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ABSTRACT: Enantiomerically pure sulfoxides are
excellent chiral auxiliares for asymmetric synthesis
and in the preparation of several enantiopure bio-
logically active compounds. We have explored biocat-
alytic approaches based on the use of heme peroxi-
dases and flavin monooxygenases such as chloroper-
oxidase and cyclohexanone monooxygenase respec-
tively. By using isolated enzymes or whole-cell bio-
transformations, we have prepared alkyl aryl sulfox-
ides, 1,3-dithioacetal-1-oxides, dialkyl sulfoxides, and
thiosulfinates in high enantiomeric excess. An active
site model of cyclohexanone monooxygenase has been
proposed in order to explain and to predict the absolute
configuration of the product. C© 2002 Wiley Periodicals,
Inc. Heteroatom Chem 13:467–473, 2002; Published on-
line in Wiley Interscience (www.interscience.wiley.com).
DOI 10.1002/hc.10074

INTRODUCTION

Recent experiments from our as well as other labo-
ratories have shown that chloroperoxidase (CPO) is
able to catalyze a broad spectrum of stereoselective
epoxidation reactions. The substrate repertoire in-
cludes substituted styrenes, as well as straight chain
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aliphatic and cyclic cis-olefins. The enzyme is also
able to perform benzylic hydroxilation of alkynes
with high enantiometric excesses (ees).

The enormous synthetic potential of monooxy-
genases, such as the ubiquitous cytochrome P-450,
is well recognized. In vivo these enzymes catalyze the
insertion of an oxygen atom, derived from molecu-
lar oxygen, into a large variety of organic substrates,
often with a high degree of chemo, regio, and stere-
oselectivity. However, P-450 monooxygenases suffer
from several drawbacks; they require a stoichiomet-
ric amount of the NADP(H) cofactor that must be
regenerated for economic reasons in large-scale ap-
plications. This problem can be circumvented by us-
ing whole-cell systems, but this often leads to com-
peting reactions that lower the enantioselectivity and
the chemical yield of the oxidation reaction. Further-
more, they show low stability and turnover rates and
are difficult to isolate, thus preventing their indus-
trial applications. Heme peroxidases are also versa-
tile catalysts that perform oxidative reactions of nu-
merous substrates [1] by using clean oxidants such
as hydrogen peroxide or organic peroxides without
the need of expensive cosubstrates. They are struc-
turally and mechanistically related to the P-450 en-
zymes and have the protoporphyrin IX prosthetic
group in common. In their natural function, per-
oxidases generally perform one-electron rather than
two-electron oxidation of substrates such as phenols
or aromatic amines. In this paper, we focus on the
recent advances in the use of horseradish peroxi-
dase (HRP) and CPO as heme peroxidases. We also
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discuss some relevant synthetic applications of cy-
clohexanone monooxygenase (CHMO) from Acine-
tobacter, a flavin containing monooxygenase.

In typical peroxidases a ferriprotoporphyrin IX
is the prosthetic group, and the imidazole is the
fifth (proximal) ligand of the iron atom. In the cat-
alytic cycle, hydrogen peroxide binds to the ferric ion
and its fast reduction to water leads to an oxoferryl
species designated as compound I, which has a por-
phyrin radical cation structure (Fig. 1).

Compound I extracts an electron from the sub-
strate to form compound II as the second interme-
diate. A second one-electron transfer returns the en-
zyme to the resting state. Compound II can, in its
turn, react with H2O2 to give compound III, which
is believed to be a dead-end species, or that is cat-
alytically inactive [2]. The free radicals produced in
the reaction may be subjected to coupling, dispro-
portion, and other nonenzymatic pathways, which
are characteristics of each substrate.

According to the crystal structure of HRP
isozyme C, the heme group is sandwiched between
the distal and proximal domain of the enzyme, and
there are two Ca++ binding sites [3]. The key catalytic
residues for a series of peroxidases, namely Arg 38
and His 42, are highly conserved and have a simi-
lar disposition. The distal pocket, thus confirms the
expectations for the proposed mechanism for com-
pound I formation.

According to this mechanism, a basic amino acid
residue (histidine) abstracts a proton from the hy-
droperoxide with a concomitant involvement of a
positively charged amino acid (arginine) to assist the
heterolytic cleavage of the oxygen–oxygen bond, with
the formation of compound I.

A common feature of peroxidase is a protected
heme group, not easily accessible to the substrate
and exposed heme edge close to heme meso C20 and
heme methyl C18.

