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1. Chemical Methods of Nonracemic Sulfoxide
Preparation
1.1. Introduction

In the field of asymmetric synthesis, nonracemic sulfoxides
are recognized as valuable and efficient reagents. Their
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extensive use as chiral auxiliaries and intermediates is
substantiated by high asymmetric induction exerted by a
sulfinyl fragment, and its configurational stability.! The
numerous applications of chiral sulfoxides in organic syn-
thesis were presented in several review articles.? > A sulfinyl
auxiliary was also utilized in procedures leading to the
desymmetrization of racemic mixtures.®"® The increasing use
of chiral sulfur ligands in asymmetric catalysis was recently
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reviewed.!®!! Nonracemic sulfoxides are also employed in
enantioselective organocatalysis.'>~!7

Another aspect of the use of nonracemic sulfoxides is
connected with the crucial role played by chiral sulfur-
containing compounds in biology.!® In recent years, the
pharmaceutical industry has shown an increasing interest in
nonracemic compounds.'*~?2 Among them, sulfinyl deriva-
tives are of special importance.”> Esomeprazole 1, the (S)
form of omeprazole, which is used to heal and relieve
symptoms of gastric or duodenal ulcers, is counted among
the world’s most sold pharmaceuticals.?*** The manifold
activity of chiral sulfoxide-based drugs can be illustrated by
armodafinil (the (R)-enantiomer of modafinil (2), a stimulant
drug approved for treatment of sleep disorders);>>?® OPC-
29030 (3), a platelet adhesion inhibitor;>"?® aprikalim (4),
an activator of the potassium channel;? oxisurane (5), an
immunosuppressor;>’ pyrazolotriazine derivative 6, effective
in hyperuricemia;®! or ustiloxins 7, active against human
breast and lung cancer lines.*
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Three principal approaches used for preparation of non-
racemic compounds involve separation of a racemic mixture,
transformation of a reagent from the chiral pool, or the use
of chiral catalyst for enantioselective synthesis. These
methods can also be utilized to obtain a chiral sulfoxide.
Racemic sulfinyl derivatives were separated using chiral
columns*~3 and by fractional crystallization of the binary
compounds formed with a chiral resolving agent; some recent
examples make use of formation of inclusion compounds.*¢~3#
Chemical resolution methods include the reversible reactions
with nonracemic compounds. For example, resolution of
racemic (2-methylsulfinyl)phenylphosphonic acid was ac-
complished via the formation of the cinchoninium salts.*
For the synthesis of the (R) and (S) enantiomers of modafinil
(2) and adrafinil (8), a racemic a-sulfinyl carboxylic acid,
9, was treated with a chiral thiazolidinethione, and the
resulting diastereomers, 10 and 11, were separated chro-
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matographically.?® Subsequent displacement with ammonia
or hydroxylamine gave both enantiomers of compounds 2
and 8, while hydrolysis or esterification led to enantiopure
modafinic acid (9) and ethyl modafinate (12). Another
approach is illustrated by the preparation of nonracemic
hydroxysulfoxides via stereoselective reduction of a carbonyl
group in chiral or racemic S-ketosulfoxides.***! The enan-
tiomeric enrichment of the racemic mixture can also be
achieved by the selective reduction of the sulfinyl group*~*
or (more often) by its oxidation. Many chiral oxidants used
for the preparation of sulfoxides are also able to oxidize the
sulfoxides to sulfones. When different reaction rates are
observed for the two enantiomers, kinetic resolution can
occur (see also section 1.4, Scheme 5).
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Different preparation methods utilizing the transformation
of nonracemic substrate were developed in the last decades
and are frequently used. The synthesis of a chiral sulfoxide
requires the formation of a C—S bond (typically by nucleo-
philic substitution of other nonracemic sulfinyl compounds)
or of a S—O bond (oxidation of prochiral sulfides with chiral
oxidants or diastereoselective oxidation of chiral substrates).
(In principle, other possibilities also come to mind, such as
enantioselective reduction of unsymmetrical sulfones to the
corresponding sulfoxides.) Finally, the enantioselective trans-
formations using substoichiometric amounts of a chiral
catalyst are particularly attractive, since multiplication of
chirality may be achieved in these reactions. While catalytic
C—S bond formation reactions leading to chiral sulfoxides
are rare,* various efficient oxidation systems were designed
and used for preparation of these compounds in high
enantiomeric purity, and in many cases both optical antipodes
were accessible.

In this contribution, we shall concentrate our attention on
the stoichiometric and catalytic transformations leading to
the formation of nonracemic sulfoxides. In general, methods
utilizing chiral sulfoxides as substrates will not be considered,
although, in some cases, a new C—S bond is formed in such
reactions. This review, which covers the years 2000—2009,
describes recent achievements in the field and is an extension
of a review that appeared in 2000.*’ Since then, several
authors have reviewed the subject more or less thoroughly.
An essential and comprehensive review concerning the
preparation methods and utilization of chiral sulfoxides was
published by Fernandez and Khiar in 2003.? Legros, Dehli,
and Bolm concentrated their 2005 paper on the syntheses of
biologically active sulfoxides.”> The application of metal
complexes in the asymmetric oxidation of prochiral sulfides
was described by Volcho et al.*** and by Bryliakov and
Talsi.>® Holland presented the use of biocatalysts for the
preparation of chiral sulfoxides.’! Sections dedicated to
sulfoxide synthesis can be found in books,’> 3 and reviews
are available on oxidations mediated by titanium,® vanadium,’”
iron,” peroxy, peroxo, and oxo metal complexes®® or
nonmetal catalysts.%! The catalytic properties of salen-type
ligands (salen = N,N'-ethylenebis(salicylimine)) were de-
scribed by Katsuki and co-workers.®”% In 2001, Procter
reviewed the synthesis of organic derivatives of sulfur and
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selenium, including chiral sulfoxides.®> Two articles on the
application of different oxidants to the synthesis of sulfoxides
(in most cases nonstereoselective) were published in 2005.%667
A review article on the chemistry of C,-symmetric bissul-
foxides also contains the description of preparation meth-
0ds.%® Several review articles written in Chinese addressed
the preparation of nonracemic sulfoxides as well.® 7!

The first part of this review, devoted to the chemical
methods used for the preparation of nonracemic sulfoxides,
is organized as follows: after a short presentation of “state
of art” in 2000 (section 1.2), new applications of known
synthetic methods are shown (section 1.3), followed by a
description of new procedures and compounds (section 1.4).
In section 1.5, examples of diastereoselective preparations
are given. New developments in heterogenized systems are
presented in section 1.6. Section 1.7 briefly summarizes the
observed trends. For clarity of presentation, in all stereo-
chemical drawings, the sulfinyl group is drawn with a single
bond without charges on S and O atoms.

