with methyl phenyl sulfoxide (entry 1) to 93% ee and 

S-configuration with ethyl pffurophenyl sulfoxide (entry 17). The increase in size of the alkyl chain 

Wmased the contribution of the S-orienting effect (entries 1, 8. 11). The same effect was obtained by 

introducing substituents in the phenyl ring, and this trend was generally mom pronounced in the case of 

bulkier groups (see however the anomalous behaviour of p-C2H50-C!,H&X!Hs, entry 5). The position of 

substitution in the aromatic ring also played an important role, with an increasing S-orienting influence on 

passing from orrho to mere and pura position ( see for instance entries 3,9,12). The above described effects 

were additive and, therefore, the S-sulfoxides with higher optical purities were those possessing 

psubstituents in the aromatic ring and ethyl or propyl as the alkyl chain (entries 15, 16, 17). As for ethyl 

p-odyf sulfide ( entry 16) we found a selectivity remarkably higher than that reported by Light et al??8996 te 

instead of 64% ee). 
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Table I. Cyclohexauoue monooxygenase catalyzed oxidation of sulfides to sulfoxides 

may sulfide yield% iX% sulfoxide 

configurationa 

1 w-w-cH3 

2 p-F-C&-S-CH3 

3 O-CH3-C&I+CH, 

4 2-pyridil-S-CH3 

5 p-GH#-GH,-S-CH3 

6 C&-cH,s-CH, 

7 O-CH30-c&&-s-cm, 

8 C&G-S-C2H5 
9 in-CH3-c&-s-CH3 

10 o-Cl-C&4-s-CH3 

11 C&-s-isopmpyl 

12 p-CH3-OH,,-S-CH3 

13 p-Cl-C&-S-CH3 

14 p-CH30-c&&cH, 

15 pCH3-C&&-isopropyl 

16 p-CH3-C&-S-~H~ 

17 PF-W-Q-S-C& 
18 t-butyl-s-CH3 

19 ~~l-S-S-bu~l 

20 methyl-s-s-pmpyl 

88 99 R 

91 92 R 

90 87 R 

86 87 R 

92 59 R 

97 54 R 

81 51 R 

86 47 R 

90 40 R 

35 32 R 

93 3 S 

94 37 S 

78 51 S 

89 51 S 

99 86 S 

89 89 S 

96 93 S 

98 99 R 

85 32 Pm- 

92 62:34b ND 
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The enzyme showed a very high enautieaelectivity (99% e-e) in the case of the dialkyi sulfide t-butY1 

methyl sulfide (entry l%), whenas poor selectivity was found in the case of the two disulfldes investigated 

@Wies 1% Zo). It should be noted that with methyl propyl disultide the two regioimnen ‘c thiosulflnates were 

famed in similar quantities. 

Table II. Initial oxidation rates of alkyl aryl sulfidess 

entry SlMdeS ml. rateb 

1 G%‘S--3 14 

8 C&IS-S-W5 15 

I1 C&-S-isopropyl 62 

6 c&I~-CH~-s-CH~ 34 

12 p-CD,-Ca&-S-CH3 26 

16 p-CM,-C&-S-~H5 34 

15 p-C!H~-CeH&&ptopyl 100 

9 !t&H&&I4-S-CH~ 22 

3 o-CHs-c&H&-CHs 12 

2 p-F-C&I,+CH~ 44 

17 PF-G,%-S-~~HS 46 

13 p-Cl-~H,+ZI-I~ 14 

10 o-Cl-C&&CH3 5 

L~if6ti8t~~~iby~~N~~~~ consum- & 340 mn in 0.05 M Tris-HCI buffer. pH 8.6. cuminin 0.6 mhl 

rti& md 0.12 mM NADPH. b Rate rehtive IO thrtof cnwy IS t&en u 100. 

‘Ibe mid&ma of methyl phenyl sulfide and ethyl p-tolyl sulftie wem munitored over a 24 h period. 

The o@ical purity of suEoxide products did not ~~i~~dy change with the progress of the reaction. fn the 

~89~ of ethyl ptolyl suhide, as aheady mported by Light et al., 3i the formation of a small amount (about 5% 

of total products) of the currespondent sulfoue was observed (Scheme). 