Enantiopure sulfoxides are important building
blocks in the organic synthesis of natural products
because of their powerful stereodirecting ability in
the carbon–carbon bond formation [4]. The activity

FIGURE 1 Catalytic cycle of peroxidase (X= porphyrin).

of the sulfinyl group in the synthesis of drugs is exem-
plified by omeprazole, an antiulcer compound with
$4 billion in sales, and sulindac, a nonsteroidal anti-
inflammatory drug as well as an inhibitor of tumoral
cell growth.

We have been the first to use HRP as an enan-
tioselective catalyst in the oxidation of alkyl aryl sul-
fides to the corresponding (S) sulfoxides with hydro-
gen peroxide as oxidant [5]. Asymmetric induction
took place only with methyl phenyl and methyl p-
substituted phenyl sulfides. The rather modest ees
in the range of 30–68% were later substantially in-
creased by Ortiz de Montellano by molecular en-
gineering [6]. The Phe 41/Leu mutant of HRP also
showed a higher turnover since the substitution of
Phe by smaller Leu favored the access of the sub-
strate to the ferryl oxygen of compound I, responsi-
ble for the peroxygenase activity.

CPO, which is easy to obtain in quantity from the
marine fungus Caldariomyces fumago, has proved to
be a highly versatile catalyst to perform oxidative re-
actions of numerous substrates. In addition to one-
electron oxidations and disproportionation of H2O2,
CPO also catalyses oxygen transfer reactions as in the
formation of hypohalous acids from halides [7], the
oxidation of indole to oxindole [8], the oxidation of
amines to nitroso compounds [9], and benzylic [10]
and propargylic hydroxylations [11]. It is an unusual
peroxidase because it contains a cystein axial ligand
of the heme instead of the classical imidazole ligand,
thus resembling the P-450 enzymes and an iron atom
more exposed than in any other peroxidase. This
enzyme is therefore a heme peroxidase/cytochrome
P-450 functional hybrid. The crystal structure shows
that CPO folds into a tertiary structure dominated by
eight helical segments [12]. It has been proposed that
Glu 183 and a histidine residue in the distal pocket
are involved in the compound I formation. The
catalytic cycle of CPO is represented in Fig. 2.

The addition of hydrogen peroxide to the native
enzyme gives the usual compound I. In peroxidase-
like activity, compound I is transformed into com-
pound II by one-electron abstraction and the subse-
quent reaction with a second molecule of substrate
regenerates the native enzyme. In the catalase activ-
ity, reaction of compound I with a second mole of
H2O2 gives dioxygen and the native enzyme. In the
halogenation, the hypohalide intermediate, formed
by reaction of compound I with halide ion, would
act as a source of halogen. More important, in the
monooxygenase pathway, the ferryl oxygen is trans-
ferred from compound I to the substrate to afford the
oxidized product and the native enzyme. Oxidized
forms of CPO are unstable in the presence of H2O2.
Maintaining a low hydrogen peroxide concentration,
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FIGURE 2 Catalytic cycle of CPO.

preferably by using a sensor-controlled feed-on-
demand mode of addition [8], is essential to reduce
the enzyme inactivation [13]. tert-Butyl hydroperox-
ide is less deleterious but reacts much slower with
CPO than it does with H2O2 to form compound I.

CPO is the catalyst of choice for enantioselec-
tive oxygen transfer reactions such as sulfoxidation,
hydroxylation, and epoxidation owing to its high ac-
tivity and ready availability. We have been able to
show that CPO is a very efficient catalyst, in terms
of chemical and optical yields, for a large number
of sulfides structurally related to phenyl methyl sul-
phide [14] (Table 1). Both the ee and the chemi-
cal yield are decreased by enlarging the size of the
alkyl substituent at the sulfur atom or by intro-
ducing a substituent in the ortho position of the
aromatic ring. Cyclic sulfides show a similar trend,
2,3-dihydrobenzo[b]thiophene is very efficiently ox-
idized in the presence of CPO, but 1-thiochroman
gives the corresponding sulfoxide in poor chemical
and optical yield because of steric hindrance [15].
b-Carbonyl sulfides react at a rate comparable with
that of their aromatic counterparts [16].

The sulfoxidation reaction catalyzed by CPO
(Fig. 3) is likely to proceed via a direct oxygen
transfer from compound I to the sulfide (Eq. (1))
or by a rebound mechanism involving the forma-
tion of compound II and a sulfenium radical cation
(Eq. (3)). The recombination of these two species
within the same cage of solvent would lead to the
sulfoxide and to the native enzyme (Eq. (4)).