1.2. Overview of Synthetic Methods Developed in
the 20th Century

1.2.1. Nucleophilic Substitution (C—S Bond Formation)

Nonracemic sulfoxides can be prepared by the addition
of an organometallic reagent to electrophilic derivatives
containing a sulfinyl group. The reaction results in the
formation of a new carbon—sulfur bond with inversion of
configuration at the sulfur atom. For this purpose, various
chiral sulfinyl transfer reagents were designed. Among them,
chiral sulfinates were recognized to be particularly attractive.
The classical Andersen procedure in which optically pure
menthyl sulfinate reacted with a desired organometallic
compound (Scheme 1) was used with success in the synthesis
of different nonracemic sulfoxides.”>’> However, the original
procedure was restricted to the preparation of diaryl or alkyl
aryl S-oxides, since menthyl alkylsulfinates are typically oils
and cannot be obtained in a diastereomerically pure form
by recrystallization. The use of carbanionic leaving groups
(Scheme 2) opened a route to the enantiomerically pure
dialkyl sulfoxides as described by Naso and co-workers.”*”

Instead of using menthol derivatives, chiral sulfinates can
be formed using trans-2-phenylcyclohexanol” or chiral
carbinols derived from diacetone-D-glucose (DAG). The
DAG methodology was extensively developed by Alcudia,
Llera, and co-workers.””’® This strategy allowed the prepara-
tion of a variety of sulfoxides (including dialkyl ones) in
both enantiomeric forms. The key intermediates, chiral
sulfinates, are prepared from the corresponding sulfinyl
chlorides and DAG (Scheme 3). The configuration of the
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main diastereomer is dependent on the base used for the
reaction: ethyl diisopropylamine leads to (S)-alkyl- or aryl-
sulfinates, while pyridine affords their (R)-epimers. Sulfi-
namides, formed from sulfinyl chlorides and nitrogen bases,
were proposed as active sulfur species in this reaction; their
possible interaction with the chiral alcohol (DAG) depends
on the steric hindrance exerted by the amine substituents,
leading to different reaction pathways for iPr,NEt and
pyridine.”’

Ellman and co-workers described the reaction of Grignard
reagents with chiral tert-butyl tert-butanethiosulfinate 13,
leading to the corresponding sulfoxides without racemiza-
tion.” Among other chiral sulfinyl transfer reagents, those
bearing two leaving groups attached to sulfur are of special
interest, since, in principle, they may be used to obtain any
desired sulfoxide. There is no need to prepare a new reactant
for each kind of substitution. Two organometallic additions,
performed in the right sequence, are necessary to introduce
two different alkyl or aryl groups. For example, a method
developed by Kagan et al. utilized chiral sulfite 14, which
was obtained in two steps from (S)-ethyl lactate (Scheme
4)@&&

Me Ph
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1.2.2. Davis Oxaziridines

Oxaziridines are known for their exceptional ability to
transfer an amine group or an oxygen atom to various
nucleophiles. For sulfoxidation reaction, derivatives contain-
ing a bulky or electron-withdrawing group on the nitrogen
atom or both the nitrogen and carbon atoms of the three-
membered ring were found to be most effective.®? Davis and
co-workers demonstrated that the chiral N-sulfonyl- (for
example 15 and 16) and sulfamyloxaziridines (17) gave high
yields in the synthesis of various chiral sulfoxides, without
the formation of sulfones.®*# The enantioselectivities were
strongly substrate-dependent, and higher ee values were
observed for the sterically hindered sulfides. The oxidant was
used in stoichiometric amounts, but it can be regenerated
from the chiral imine formed in the course of the reaction.
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Chiral N-alkyl-oxaziridines also appeared to be effective
in the enantioselective sulfoxidation, but in this case the
oxidant was activated by the addition of acids.®® Other metal-
free oxidations were also described.®*~3® In particular, the
organocatalyzed sulfoxidations appeared to be ineffective,'>%
especially if compared with reactions catalyzed by chiral
metal complexes.

1.2.3. Metal Complexes in Enantioselective Oxidation

Since their introduction in 1984, metal complexes with
enantiopure chelating ligands have shown their exceptional
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efficiency in the enantioselective oxidation of sulfides.
Bidendate diols, tridendate Schiff bases, and tetradendate
salen-type ligands have been commonly used, typically in
combination with d° metal ions: titanium(IV) and vanadi-
um(V).

Twenty-six years ago, the groups of Kagan® and Modena®'
independently described their modifications of the Sharpless
reagent used for asymmetric epoxidation. The system was
based on titanium isopropoxide as the metal source, enan-
tiopure diethyl tartrate 18 as the chiral modifier, and tert-
butyl hydroperoxide (TBHP) as terminal oxidant. In the
Modena version, anhydrous conditions were applied, and the
ratio of the system’s components was Ti(O-iPr),/DET/TBHP
= 1:4:2. The key feature of Kagan’s variant was the addition
of a stoichiometric amount of water (Ti/DET/H,O = 1:2:1).
In its original version, Kagan’s method suffered from the
use of stoichiometric amounts of a titanium complex.
However, a catalytic alternative was later developed in which
0.1 equiv of Ti(O-iPr); was used.”> The system was also
improved by using cumyl hydroperoxide (CHP) in place of
TBHP and by conducting the reaction in 2-propanol in the
presence of 4 A molecular sieves to protect the active catalyst
against an excess of water.”>”* High enantioselectivity (ee >
95% for certain substrates) and reasonable yields were
achieved for alkyl aryl sulfides. Although the necessity of
purification of sulfoxides from the relatively large amount
of titanium salts produced during the workup is a serious
drawback of this method and the chemoselectivity of the
system is in some cases limited, modified Sharpless catalysts
are regarded as one of the most effective sulfoxidation

systems.
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HO ©OH g C COH
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The success of Kagan’s and Modena’s methods encour-
aged other groups to explore the possibility of replacing
diethyl tartrate by other chiral diols. Uemura and co-workers
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introduced chiral BINOL (19) as ligand in Ti-catalyzed
sulfoxidations.”** (1R,2R)- or (1S,25)-1,2-Diphenylethane-
1,2-diol (hydrobenzoin, HB, 20) was applied with success
by Rosini’s group.”®®’ For both ligands, high enantioselec-
tivities (up to 96% ee) were observed in the oxidation of
alkyl aryl sulfides with TBHP. Ligands of Cs-symmetry were
examined as well, as exemplified by the chiral trialkanola-
mine 21 (where ee values up to 84% were obtained).”® A
different approach to Kagan’s method, the use of chiral
secondary alkyl hydroperoxides, afforded the sulfoxides in
low yields (<20%) and up to 79% ee.”

