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MONOOSY GEIVASES CATALYZED ENANTIOSELECTIVE 
SIJLFOXIDATIONS 

STEFAN0 COLONNA AND NICOLETTA GAGGER0 
Centro C N R  and Istituto di Chimica Organica della Facolta' di Farmacia 

1% J'enezian 21, 20133 Mdano. Italy 

A study on the stereochemistry of the oxidation of sulfbr by several monooxygenases 
using numerous organic suItides as substrates is reported. In most cases the 
sulfosidalion reaction is highly enantioselecti\Te. The various faztors that contrd thc 
enantioselectivity have been examined. 

T--..-,: -.-- 11.-tt ..-.... 
c > * m t h n A o  r ~ , t , , , c . , 3  (;t natural products and wc among the most powerfull stereodirecting goups 
f , ~ l . l ~ l ~ l ~ ~ l l l C I I ~ r l U \  ~ U I  ditjGk~ xz iixiliport:iiii ;hir;C: 5:bnihonj fcx the &xwsclecti\ 2 

In !hc G!nr.a!icn of the cx!,oc-czirl.cn bor.ds. Current interest in chiral ~Kooddes a l w  
rrflectq the <yisti'nc:e of yroduct.; ucith hinlo$.-nl properties detrrmitled b! the 
contipration ot cultin! I group Some mateiials such as liquid ct? $talc; are also hased on 
a cliiral wlfoside structure. For these reasons many studies have been devorod at 
cheinical methotlologijes leading to this structural unit. Good to exellent 
stcrcosuleitibitie4 havt: beeri rcported by Kaganl and Modenat in the oxidalion o i  
organi, suEdcs 15ith t-RuOO€I and dicthyl tartrate in thc prescncc of titanium i- 
prcpoxidc. YIore recentl!. sulfoxides Itmirig high enantiomeric excess (e.e.) have been 
obtained using N-sulfm;vlouazolidinones and nucleophiles3 or N-sulfonylouaziridines4. 

On the other hand the enematic oxidation of organic sulfideq to wlfoxides is an 
important process in the detoxitication ot xenobiotics. however little is known about the 
enqinatic mechanism of the process. It has been shown that with flavin containing 
monooxigenases t ie sulkrides are further metabolized to an achiral sulfone5. In 
general organic suifidzs are oxidzed both in \riiro and h viva by nionoomgensses. 

X:miioo:qgeiiaszi is the gcnzral naim of a itass of enzymes. which incorporate 
molecuhr o q g x  into a unactivated organic substrate with high stereo and 
regioselecti\itj , 
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104 S.COLONNA AND N.GAGGER0 

Usually dioxygen is cleaved reductively, one oxygen atom being introduced into 
the substrate. while the other is reduced by two electrons to form water. 
Mencoxygenases utilize various cofactors including flavins, pterins, copper, iron and 
irnn-cmtainhg heme. These biotransfotmations are of great current interest since reveal 
some sttuchlral or mechanistic details of the enzymes involved in the oxidative 
processes. The heme monoowgenases are subdikided into two types, those depending 
upon cytochrome P-450 or upon a flavin molecule for oxygen activation and transfer. 
In this paper wc will confine ourselves to chloroperosidase (CPO), hor 
perosidase (HFW): as heme enqmes, and to microperosidase- 1 1 (LIP-1 1) as heme 
model encme. .4s a f l a ~ i n  dependent monooxygenase w s  have used cjclohesclnone 
monooxygenme. 

Perosidaws catalyzc the oxidation of a wide variety of organic compounds, using 
hydrogen peroxide or other peroxides as oxidants. 'The peroxidme characteristic acthity 
is one-electron oxidation of the substrates. In the catalytic cycle hydrogen peroside 
hinds to the t'eiric ion and its thst reducrion to water is coupled TO two-electron 
oxidation of ttiz enzyme. Tfds generates the cumpound I htennediatz, whic;h is rctduccd 
in two onc-electron steps by substrate molecules. with compound II as thi: sccond 
intermediate (Scheme 1 $. 