These CPO-catalyzed sulfoxidation reactions
have been performed in aqueous buffer or aqueous

TABLE 1 Aryl Alkyl Sulfides Oxidation Catalyzed by CPO

Control
Yield ee Reaction

Sul de Oxidant (%) (%) Yield (%)

p-CH3-C6H4-S-CH3 H2O2 98 91 18
t-BuOOH 80 70 24

o-CH3-C6H4-S-CH3 H2O2 27 33 13
t-BuOOH 56 43 33

p-CH3O-C6H4-S-CH3 H2O2 72 90 16
t-BuOOH 70 61 31

o-CH3O-C6H4-S-CH3 H2O2 24 27 23
t-BuOOH 33 37 18

C6H5-S-CH3 H2O2 100 98 30
t-BuOOH 90 80 65

p-Cl-C6H4-S-CH3 H2O2 77 90 13
t-BuOOH 60 70 20

o-Cl-C6H4-S-CH3 H2O2 33 85 13
t-BuOOH 17 45 7

p-NO2-C6H4-S-CH3 H2O2 10 80 2
t-BuOOH 16 80 2

p-CH3-C6H4-S-C2H5 H2O2 50 68 15
t-BuOOH 50 68 20

p-CH3-C6H4-S- H2O2 53 5 22
n-C3H7 t-BuOOH 30 5 28

p-CH3-CO-NH-C6H4- H2O2 86 67 23
S-CH3 t-BuOOH 86 70 33

C6H5-CH2-5-CH3 H2O2 100 90 33
t-BuOOH 73 55 50

2-pyridyl-S-CH3 H2O2 100 99 26
t-BuOOH 61 89 16

p-F-C6H4-S-CH3 H2O2 100 97 27
t-BuOOH 90 70 29

tert-butyl alcohol [17]. In situ generation of hydrogen
peroxide from glucose and oxygen, with glucose oxi-
dase and CPO coimmobilized in polyurethane foam,
increased the turnover number, as recently shown by
Sheldon and co-workers [18]. The stability of CPO
could also be greatly increased in the oxidation of
methyl phenyl sulfide to (R)-(−)-methyl sulfoxide by
using dioxygen and either dihydroxyfumaric acid or
ascorbic acid as external reductants. The reaction
was carried out in a membrane reactor, which al-
lowed the reuse of the enzyme for several conver-

FIGURE 3 Mechanisms for oxygen-transfer in reactions
catalyzed by CPO.
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sions. A very high optical purity of the formed sul-
foxide was observed as a consequence of the absence
of aspecific oxidation of the substrate [19]. In con-
clusion, the differences in reactivity and enantiose-
lectivity in the sulfoxidation reactions catalyzed by
heme peroxidases can be explained by the differ-
ences in the environment of the active site. Heme
peroxidases having a less accessible heme iron give
lower enantioselectivity and reactivity; apart from
HRP, these include microperoxidase-11, lactoperox-
idase, and cytochrome c peroxidase.

Optically active epoxides are also very useful chi-
ral synthons since they can undergo facile stereospe-
cific ring opening to form bifunctional compounds.
They are very important as key intermediates in the
production of bioactive chiral compounds or as final
products with biological activity. The development
of practical methods for enantioselective epoxida-
tion of unfunctionalized olefins is still an important
challenge in the field of catalysis. Peroxidases can
perform asymmetric epoxidation, but usually a low
enantioselectivity is observed. In the past decade,
however, tremendous progress has been achieved us-
ing CPO. CPO-catalyzed epoxidation is often accom-
panied by the formation of aldehydes as well as by
allylic hydroxylation. In 1993 we had found that CPO
is able to transfer enantioselectively an oxygen atom
to styrene and styrene derivatives having a halogen
atom in the aromatic ring [20]. t-BuOOH gave higher
chemical yields with respect to hydrogen peroxide.
The ee were in the range of 28–68% and the prevail-
ing epoxide had the (R) absolute configuration. This
was inferred to mean that the ferryl oxygen of com-
pound I attacks the double bond from the side of the
smaller substituent, in analogy to the attack at the
sulfur atom in the sulfoxidation reaction. In the same
year, Hager and Jacobsen studied the CPO-catalyzed
epoxidation reaction of aliphatic olefins with hydro-
gen peroxide as oxidant [21]. They used disubstituted
and trisubstituted alkenes. Very high enantioselectiv-
ity was observed with cis-substituted alkenes bearing
alkyl substituents, whereas trans-olefins were found
to be unreactive. The enzyme accepted branching in
the alkyl substituent at the expense of lower chemical
and optical reactivity. Certain trisubstituted alkenes
were also accepted by CPO with moderate to good
enantioselectivity. 1-Alkenes, with the exception of
styrene derivatives, are suicide substrates that alky-
late the heme in native CPO [22]. However, directed
evolution of CPO by using a Caldariomyces fumago
as an integrative vector system resulted in a fourth
generation mutant of CPO that resists inactivation
by terminal alkenes and hydrogen peroxide.