OH
Ph Ph
— Ph H\Ph
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HOJ\/N
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Ph” OH
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Oxidation systems based on vanadium complexes also
received considerable attention. Fujita and co-workers de-
scribed the use of a vanadyl complex with tridendate or
tetradendate chiral Schiff bases.!'”~1%2 Using organic hydro-
peroxides (TBHP, CHP, THP), they obtained alkyl aryl
sulfoxides with low to moderate enantioselectivities. In 1995,
Bolm and Bienewald reported the efficient sulfoxidation of
different sulfides using the catalyst formed in situ from
vanadyl acetylacetonate and chiral Schiff bases 22—25.'%3
With 30% hydrogen peroxide as oxidant, they obtained chiral
sulfoxides with up to 85% ee. Several advantages of Bolm’s
system are evident: simple preparation of Schiff bases from
commercially available enantiopure 1,2-aminoalcohols and
salicylaldehydes, low catalyst loadings (<1 mol %, even 0.01
mol % was found sufficient), utilization of a cheap and
environmentally benign oxidant, simple reaction conditions,
and easy workup. One should also mention the ease of
modification of Schiff bases and their availability of both
enantiomeric forms, which allows the preparation of sulfox-
ides of opposite configurations.

Rr2

R +Bu

I
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(S)-23:R'=R?=tBu
(S)-24: R = SiPh,t-Bu, R% = t-Bu
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During the following years, Bolm and Bienewald broad-
ened the scope of substrates,!® while other groups described
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modifications of the Schiff base structure. Significant im-
provements were achieved by Vetter and Berkessel, who
prepared ligands with the additional elements of chirality,
with compound 26 leading to optimal results.'® Ellman and
co-workers found compound 23 to be the best ligand for the
preparation of chiral fert-butyl tert-butanethiosulfinate (13)
(94% conversion, 82% ee).”!% The effects of simple
modifications of the ligand structure were investigated in our
laboratory.!?”1% We observed the enantioselectivity improve-
ment for the valinol derivative 27, which catalyzed the
oxidation of thioanisole in 90% yield and 75% ee, while for
the analogous fert-leucinol-derived ligand 28 a similar ee
value (73%) was accompanied by a lower yield (74%, all
values at 0 °C).

NO;

Ph R
OH ‘N Me
j)<Me
HO

(S)»-27:R=H
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Several groups concentrated their efforts on chiral sul-
foxidation catalyzed by manganese complexes. Jacobsen and
co-workers afforded high yields and moderate ee using
manganese with salen-type ligands 29—36 and PhIO or H,0,
as oxidant.'” The system performance was improved by
introducing additional chiral centers (as in ligands 37 and
38), as described by Katsuki et al.!'®!!! An interesting aerobic
oxidation of sulfides was also described with the combined
use of molecular oxygen, pivalaldehyde, and 3-oxo aldimi-
nato manganese(IIl) complex (ligand 39 gave the highest

ee) as catalyst.'!?
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Systems based on complexes of other transition metals,
such as zirconium,'"® iron,""*!"> copper and nickel,''® or
; 17 : ;
rhenium," '’ were also examined. Although the results in
several cases were quite satisfactory,'’® these catalysts
received much less attention than the titanium and vanadium
complexes.
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1.3. New Applications

Some of the previously discussed systems were used in
recent years in the synthesis of numerous nonracemic
sulfoxides. When applied to a wider range of substrates, the
“classical” methods showed their possibilities and limitations.
In many cases, modification of the original reaction condi-
tions was found necessary to obtain the desired product with
a reasonable yield and/or stereoselectivity.

1.3.1. Chiral Sulfinate Method

The classical Andersen sulfinylation protocol still provides
an attractive alternative for methods based on sulfide
oxidation. This one-pot procedure allows the introduction
of the arylsulfinyl function into the substrate, which in most
cases does not contain sulfur. Conveniently, menthyl p-
toluenesulfinate, a key reagent typically used for this
transformation, is commercially available in both enantio-
meric forms. As can be seen from the following examples,
high enantiomeric purity of the resulting sulfoxides is often
accompanied by reduced yields.

A series of (4-X-benzyl) p-tolyl sulfoxides (X = H, CHs,
F, Cl) was prepared in both enantiomeric forms using the
Andersen method.''® The reaction of menthyl p-toluenesulfi-
nate with ring-substituted benzyl Grignard reagents pro-
ceeded with various yields (13—88%) and a complete
inversion of configuration (from 94 to >99% ee).

Three chiral menthyl sulfinates, p-tolyl, 1-naphthyl, and
2-methoxy-1-naphthyl derivatives, were used in the synthesis
of novel N-phosphanopyrrolyl and -indolyl sulfoxides.'!” The
o-sulfinylation of N-protected substrates was achieved using
lithium diisopropylamide at —78 °C in THF solution and
the corresponding sulfinate in the next step to give (S5)-
sulfoxides 40—48 in moderate yields (29—60%, but only
4.6% for the hindered 3-methyl derivative 48).
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40: R =H, Ar=p-Tol
41: R = H, Ar = 1-Naphthyl
42: R = H, Ar = 2-Methoxy-1-naphthyl
43: R = CH3, Ar = 2-Methoxy-1-naphthyl
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44: R" = R? = H, Ar = 2-Methoxy-1-naphthyl
45:R" = Me, R2= H, Ar = 2-Methoxy-1-naphthyl
46: R, = OMe, R2=H, Ar = 2-Methoxy-1-naphthyl
47:R"= OMe, R?>= H, Ar = 1-Naphthyl

48: R"=H, R? = Me, Ar = 2-Methoxy-1-naphthyl

New chiral sulfoxide ligands 49—56 were prepared from
the corresponding halogenobenzenes, which were lithiated
and reacted with chiral menthyl sulfinates (33—79% yield).!?
Four stereoisomers of bis-sulfoxide binaphthyl or biphenyl
derivatives (57 and 58) were obtained similarly in 34—60%
yield from racemic 2,2'-dibromosubstituted precursors using
either (+) or (—)-menthyl-p-toluenesulfinate. The resulting
diastereomeric pairs were separated chromatographically.'?!:1?
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49:R'=R2=R3=H, X =F, Ar = p-Tol
§0: R'=R? =R3=H, X = F, Ar = 2-Methoxy-1-naphthyl
51:R'=Me, RZ=R®=H, X =F, Ar=p-Tol
52:R'=R3=H,R?=Me, X =F, Ar=p-Tol
53:R'=R2=H, R® = OMe, X =F, Ar = p-Tol
54: R' =R2 =H, R® = OCH,Ph, X = F, Ar = p-Tol
§5: R' = R2 = R? = H, X = NHPPh,, Ar = p-Tol
56: R' = R2 = R3 = H, X = NHPPh,, Ar = 2-Methoxy-1-naphthyl

In their study on the use of the sulfinyl group as a chiral
auxiliary to control the stereochemistry of atropisomers,
Clayden and co-workers applied the Andersen method for
the preparation of nonracemic amides (of type 59),!23124
biaryls (60—62),'>>!2° diaryl ethers (63),'*>'?” and urea
derivatives 64 and 65.'2>1287130 Sylfinylation of the appropri-
ate lithiated substrates was achieved using menthyl p-
toluenesulfinate, fert-butyl tert-butanethiosulfinate, isopropyl-
isopropanethiosulfinate, or cyclohexylsulfinyl diacetonylglucose
(DAG derivative). Under optimal conditions, yields as high
as ~90% were obtained in several cases.