H +  [X FeInOOH-] H +  

X Fern X' Fe"=O 
compound I 

+ H S 2 . +  < RH 
R + H +  X Fe"=O 

compound II RH 

Scheme 1. 
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MONOOXYGENASES CATALYZED SULFOXIDATIONS 105 

The substrate radicals produced in the reaction generally evolve nonenzymatically 
to nonradical products by pathways which are characteristic of each substrate (coupling, 
dismutation, etc.). Of the two electrons required for peroxide reduction, one comes 
from Fe(III), while the other, in HRP, comes from the porphyrin, producing a 
porphyrin radical cation . One electron reduction of compound I gives compound II. in 
which the Fen'= 0 species remains intact but the porphyrin has been reduced. 
Generally, the reaction of' compound II with the substrate is at least 10-20 times slower 
ihan that of' compound I, and under most steady-state conditions is rate limiting. 

h biiprtmt fzature detcrmining the reactiGty of peroxidases is the binding of 
the Substrate in lhe active site. In contrast with P-450 enzymes, which appear to 
fknction via the same compound I intermediate, peroxidases are generally unable to 

transfer the ferry1 oxygen atom to the substrate. This has led to the view that the 
substrate cannot approach the reactive oxo-group in the distal pocket in the 
peroxidases7. Furthermore peroxidases are generally considered poor stereoselective 
catalysts. This depends on the nature of the reactions promoted by these enzymes, i.e. 
fiee radical formation, and the types of substrates generally- used in the peroxidax- 
catalyzed oxidations, e.g. phenols and amines. However, the active site pocket of HRP 
is capable of chiral recognition of some substrates. Indeed we have been the first to 
show that HRP catalyzes the enantioselecti\t osidation of alkyl aq l  sulfides to 
sulfoxides by hydrogen peroxide8. Substituted methyl phenyl sulfides were chosen as 
model substrates since the stereocentre of the coiresponding sulfolride is optically stable. 
In order to v e e  the generality of' this type of asymmetric synthesis. we also 
investigated the behaviour of benzyl methyl and methyl-bpyridyl sulfide. 

Asymmetiic induction took place only with methyi phenyl and methyl para- 
aubslitiiteb phenyl sulfides (30-6896 e.e.). 

N o  asymmetric synthesis was observed with methyl ortho-substituted phenyl 
sutfides, henzyl methyl and 2-pyxidyl methyl sulfide. In the cases examined the 
f?revaGng sulfo~ide had the (S) absolute configuration, It should be painted out that in 
all cases the HRP catalyzed oxidation of sulfides is in competition with their 
spontaneous oxidation by H202 at a rate dependent on the concentration and nature of: 
the substrate. When taking into account the contribution of the non enzymatic process, 
the stereoselectivity for the HRP catalyzed oxidation alone is higher. In the case of 
methyl p-tolyl sulfide the time course of the reaction was monitored: the e.2. of thz 
sulfoxide did not significantly change for the entire reaction period. HRP did not 
appreciably oxidize racemic methyl p-tolyl rulfoxide to the corresponding sulfone. In 
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106 S.COLONNA AND N.GAGGER0 