CPO mediates the epoxidation of a series
of 2-methyl-1-alkenes [22] and of functionalized

alkenes such as v-bromides [23], esters [24], and
amides [25]. Again, the size of the substituents is
the main limiting factor in terms of reactivity and
enantioselectivity.

To prevent the hydrolysis of the formed epoxide,
indene was oxidized in anhydrous glycerol, and this
represents the first example of the use of CPO in a
nonaqueous reaction medium [26].

In conclusion it may be stated that in compari-
son with other enzymatic and microbial epoxidation
methods, the CPO-based system is more efficient; it
accepts a broader range of substrates and catalyzes
the epoxidation reaction with much higher enantios-
electivity. CPO is, in this respect, highly complemen-
tary to the existing synthetic or biological catalysts
that usually give poor optical yields in the formed
epoxide. Another reaction that is common between
CPO and cytochrome P-450 is the benzylic hydrox-
ylation, which occurs with high enantioselectivity
[27]. The mechanism of benzylic hydroxylation is
likely a concerted process and not a two-step process
involving hydrogen abstraction, followed by oxygen
rebound.

CHMO from Acinetobacter calcoaceticus is a
flavoenzyme of about 60,000 Da containing one non-
covalently bound FAD unit per enzyme molecule. Its
high versatility has been exploited in the manufac-
ture of fine chemicals, based on the Baeyer–Villiger
oxidation, which transforms racemic ketones into
enantiomerically pure esters. The only reagents con-
sumed are dioxygen, NADP(H), and the substrate
ketone. According to the proposed mechanism, the
actual oxidizing species should be the 4a-hydropero-
xyflavin intermediate, acting as a nucleophile at the
carbonyl carbon. Intramolecular elimination of wa-
ter from 4a-hydroperoxyflavin would generate FAD
for another catalytic cycle [28] (Fig. 4).

FIGURE 4 Catalytic cycle of CHMO.
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CHMO can also oxygenate heteroatoms, because
of the high reactivity of 4a-hydroperoxyflavin, which
can behave also as an electrophile, for instance, to
trimethyl phosphite and iodide ions.

Walsh and co-workers described the synthesis
of (S)-ethyl-p-tolyl-sulfoxide (64% ee) using CHMO
[29]. Our interest was to extend the investigation to
various alkyl sulfides, in order to study the stere-
ochemistry of oxidation at the sulfur atom [31]
(Table 2).

The oxidation of sulfides by CHMO (reaction 1)
was coupled to a second enzymatic reaction (reac-
tion 2 or 3) in order to regenerate NADP(H).

R-S-R′ +NADPH+O2 +H+
CHMO−−−→

R-SO-R′ +NADP+ +H2O (reaction 1)

D-glucose-6P+NADP+
G6PDH−−−→

D-gluconate-6P+NADPH+H+ (reaction 2)

L-malate+NADP+
malic enzyme−−−−−−−→

pyruvate+ CO2 +NADPH+H+ (reaction 3)

The data reported in Table 2 clearly show
that the stereochemical course of the reaction and
the enantioselectivity are highly dependent on the
substrate structure. Thus, for alkyl aryl sulfoxides
the optical purity ranged from 99% ee of (R)-

TABLE 2 Alkyl Aryl Sulfides Sulfoxidation Catalyzed
by CHMO

Absolute
Sul de Yield (%) ee (%) Con gur ation

C6H4-S-CH3 88 99 R
p-F-C6H4-S-CH3 91 92 R
o-CH3-C6H4-S-CH3 90 87 R
2-pyridyl-S-CH3 86 87 R
p-C2H5O-C6H4-S-CH3 92 59 R
C6H4-CH2-S-CH3 97 54 R
o-CH3-C6H4-S-CH3 81 51 R
C6H4S-C2H5 86 47 R
m-CH3-C6H4-S-CH3 90 40 R
o-Cl-C6H4-S-CH3 35 32 R
C6H4-S-i -C3H7 93 3 S
p-CH3-C6H4-S-CH3 94 37 S
p-Cl-C6H4-S-CH3 78 51 S
p-CH3O-C6H4-S-CH3 89 51 S
p-CH3-C6H4-S-i -C3H7 99 86 S
p-CH3-C6H4-S-C2H5 89 89 S
p-F-C6H4-S-C2H5 96 93 S
t-C4H9-S-CH3 98 99 R
C4H9-S-S-C4H9 85 32 NDa