OO S/P'TC" Me O S/p-TOI

(0] s 0

O O’
S Me S.
OO p-Tol p-Tol
(M,Sg,Sg)-57 (P.Ss,S5)-58

Garcia Ruano and co-workers thoroughly examined the
asymmetric induction exerted by a chiral sulfinyl group
which was introduced using the Andersen method.'3!"134
Sulfoxides 66—68 were prepared from bromoarene deriva-
tives and menthyl p-toluenesulfinate in 59 (66), 54 (67), and
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57% yields (68), respectively.'3"!32 In the enantioselective
synthesis of certain bioactive compounds, e.g. centrolobine,'*
cis-lauthisan,'?® and o-tocoferol,'?” Carrefio, Solladié, and
co-workers synthesized the key chiral sulfinyl intermediates
using a modified Andersen approach.'?

To resolve the planar chirality of [2.2]paracyclophane, a
sulfinyl moiety was introduced into position-4 via the
reaction of racemic 4-bromo[2.2]paracyclophane with n- or
tert-butyllithium followed by the addition of (Ss)-menthyl
p-toluenesulfinate or (R)-tert-butyl fert-butane thiosulfinate
13.1397141 The resulting sulfoxides 69 and 70 were obtained
as a mixture of diastereomers with a 1:1 or 1:1.4 ratio, and
61% or 72% combined yield, respectively. Their chromato-
graphic separation led to enantiomerically pure 4-tolylsulfinyl
or 4-tert-butylsulfinyl[2.2]paracyclophanes, which were used
to prepare other chiral derivatives.
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A recent application of menthyl p-toluenesulfinate in the
synthesis of chiral (3-sulfinyl)furan-2-yl derivatives 71 and
72 was described by Arai et al.'*> For 71, a 78% yield was
noted, but the enantiomeric excess was somehow lowered
(80%); compound 72 was obtained in much lower yield
(27%), and an alternative procedure of its preparation was
developed.



Enantioselective Synthesis of Sulfoxides

Liao and co-workers developed a novel procedure for the
separation of racemic fert-butyl fert-butane thiosulfinate using
inclusion compounds formed with (R)-BINOL.'** (R)-thio-
sulfinate 13 was applied for the synthesis of monomeric (73)
and dimeric aryl fert-butyl sulfoxides (74) from the corre-
sponding aryl bromides in 72—92% and 24—42% yield,
respectively.!#

As a further development of the use of glucose-derived
carbinols as chiral auxiliaries (DAG method), a series of Cs-
symmetric bissulfoxides (S,S)- and (R,R)-75 was obtained
in high de.'*>!% The key intermediates, bis-sulfinate esters,
were selectively formed from the corresponding sulfinyl
chlorides by an enantiodivergent dynamic kinetic resolution.

o

g .R
0
R = Me, Et, iPr, -Bu, p-Tol, o-Anisyl,
CHy(2-pyridyl), CH,COOt-Bu

75

Using the DAG methodology, both diastereomers of
S-oxidized N-protected S-methyl- or S-propyl-L-cysteine
methyl ester (76 and 77) were prepared.'*” The diastereo-
meric ratio was strongly dependent on the combination of
solvent and base; for S-methyl derivative 76, iPr,EtN/toluene
gave the best result for the preparation of the Ss isomer, and
a pyridine/CH,Cl, combination gave the best result for the
Rs one. Further conversions allowed the formation of the
sulfoxide 78, which was considered as a chiral fragment of
the antibiotic (S)-sparsomycin. A diacetone—glucose auxil-
iary was also used in the synthesis of the (R)- and (S5)-
enantiomers of allylic and homoallylic sulfoxides 79 and
80.'%%149 These derivatives, which served as models in the
investigation of the mechanism of oleic acid desaturation,
were obtained in 66—84% yield and 96% ee.
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(Re.Se)-TT:R=Pr
[e) o]
Y !

oSy SN F
(R)-79 (R)-80

The sulfinate approach cannot be regarded as universal,
although the introduction of DAG derivatives extended the
scope of accessible sulfoxides. Despite several drawbacks
of the Andersen method (the need for operation with
organometallic compounds, side reactivity that lowered the
yield of the desired substitution product), it remains the
simplest route to certain groups of sulfoxides (e.g. p-tolyl,
tert-butyl, isopropyl, cyclohexyl) in high enantiomeric purity.

1.3.2. Oxidation with Chiral Oxaziridines

The commercially available (8,8-dichlorocamphorylsul-
fonyl)oxaziridine 16 was used for the oxidation of bis(eth-
ylenedithio)tetrathiafulvane, a member of a class of sulfur-
rich precursors to organic conductors.'>® As a single product,
the monosulfoxide 81 was formed with 44% ee (74% after
recrystallization). Significantly lower asymmetric induction
was observed for the less hindered substrates 82 (0—9%
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ee).'>! The enantioselective oxidation of N-methyl-3-meth-
ylsulfanylaniline 83 with chiral oxaziridines was performed
as a key step in the synthesis of a neuroprotective agent CNS
5788 (84)."°2 Among the three oxidants tested, (8,8-dichlo-
rocamphorylsulfonyl)oxaziridine (16) gave the best results
(~95% yield, ~75% ee of the desired sulfoxide). The final
product was obtained with 76.5% enantiomeric excess, which
was improved to 98% through two crystallizations.
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In their approach to the synthesis of esomeprazole 1, von
Unge and co-workers tested the chiral oxaziridine 85 for the
asymmetric oxidation of the prochiral sulfide.?* In spite of
quite satisfactory results (40% ee further improved to 94%
by recrystallization), the authors turned their attention to
Kagan’s method. On the other hand, the Davis oxaziridine
was found superior to the Kagan and Bolm oxidizing systems
in the conversion of dimethyl (2-methylsulfanyl)phenylphos-
phonate 86 into the corresponding (§)-sulfoxide, which was
obtained in 82% yield and 73% ee.*
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A highly enantioselective synthesis of benzothiepine 87
was described that utilized the oxidation of the sulfide
precursor 88 and a ring-closure reaction in which the sulfinyl
group served as a chiral auxilary."® Among the chiral
oxidants tested (Kagan system with TBHP or CHP, Jacob-
sen’s catalyst with CHP, and PhI(OAc),), (8,8-dichlorocam-
phorylsulfonyl)oxaziridine (16) gave the best results (60%
ee for sulfide 88, and 78% for the substrate 89, for which
95% yield was noted).