conclusion, we have observed for the first time a substantial enantioselectivity in the 
horseradish catalyzed oxidation of some aryl methyl sulfides with €1202. ’Ihis. together 
with 18O-labeling studies9 and sulfide binding studies10 to HRP can be considered as 
an evidence that aryl methyl sulfides b i d  near the heine acti1.e site. The acpical two- 
electron oxidation of thioanisole and its p-methyl, p-mcthoq and p-nitro analogues b;\ 
HRP has been investigated a year later by Ortiz de Montellano and coworhers’ It 
produces the (S) sulfoxides in 60-70°6 e.e.. HJXP reconstituted with 8-meso-ethylheme 
has little peroddase (guaiacol oxidizing) actiLity, but shows increased sulfo.ridation 
activity. Studies with H 2 1 8 0 ~  with this reconstituted HRP derivative. show that thc 
oxvgen in the sulf-bxide derives, as it does with the native enqmc, pnmarly lrom the 
peroxide. Kinetic data and differential inhibitory effects of 8-meso-ethylheme 
reconstitution and phenylhydrazine preincubation indicate that Ihioanisok and iodide, 
both of which are subjected to a two electron oxklation, are osidiled at sites dishit  
6-om each other IIRI-’ dcrivative. A third binding site is involved in the one-electron 
oxidation of guaiacol. The enentioselectivity in the I-IKP oxidation ot alhyl aiyl sulfides 
can be considerably increased by molecular engineering1 2. Sequence alignemcnts of 
HRP isozyme C with cytochrome C and lignine perosidases as stiuctural templates 
suggest that Phe-41 is present in the active site of‘ HRP. The Phe-4 1 + Leu inutanr of 
-W ( F 4 1 L - W )  catalyzes the sulfortldation with higher turnover numbers and higher 
enaniioseieciiviiy with respect to native or recombinant wild-Qpe HKP. Keither enzyme 
is L&VC i&h “venqil methyl sulfide. The e.e. of atyl methyl sulfoxiiides in all cases is 
greater than 94O.0. Sutfoxidation rates for both native and F41L. HRP cordate with the 
CF-‘ co~z!sr\ts of the substibents and the p values are vety similar. hlutation of Phe-41 
to a th~lrewhc also increases the rate of thioanisole oxidation but decreases the 
enantioselectivity. The results clearly idcntifi. Phe-41 as a major factor in determining 
the binding and orientation of the substrate. The increased polarity of’ the enlarged 
pochet in the threonine mutant shifts, according to the authors, the bincling of the alk>4 
group to the smaller pocket and disfavours the formation of the S-enanfioiner. 

Chloroperoxidase (CPO) is o glycoprotein secreted by the mold Caldaiiomyzes 
funlago and contains heme b as prosthetic group. It is unique among the perosidases 
because it contains a cysteine thiolate as the fifth axial ligand of the heme instead of the 
classical imidazole ligand. 

For this reason many of the spectroscopic properties of <TO are similar to those 
of P-4506. CPO is also unusual because of its versatility: it can catalyze reactions 
typical of perosidaseq, catalases and monooygenases by H202 or aU?l 
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MONOOXYGENASES CATALYZED SULFOXIDATIONS 107 

hydroperoxides. It is also ahnost unique in catalizing halogenation reactions (except 
fluorination) in the presence of halide ions and H202. The CPO active site resembles 
those of classical peroxidases since it contains a distal histidine (His-38), two 
asparagines (Asn-33 and hsn-37) and an a r w e  close to the heme group. However, 
the siibstrates have access to the heme iron and ferry1 oxygen. This is shown, inter alia, 
by the binding of substrates in the heme pocket, and by oxygen incorporation into the 
product in the epoxidation of styrenel3, the N-oxidation of arytaminesl4 and the 
sulfoxidation of thioanisoleslj. These reactions are likety to proceed either through a 
direct oxygen transfer from the compound I species to the substrate or a P-450 like 
mechanism involving an initial electron transfer from the substrate to compound I, with 
formation of a substrate radical species which remains tightly coupled to the active site 
and compound 11, followed by a rapid o.ygen transfer from the compound II species. 
CPO is a very efficient stereoselective catalyst for the oxidation of organic sulfides to 
sulfoxides. The study of a large series of alkyl aryl, dialkyl and heterocyclic saides  has 
shown that various factors, e.g. electronic and particularly steric factors, dramatically 
affect the outcome of the reaction16-18. Excellent yields and very high e.e. (97-10096) 
have been obtained in the sulfoxidation of a number of sulfides structurally related to 
methyl p-tolyl suliide. Binding experiments show that these substrates better fit the 
active site topoiogv of ~ ~ ( 9 0 .  

ii is signscant that the trend in affinity of the sulfides for CPO parallels the 
enafiiiosdeitivity pattern observed in the CPO catalyzed oxidation of these substrates. 