CH3-S-S-C3H7 92 64; 34b ND

aND: not determined.
bFor the two regioisomeric thiosulfinates.

methyl phenyl sulfoxide to 93% ee for (S)-ethyl-p-
fluorophenylsulfoxide. The further oxidation of sul-
foxides to the corresponding sulfones was very slow.

Similar results in terms of stereoselectivity were
obtained with functionalized sulfides [31] and benzyl
alkyl sulfides [32]. The use of macromolecular
NADP(H) in a membrane reactor increased the ef-
ficiency of coenzyme recycling, the critical step of
this biotransformation [33].

The stereoselectivity of the sulfoxidation and the
absolute configuration of all the obtained products
have been explained by us by proposing an active
site model of the enzyme [34] (Fig. 5). Interestingly,
the same model applies to Baeyer–Villiger oxidation
[35].

1,3-Dithioacetal monosulfoxides are useful chi-
ral acyl anion equivalents, extremely effective for
imparting stereocontrol in enolate alkylation and
amination, Mannich reactions and so on. We have
extended the repertoire of CHMO to the enan-
tioselective oxidation of 1,3-dithioacetals [36]. We
have found that the CHMO-catalyzed oxidation
of 1,3-dithiane, 1,3-dithiolane, and bis(methylthio)-
methane, chosen as model compounds, gives enan-
tiomerically pure (R)-monosulfoxides in 81–84%
chemical yield. Both asymmetric synthesis and ki-
netic resolution are at work for 1,3-dithiane and
bis(methylthio)methane, whereas only asymmetric
synthesis is operating in the case of 1,3-dithiolane.
CHMO compares favorably with the chemical and
other biochemical methods that afford monosulfox-
ides with ees ≤ 24 [36].

The main limitation of the exploitation of CHMO
as a catalyst is the low stability of the isolated
enzyme and the need for recycling the expensive

FIGURE 5 Active site model of cyclohexanone mono-
oxygenase.
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NADP(H) coenzyme. This problem, however, can be
circumvented by using whole cell of Acinetobacter
calcoaceticus [37]. For example, 1,3-dithiane was ef-
ficiently oxidized in a preparative scale experiment to
(R)-1,3-dithiane oxide with 98% ee, as a result of both
asymmetric synthesis and kinetic resolution, which
is in agreement with the results previously obtained
with the isolated enzyme.

There is a relative paucity in the literature,
of general one-step procedures for obtaining enan-
tiomerically pure dialkyl sulfoxides. This shows the
importance of the new enzymatic enantioselective
synthesis of dialkyl sulfoxides catalyzed by CPO and
CHMO recently described by our group [38].

Both enzymes exhibit high enantioselectivity in
the oxidation of cycloalkyl and alkyl methyl sulfides
with limited steric requirements. The CPO always
leads to the (R)-sulfoxides; the two-enzymatic sys-
tems are enantiocomplementary for pentyl methyl
sulfide and for octyl methyl sulfide, leading in all
other cases to the (R)-sulfoxides.

CHMO also catalyses the asymmetric oxida-
tion of tert-butyl disulfide to the enantiomerically
pure (R)-tert-butanethiosulfinate [39], an excellent
chiral auxiliary for a range of chiral sulfinimines,
which can be transformed into a-branched amines,
a,a-dibranched amines, a- and b-amino acids, and
a- and b-aminophosphonic acids. Lower enantios-
electivities and conversions were observed in the
oxidation of i-propyl, n-propyl, p-tolyl tert-butyl
disulfides, and alkylthiophosphonates.

CONCLUSIONS

CPO, being a heme-peroxidase-cytochrome P-450
functional hybrid [12], outclasses all other peroxi-
dases and is able to perform enantioselective sulfox-
idation, hydroxylation, and epoxidation reactions.

CHMO from Acinetobacter calcoaceticus has a
higher versatility in the oxidation at sulfur atom as it
accepts a much larger range of substrates. Research
is in progress to extend its use to the enantioselec-
tive oxidation of other prostereogenic sulfur deriva-
tives and to the epoxidation of olefins (unpublished
results from this laboratory) thus extending its syn-
thetic repertoire.
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