In their research concerning the metabolism of fenthion
(90), Rimoldi, Schlenk, and co-workers used (N-phenylsul-
fonyl)(8,8-dichlorocamphoryl)oxaziridine (85) for the oxida-
tion of this pesticide.™* In this work, (—)-85 led to the (S)-
sulfoxide with 81% yield, and (+)-85 gave the (R)-
enantiomer (79% yield); in both cases, the ee was 82%, and
the enatiomeric purity was improved by recrystallization to
>99%.
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While looking for the best method for the preparation of
nonracemic modafinil derivatives (modafinil (2), modafinic
acid (9), and its methyl ester), Guillen, Plaquevent, and co-
workers found that chiral oxaziridines gave better results than
metal-based systems.!>> Oxaziridine 16 reacted with ap-
propriate sulfides in CCl, at 20 °C to give sulfinyl products
in 47—90% yield and 60—90% ee. The authors replaced the
chlorinated solvent with the ionic liquid [bmim][PF¢] (91),
which enhanced the yield of sulfoxides (73—87%) while
generally maintaining the stereochemical outcome of the
reaction (55—78% ee).

Me O\F{/S
\S OMe PFef

90 91

Sulfide oxidation with chiral oxaziridines is an operation-
ally simple method which utilizes the commercially available
reagents, typically in stoichiometric amounts (a significant
question from the economical point of view). In most cases,
the stereoselectivity is high, not necessarily excellent, but
in the case of certain sensitive substrates, the Davis procedure
turned out to be most efficient.

1.3.3. Oxidation Using Metal Complexes

1.3.3.1. Kagan’s System. In spite of the availability of
numerous catalytic sulfoxidation systems, the efficient and
relatively simple Kagan procedure has been applied in many
recent preparations, including applications in the pharma-
ceutical industry. However, in some cases, alterations of the
original procedure appeared to be necessary to reach the
desired results.

A highly efficient synthesis of esomeprazole 1 via the
asymmetric oxidation of the corresponding sulfide 92 was
described.?* Since the application of the original Kagan
conditions led to a nearly racemic product, certain modifica-
tions that enhanced the enantioselectivity were introduced.
When the titanium complex was prepared from DET, Ti(O-
iPr)4, and H,O in the presence of starting sulfide and N,N-
diisopropylethylamine by stirring in toluene at 50—54 °C,
the subsequent oxidation with CHP at 30 °C led to esome-
prazole at >94% ee (its conversion to a sodium salt and
recrystallization gave the product with >99.5% ee). Interest-
ingly, the high enantioselectivity was retained even when
substoichiometric quantities of the titanium complex were

employed.?*
Meo\©: Me, OMe
>—s
N @Me

92

In 2005, Cephalon chemists patented a method of enan-
tioselective preparation of (R)-modafinil 2 from the corre-
sponding sulfide.® Again, the addition of tertiary amine (N,N-
diisopropylethylamine or triethylamine) was found to be
essential for the high enantiomeric purity of the isolated
product (ee = up to 99.8%). CHP was used as the oxidant,
and the chiral DET could be used in low amounts (even 5%
mol, but optimal results were obtained for 15—30% mol of
catalyst). The method worked well for several modafinil
analogs (>92% ee), but only 10—50% ee was observed for
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diphenylmethylthioacetic (modafinic) acid (9), its amide, and
its methylated derivative. Similar reaction conditions were
also effective in the asymmetric oxidation of sulfides attached
to nitrogen-containing heterocycles 92—95.%!57 High levels
of enantioselection (94—98%) were achieved when two
unsubstituted nitrogen atoms were present in the structure
of the starting sulfide; also compound 92 was converted into
esomeprazole 1 in 78% yield and 97% ee.
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An efficient asymmetric synthesis of a selective estrogen
receptor modulator with a dihydrobenzoxanthiin skeleton
reported by Song, King, and co-workers utilized a chiral
sulfoxide-directed reduction as an essential step.!*® The key
sulfoxide, 96, was prepared by means of the Kagan proce-
dure, using D-diisopropyl tartrate as the source of chirality,
titanium isopropoxide, CHP, and N,N-diisopropylethylamine
in THF solution. For the reaction conducted on a kilogram
scale with the catalyst loading reduced to 15 mol %,
compound 96 was obtained in 86% yield (95% purity) and
99% ee.

The asymmetric Kagan sulfoxidation was also utilized for
the highly enantioselective synthesis of Sulindac (97), an anti-
inflammatory drug.'”® The procedure included the oxidation
of sulfide 98 into sulfoxide with CHP (56% yield, 91% ee),
which was converted to the desired product in three steps; a
direct oxidation of Sulindac sulfide was unsuccessful.
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The asymmetric oxidation of sulfide to the (S)-sulfoxide
using modified Kagan conditions was applied in the synthetic
procedure for drug candidate ZD3638 (99) within Astra-
Zeneca Pharmaceuticals.!®*!! The amounts and order of
addition of reagents were optimized to give the highest ee
(>99.5% after crystallization), and the yield increased from
58% to 73% by the addition of N,N-diisopropylethylamine.
The DET/Ti(O-iPr)4/H,O system was also used in the
synthesis of ZD2249 methoxy sulfoxide (100), but in this
case, CHP was used as the oxidant (96.9% yield, 94.4%
e e).162

Volcho and co-workers reported an efficient procedure for
the preparation of esomeprazole (1) via titanium-catalyzed
oxidation of the corresponding sulfide 92 with CHP.!®?
Besides diethyl D-tartrate, another chiral ligand—the optically
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(5)-99

active (R)-N,N-dimethyl-1-phenylethylamine (101)—was ap-
plied, leading to the sodium salt of 1 in 64% yield and
>99.5% ee. The monooxidized product was accompanied by
only traces of sulfone. Replacement of (R)-101 with its
enantiomer decreased the yield significantly (57%), which
proved that the amine acted as the second chiral ligand.

0
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100 (R)-101

6,6'-Bis(alkylsulfanyl)-2,2'-bipyridines 102 were converted
to the corresponding nonracemic mono- and bis-sulfoxides
using the Davis oxaziridine or the Kagan method.'** The
latter method led to higher enantioselectivities (up to 82%),
but in most cases the yield was lower.
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Several substituted aryl methyl sulfides were oxidized to
the corresponding (R)-sulfoxides using slightly modified
Kagan conditions.”> Lower amounts of CHP and water gave
satisfactory yields (70—94%) and ee’s (80—97%) of products
which were converted in the next step to methyl alkyl
sulfoxides with a modified Andersen method (see section
1.2.1).