L/ 0, ; NADPH * 

=suooxYWlaae 

When racemic methyl phenyl sulfoxide aud ethyl ptolyl sulfoxide were used as the subsmues, a very 

slow oxidatiou of the S-enautiomer in the first case, and of the RemWomer in the second case, WBS 
. 

tmdena& The ~~~~~~ of cyclohexanone ~n~xygen~ towards racemic ~lfox~~ however, 

umnot be exploited for resolutiou purposes because of the extremely low a&v&Y of the enzyme with these 
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The ~~ psqosed by Walsh aud Cben3” for the ~~0~~ cat&%%i by ~1~~ 

m~llooxygenase suggests the f-on of a ~~~~~-h~xy flavoenzyme Corapex and an 

t-c oxygen trtnsk from the activated hydmperoxide equivalent to tht nuckophilic substrats. 

Regzu&g the possibility of scaling up the enzymatic synthesis of choral sulfoxides, them sm some 

eIK?OutagitIg results. For instance, wken using malate and malic enzyme as the CoGnzyme regenerating 

system, the same evens were obtained with either native NADP or NADP c%!alentIy linked to 

polycthylcn glycoL4 This should m&e it possible to carry out dre reactions in continues-ilow membrane 

nactMs with retention of both the enzymes and the cacnzymes, which would decmase the economical 

in&bee of tkese factors? One drawback in the enzymatic synthesis is the relative instability of 

~~~ ~~xyge~ under our wring ~itiens (h~f-life 25 h ). However, no systematic study 

aimed at improving the stability of this enzyme has been carried out so far, so it is iikeiy that conditions more 

suitable for preservouion of enzyme activity could be found. 

lk@mWa Sulfides were bought fktn Aldrich 01 synthesized as pnviously qorted.3g NADPC, 

NADPH, glucose&phosphate, L-malate, glucose-Cphosphate dchydrogenase (type XXIV 1 and malic 

enzyme wa& obtain& &em Sigma. All other chemicals were reagent grade. 

Cpbhtsmtttt tmnnoxygtruw Acinerobacfer NClB 9871( from NCIMB ) was grown (20-l colture) 

as dcau’ibed by Dottoghue et ala6 The cells were disrupted by ukrasonication, and cell debris were n!moved 

by W@@ation~ The supematant was subjected to kactionation with (NH.&%& and the fraction 

pncipiailt#l between 50 and 809b ~~ retained? It was rafissolved iii ME M potassium ~~~a~ 

bafi;rr, PH 7, di&%xl against the ssme buffer and iyophilized. The enzymatic activity was assayed by 
. . 

mumt0nng NADPH consumption at 340 nm using as the assay buffer 0.05 M Tris-HCI, pH 8.6, containing 

0.6 mM mahyl phenyl sulfide aud 0.12 mM NADPH. The total activity obtaiaed bm a 20-I c&me was of 

260 units. 

w oxidation: @pie& procedure* The sulfide (0.8 mm&) was magnetically stirred in 20 ml of 

O&S N This-HU buffer, pH 8.6, containing 3 bmol NADP, 2mmoi ~~~ph~p~, 6 units of 

cyWtexa?tone ~~xy~ and 50 units of gIu~-~p~~ de~~~n~. AI~~~ly, as the 

NADPR regtnerating system it was used 2 mmol L-m&ate and 12 units of malic enzyme. At a schedukd 

time, the maiXkn soh&ion was extracted with 3 Portions (20 ml esch) of ethyl acetate. The organic extract 

was dkd and evap’atcd and the sulfoxide purified by flash ch~to~y (SiO$ with mixtures of diethyl 

ether and metkaael as eluents. 

Jk@i%&dkm of degree of eenversiun and emntiomeric excm. The degrees of coin&on of 
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sttEXes into sulfoxides and sulfones were determined on the ethyl acetate extracts by GLC with a 25 m HP-l 

capillary column coated with methylsilicone gum (Hewlett Packard) with Ha as carrier gas. The enantiomeric 

excemes of sulfoxides wem generally detetmined by chiral HPLC on a chiralcel OB column @a&l) using 

the proper mixture of n-hexanqqan-2-ol as the mobile phase. All sulfoxides enantiomers wem base-line 

separated. In the case of f-butyl methyl sulfoxide the enantiomeric excesses were determined by chiral GC 

with a CP-Cyclodextrin-s-2.3,~Ml9 column (50 m, 0.25 mm ID, Chrompack) at 75oC and Ha as carrier gas. 

Chsrsclcricpti~~~ d the suifoxides. Sulfoxides were all known in the optically pure form and the 

physical properdes of our specimens were in agreement with those reported.3c*’ 

(1) 

(2) 

(3) 

(4) 

(5) 

(a) 

(7) 
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