CPO and the Taft q constants. and the negative slope of the resulting plot, suggest that 
these si-dxtrates act as donors in donor acceptor complexes, involving some residues of 
the active site. The polar residues in the CPO distal region are candidates for acting as 

acceptor groups. It is interesting to note that in all cases the prevailing sulfoxide has the 
(R) absolute configuration. 1% stereochemical course is opposite to that observed in 
the HRP and soybean hydroperoxide-dependent oxygenase (SFI0)19. thus indicating 
that specific effkcts in the active site control the mode of binding of the substrates and 
dictate the stereochemise of the reactions. In the CPO mediated sulfoxidationl para- 
substituted alkyl phenyl sulfides are oxidized with much higher enantioselectivity than 
the ortho-substituted derivatives. 

Microperoxidase-1 1 (MP-11) is an heme peptide obtained bv digestion of cjtochrome 
c with proteolitic enzymes2*. It consists of eleven amino acid residues covaimtly linked 
via thioether linkages to an iron-protoporphyrin LY having a histidine as axial ligand. 

, r h P  llr 1;"- wlral 1. P arelation beisveen the binding constants of para-substituted thioanisoles to 
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108 S.COLONNA AND N.GAGGER0 

IAe other perouiclases. hP-11 reacts with 1-1202 to give hvo reactive interniediates. 
analogous to compounds I and II of HlUJ2 l .  Since MI'- 1 1 is a very simple perovidasc 
that closely mimics HKF.', but does not have a substrate binding site. ~e have studied its 
behaviour in the oxidation of organic sulfides with H202 as oxidantz2. We have found 
ihat asymmetric aulfoxidations by MP- 1 1 are possible under appropriate conditions. 
The oxidation of methyl p-tolyl sultide is a true enzymatic process which follows 
kfichselis-h/lenten kinetics (Km for sulfide 15 pM, Km for H202 459 phf; Kcat KO 
m&l>. The enantiomeric excess was 2496. Similar enantioselectivities were observed 
with the other sulfides tested namely thioanisole. ethyl phenyl. methyl m-tolyl, methyl p- 

chlorophenyl sulfide. In all cases the prevailing sulfoxide had the (S)  absolute 
configuration, i.e. the same stereochemical course a5 that 0bseix.d nith horseradibh 
peroddase. 

Hirobe and coworkers23 have shown that meth)l phenyl suliide with ti21802 
and LP-11  ghes completely lKO labeled methyl phenji sulfoxide. Uur finding that 
&j! arlpl sulficies midation catalyzed by MI'-1 1 is enantioselective. together nit11 the 
tnta! l 8 0  korporation from Hx1*C)2 is consistent with a direct osygen transfer. or an 
oxvgen rebound mechanism within the solvent cage. ah dread! postulated in the case of 
CPO. 

The relative Icm values oi the e.e. of the produced alliyl aiyl sulfoxides could be a 
consequence of the low degree of substrate inmoldisation bq the peptide chain in the 
aikbk s:liz of t l i i  h m e  znqine model. 

Cyclohesancnc monccxygenase from *Jcinetobactcr is a flovoenzymc of about 
60000 da!tons24. The enzyme is active as a monomer and contains one t i d y  but 
nonc;ow!ent!y hound Fill3 per monomer, It catalyzes the Baeyer-Vitliger oxidation of 
ketones. According to the proposed mechanism2j. NADPH binds to and reduces the 
enzyme bound FAD. Oxidation of the reduced flavin by 0 2  generates E-FAD-la- 
OOH, vchich serves as the osygen donor and acts as nucleophile at the betone. The 
tetrahedral adcluct then decomposes by typical Baeyer-Villiger migration of one of the 
carbon-Garbon bonds to yield ester. 

Walsh and comorkers24 have described the synthesis of (S) ethyl p-tohi sulfosidc 
(64OQ e.e.1 by thc use of cylohcxinone monooxygenase. However. the inwstigrttion 
wc: not e~tcnded to other sultides. We have undertaken a systematic study of the 
stereochemistt?/ of ovidation at  sulhr catalyzed by cyclohexanone monoovgenase. 
using as the substrate numerous alkyl wl sullides, dialhyl sulfides and diakyl 
d i~u l f ides~~ .  UFe have found that the structure of the sulfide dramatically influences not 
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