Two stereogenic centers present in oxazoline derivatives
103 were found to be insufficient for the effective 1,8-
asymmetric induction in the synthesis of the corresponding
sulfoxides using achiral oxidants (NaOCI/TEMPO, Br,/H,0/
NaHCO;, mCPBA).'% These potential chiral methylsulfinyl
group transfer reagents were thus obtained using the Kagan
methodology in 66—98% yield and with de’s exceeding 95%.
The (R) absolute configuration was assigned to the newly
created chiral center.
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Desulfurization and ring contraction were observed during
TBHP oxidation of two benzopentathiepin substrates 104.'%
Application of Kagan conditions led to products with the
mono- and dioxidized dithiin or dithiole ring (crystal
structures of (R)-105 and (S,5)-106 were determined) with
ee of 65—90% (which was improved by recrystallization to
>99%).

The recent studies on the sulfoxidation of the series of
2-arylsulfanylpyrroles 107 demonstrated that the synthetic
Kagan and Modena protocols could be applied with success
if the electron-withdrawing groups differentiated the two
substituents of the sulfur atom.'®’ For highly functionalized
substrates, o-thio-f-chloroacrylamides 108, application of
the standard Kagan oxidation method resulted in low to
moderate enantioselectivity (up to 53% ee).'®® None of the
tested modifications of experimental conditions led to the
improved stereochemical reaction performance. Only N-aryl
amides were oxidized. The ethyl and benzyl derivatives were
unreactive; their conversion was achieved using the Bolm

protocol (vide infra).
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The numerous applications of Kagan’s oxidation system
result from the ready availability of reagents and from the
fact that in many cases this procedure leads to high ee and
reasonable sulfoxide yields, which are sometimes lowered
by the overoxidation to the sulfone. This fact may complicate
the isolation of the expected monooxygenated product.
However, the reaction outcome can be altered by the choice
of peroxide, stoichiometry, or conditions (solvent, temper-
ature, order of reagent addition) and by addition of appropri-
ate chiral or achiral substances. Among the possible additives,
increasing the enantiomeric purity of oxidation product, N,N-
diisopropylethylamine (Hiinig’s base), was found to be
particularly efficient in several preparations,*2>136~158.161 The
analysis of the possible mechanism of its action revealed
the binding of the amine to titanium that yielded the
coordinatively saturated complex.!” As a consequence,
prochiral sulfides do not interact with metal ion, but with
the chiral tartrate ligand (at least in the case of nitrogen-
containing substrates).

1.3.3.2. Modena’s Protocol. Reinvestigation of Modena’s
protocol by Scettri and co-workers led to the conclusion that
high levels of enantioselectivity could be maintained in the
oxidation of alkyl aryl sulfides by CHP or furyl hydroper-
oxides even in the presence of only 10% of Ti(O-iPr)4/(R,R)-
DET (1:4) complex.'® An additional enhancement of
enantioselectivity could be achieved by means of a stereo-
convergent kinetic resolution process.

Modena’s procedure was found to give the optimal results
(ca. 60% yield, 97% ee) in the asymmetric oxidation of 1,5-
benzodithiepan-3-one (109) with CHP.” Kagan conditions
and Davis oxaziridine were found to be inefficient for this
substrate. In their asymmetric synthesis of cispentacin,
Aggarwal and co-workers applied Modena’s conditions for
the preparation of bis-sulfoxide (>98% ee) from 1,3-dithiane
derivative 110, bearing a phosphonate moiety in the 2-posi-
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tion.!”® Good yields (60—75%) and enantioselectivities (at
least 98% ee) of (R,R)-bissulfoxides were also observed in
the oxidation of ketene dithioacetals 111 with CHP.!"! Small
amounts of monosulfoxide were also isolated; however, the
formation of meso-dioxidized product was not observed,
which was accounted for by its possible tight binding with
titanium catalyst. CHP was also applied for the conversion
of 2-(methylsulfanyl)benzaldehyde (112) into (R)-sulfoxide
(81% yield, 80% ee).'” The reaction was performed in
dichloromethane solution at —20 °C under modified Modena
conditions (112/Ti(O-iPr)4/(R,R)-DET/CHP = 3:1:4:6); the
product was used for the preparation of bissulfoxide 113,
which was tested as catalyst in the asymmetric allylation of

aldehydes.
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In the preparation of enantiomerically pure sulfoxides
114—116 as prodrugs of the potent COX-2 inhibitors, the
Modena catalytic system (Ti(O-iPr)4/(R,R)- or (S,S)-DET (1:
4) and TBHP as oxidant) used in 1,2-dichloroethane led to
the highest stereoselectivity (88—100% ee), with yields in
the 17—60% range.!”>!'”3 From the two modifications of the
original Sharpless methodology, Modena’s approach has been
less frequently applied. In our opinion, this oxidation system
deserves more attention, since for certain sulfides (for
example, dithioacetal derivatives) the results surpassed those
obtained under Kagan conditions.
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1.3.3.3. Uemura’s Method and Other Titanium-Catalyzed
Oxidations. The combination of NMR, CD, and MS methods
allowed the identification of the single titanium BINOLate
species present in the (R)-BINOL/Ti(O-iPr),/H,O system in
1:0.5:10 ratio in CCl,."™ The tetrahedral (BINOLate)sTi4(1t3-
OH), complex was proposed as a catalytic precursor in the
asymmetric sulfoxidation under Uemura’s reaction conditions.

Wojaczynska and Wojaczyniski
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Several 1-benzazepine derivatives containing a sulfoxide
moiety bearing a heteroaryl group were prepared as the orally
active CCR5 antagonists which could work as anti-HIV-1
agents.'” Since the absolute configuration of the sulfinyl
group was significant for the biological action of these
compounds, two derivatives, 117 and 118, were prepared
from the corresponding sulfides by the asymmetric oxidation.
From the Ti-based systems tested (DET/H,0O, HB, BINOL),
Uemura’s method led to the optimal results (84% yield, 96%
ee for (S)-117, 45% yield, 84% ee for (5)-118).

(S-117:R=Pr
(S-118: R = iBu

Modified reaction conditions that combined asymmetric
oxidation (at 0 °C) with kinetic resolution (at 25 °C)
produced a compromise between yield and selectivity in the
(S)-BINOL-mediated catalytic oxidation of thioanisole de-
rivatives.!’® The products were isolated in 58—65% yield
and 96 to >99.9% ee. Adopting these conditions, (5)-6,6'-
dibromo-BINOL was tested for the oxidation of thioanisole.
In this case, shorter reaction times were sufficient to reach
99.9% ee and 35% yield of sulfoxide.

Nakajima et al. used (R)-BINOL as a chiral ligand to
improve the results of the Kagan method applied to the
oxidation of sulfide 119, a sparsomycin precursor 120, and
its analogues (up to 65% de and a maximal yield of 86%).'"”
Under optimal conditions (0.2 equiv of BINOL, CCl, solvent
0 °C/—10 °C, 2.5/9.5 h), an 85—87% de was noted,
accompanied by 59—75% yield.
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Various nonracemic S-ketosulfoxides were obtained in
reasonable yields (57—90%) and high enantioselectivity (in most
cases ee > 98%) by means of the enantioselective oxidation of
the corresponding sulfides.'”® TBHP served as the terminal
oxidant, and the reactions were mediated by the Ti(O-iPr),
(5 mol %)/(S,S)-hydrobenzoin (HB) system, with or without
water added, in hexane or CCl, at room temperature. Part
of the resulting ketosulfoxides were reduced with DIBAL-H
to the corresponding 3-hydroxysulfoxides with high diaste-
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reoselection. A similar oxidation system was applied for the
preparation of Sulindac alkyl esters 121 with high ee values
(94—96%) and moderate yield (48—50%).'” Both enantio-
meric forms of these sulfoxides were prepared using (S,S5)-
HB or (R,R)-HB, and their further hydrolysis led to Sulindac
almost quantitatively and without loss of enantiomeric purity.
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In the search for an efficient preparation method of benzyl
p-bromophenyl sulfoxide, a key substrate for the two carbon-
for-carbon substitution approach to chiral sulfoxides (see
section 1.4.1.1), various catalysts were tested together with
Ti(O-iPr), as the metal source and TBHP as the oxidant.'8*!8!
(8,5)- and (R,R)-HB ligands in n-hexane gave the best results:
(R)- and (S)-sulfoxides were produced, uniformly, with
~80% yield and ee > 98%.

The titanium-catalyzed oxidation of thioethers utilizing the
commercially available chiral diols, BINOL and HB (which
are used in substoichiometric quantities), appears less popular
than methods based on the Ti-tartrate complex. However,
this method led to optimal results when applied for various
substrates, including dialkyl sulfides.

1.3.3.4. Bolm’s Oxidizing System. Several groups inves-
tigated the mechanism of vanadium-catalyzed enantioselec-
tive sulfoxidation. Using °'V and '*C NMR spectroscopy,
Bryliakov, Karpyshev, and co-workers identified two types
of monoperoxovanadium(V) species containing one Schiff
base ligand present in the system at low temperature.'37184
They also explained that lowering of enantioselectivity
observed when H,0, is added in one portion (instead of
dropwise or portionwise addition) is caused by formation of
an achiral bis-peroxo complex.'??

A similar conclusion was drawn from the investigations
of di-tert-butyl disulfide sulfoxidation with aqueous hydrogen
peroxide catalyzed by vanadium complexes of Schiff base
(5)-23.'% A catalyst precursor, containing a V(V) fragment
and two coordinated ligands 23 was isolated from the reaction
mixture. Maseras and co-workers performed the computa-
tional study on this reaction.'®®!” A good agreement was
found between the results of these calculations and the
experimental ee values observed for four differently substi-
tuted ligands (23 and its less hindered derivatives). Groups
present at the 3 position of the aromatic ring and the one at
the stereogenic carbon both affect the overall selectivity,
although the mechanisms of their action are different.'®” On
the basis of the suggested reaction mechanism,'®> Weix and
Ellman developed an efficient method for enantioselective
oxidation of di-tert-butyl disulfide.'®® Using a syringe pump
for the dropwise addition of H,O,, >97% conversion and up
to 83% ee were obtained in a homogeneous acetonitrile
solution with ligand 23. Even better performance was
achieved using acetone as a solvent and indanol-derived
ligand 122. These conditions allowed the reaction to be
conducted at a 2.3 M concentration and on a kilogram scale
(99% conversion, >85% ee). The resulting thiosulfinate 13
could then be easily converted into fert-butanesulfinamide,
a versatile chiral reagent used in asymmetric sythesis.”106185188.189
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Compound 13 itself was found to be useful as a chiral (tert-
butylsulfinyl) group transfer agent in the modification of
Andersen’s method.!?>140

The optimized catalytic system developed in our laboratory
(VO(acac),/ligand 27/H,0,)'9"1% was shown to be efficient
in the oxidation of various types of sulfides.’%!*%!°! Encour-
aged by the promising results obtained for 1,3-dithiane and
1,3-dithiolane derivatives,'”12 we examined the oxidation
of 1,2,4-trithiolane.'”>!%* The optically active product (S)-123
was obtained in 20% yield, while the application of the Kagan
protocol did not lead to the S-oxidized products, and the use of
the vanadyl complex of the original Bolm ligand 22 allowed
us to isolate only the racemic 1-S-oxide in 21% yield.

A series of homoallylic sulfides 124 was converted to the
corresponding sulfoxides in 60—90% yield and 66—85%
ee."® These enantioenriched products were then dihydroxy-
lated to examine the possible chiral induction from the
sulfinyl center. The resulting diastereomeric dihydroxysul-
foxides were also obtained by an alternative route that
utilized the diastereoselective oxidation of nonracemic di-
hydroxysulfides (see section 1.5).
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An effective deracemization of frans-1,2-bis(phenylsul-
fanyl)cyclohexane was achieved by the catalyzed enantiose-
lective sulfoxidation with our optimized catalytic system,
followed by the chromatographic separation of diastereomeric
mono- and bissulfoxides.” Subsequent recrystallization of
enantiomerically enriched bissulfoxide 125 and its final
deoxygenation gave optically pure (1R,2R)-bis(phenylsulfa-
nyl)cyclohexane 126.

The Bolm oxidation procedure appeared to be the method
of choice for the preparation of nonracemic 2-aryl- or
2-alkylsulfinyl-chloroacrylamides 108, highly functionalized
sulfoxides of significant synthetic potential.'®® Differently
substituted Schiff bases led to comparable yields (up to 88%)
and enantioselectivities, with maximum ee values in the range
of 70% (ca. 20% higher than observed using the Kagan
method). Availability of the original Bolm ligand and easy
preparation of similar reagents resulted in their successful
application in the vanadium-catalyzed oxidation of various
sulfides (including substrates bearing other functional groups).
The advantages of this catalytic system inspired other research-
ers, who concentrated their efforts on the modification of the
Schiff base or the reaction conditions (section 1.4.3.2.1).

1.4. New Systems

As can be seen from the previous section, classical
synthetic methods were applied with success to the prepara-
tion of various sulfoxides in high enantiomeric purity.
However, certain limitations are also apparent. For example,
most oxidation methods are inefficient for substrates bearing
two similar groups, and thus, dialkyl or diaryl sulfoxides are
obtained with low asymmetric induction. Another problem
(especially important for the titanium-catalyzed oxidations)
is connected with limited chemoselectivity. Overoxidation
to the sulfone (dependent on the electrophilic character of
an oxidant) can lower the yield of the sulfoxide substantially.
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Sometimes the presence of a sulfone can complicate the
isolation of the sulfoxide. However, typically, if the oxidation
rates of two enantiomeric sulfoxides are different, the
stereoconvergence of the two subsequent reactions increases
the ee of the isolated sulfoxides (kinetic resolution shown
in Scheme 5), but still at the expense of chemical yield.
The design of new synthetic methods also addresses these
problems. Other aspects, such as the stability and recyclability
of catalysts and the environmental issues, are raised as well.

1.4.1. C—S Bond Formation

1.4.1.1. Developments of the Andersen Method. Naso
and co-workers combined their protocol including a carban-
ionic leaving group with the classical Andersen method
(Schemes 1—3).!%* Starting from (Ss)-menthyl p-bromoben-
zenesulfinate (127), a series of dialkyl sulfoxides was prepared
by two successive replacement reactions (the first one was
performed at +5 °C, and the second one was performed at —30
°C) with high yields and ee > 98% (Scheme 6). The same
research group described the use of chiral benzyl p-bromophenyl
sulfoxide 128, obtained on a multigram scale from the corre-
sponding sulfide, as a general precursor of dialkyl sulfoxides
by a two carbon-for-carbon substitution sequence (Scheme 7).!%°
This procedure led to the products with yields in the range
of 62—91%, and the ee in most cases was very high (>98%).
The methodology utilizing the carbanionic leaving group,
which extended the scope of available chiral sulfoxides, was
reviewed by Naso et al.!8!
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1.4.1.2. New Chiral Sulfinyl Transfer Reagents. In
recent years, N-sulfonyl-1,2,3-oxathiazolidine-2-oxide de-
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rivatives 129 and 130 were introduced by Senanayake and
co-workers as valuable precursors of enantiopure sulfina-
mides and sulfoxides.'*>~1°® The synthetic strategy, originally
proposed by Wudl and Lee,' was substantially improved
by the activation of the nitrogen atom in 129 and 130. These
compounds were prepared from thionyl chloride and chiral
N-activated amino alcohols (IASOO, ITSOO, MIOO) or
N-tosylnorephedrine (TMPOO) in high quantities and both
endo and exo forms.!*>1% Two subsequent reactions with
appropriate organometallic compounds (Scheme 8) yielded
a number of structurally diverse sulfoxides with high yields
and very high enantioselectivities, with the configuration
dependent on the starting form of the sulfinyl transfer
agent.!°®!%7 This strategy was applied to a one-pot synthesis
of the drug intermediate 131 in 48% overall yield and >99%
de after crystallization.'”® A similar N-benzyloxy derivative
132 obtained from (1R,2S)-norephedrine was used for the
synthesis of chiral sulfoxides by Garcia Ruano and co-
workers.?? The authors showed the importance of the order
in which the organometallic nucleophiles were used, since
some of the nucleophiles used in the first step reacted with
the sulfinate product, which led to the undesired symmetrical
sulfoxide. They also found that the addition of 1.2 equiv of
HBF, prior to the application of the second Grignard reagent
improved the stereoselectivity of the reaction. The electro-
philic additive blocked the nitrogen atom of the reaction
intermediate and prevented the intramolecular N-sulfinylation
that was responsible for racemization. Miscellaneous sul-
foxides were obtained using this methodology, and in most
cases the ee exceeded 90%.
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Other sulfinyl transfer reagents containing a pseudo-
oxathiazolidine ring 133 were prepared from cinchona
alkaloids, quinine, or quinidine.’”' These chiral tert-butyl
sulfinates were converted into chiral sulfoxides with high
yields and >96% ee. Sulfoxide 134 bearing the oxazoline
ring was used as the chiral methylsulfinyl group transfer
agent.'® Tts reaction with butyllithium reagents proceeded
with moderate (47—52%) yield, but high enantiomeric purity
was preserved (92—99% ee).

N-Sulfinyloxazolidinones, reported earlier by Evans et al.
as effective sulfinyl transfer reagents,”*> were also applied
in the synthesis of chiral sulfoxides by Juaristi, Quintero,
Anaya de Parrodi, et al.® For this purpose, they synthesized
a novel compound 135 and its three stereoisomeric deriva-
tives starting from inexpensive cyclohexene oxide and (S)-
phenylethylamine. Their reaction with methylmagnesium
bromide afforded the chiral benzyl methyl sulfoxide (either
(R) or (S) isomer depending on the configuration of the
oxazolidine 135) in 70—75% yield and >98% ee. In
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conclusion, several new chiral sulfinyl transfer reagents based
on the oxazolidine or oxathiazolidine skeleton were devel-
oped that gave results comparable to those obtained with
menthyl sulfinates or DAG derivatives.

1.4.1.3. Chiral Sulfoxide by Electrophilic Attack. A new
C—S bond can also be formed as a consequence of
electrophilic attack on a sulfur atom. The generation of a
sulfenate anion serves as the first step in these preparations.
Such an anion can be derived from sulfenate esters, sulfines,
or functionalized sulfoxides.*>?*~2!1 Madec, Poli, and co-
workers described an enantioselective arylation of sulfenate
anions generated from f-sulfinyl esters in the presence of
palladium(0) and a chiral Josiphos-type ligand 136 (Scheme
9).%6 Using different aryl iodides and Cs,COj as a base, they
obtained a series of aryl tolyl, aryl 2-naphthyl, and aryl
benzyl sulfoxides in 67—98% yield and 40—80% ee. Perrio
and co-workers developed a new method in which aliphatic
thiols were converted into the corresponding thiolates, which
in turn were oxidized with oxaziridine to the sulfenate
salts.?'>7215 These salts were treated in situ with aliphatic
halides (Scheme 10) to produce the desired sulfoxides.
Interestingly, a mild oxidant, trans-2-tert-butyl-3-pheny-
loxaziridine 137, was found to be particularly efficient in
this procedure. In the asymmetric version, using an
enantiopure thiol 138 as substrate, and the racemic oxidant
139, diastereomeric mixtures of sulfoxides were obtained
with a high de (62—96%, depending on the halide used).?!®
The preparation of chiral sulfoxides from sulfenate anions
extends the palette of methods based on stereoselective
substitution.
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1.4.2. Organic Oxidants

1.4.2.1. Oxaziridines. New chiral binaphthyl-derived ox-
aziridines 140 were synthesized and tested in the methane-
sulfonic acid-promoted oxidation of several sulfides.?'® No
sulfone was formed in the course of thesw reactions, and the
yield of the corresponding sulfoxides was in the range of
64—86%. The enantioselectivity was rather moderate (ee <
33%), but it was further improved by varying the acids
(methanesulfonic or trifluoroacetic acid) and reaction time (up
to 80% ee).

R_O, y=Ph
<N

\ /N R = H, 2-Pyridyl

140 141

To avoid the use of strong Brgnsted acids for the activation
of oxaziridines, Fontecave and co-workers designed the 2-py-
ridyl-substituted derivatives 141, which could be used with
Lewis acid such as ZnCl,.2!” The coordination of the Zn*" ion
by a pyridyl substituent and oxaziridine nitrogen atom led to
the formation of a 1:1 adduct, which increased the electrophilic
character of the oxygen atom. For a series of aryl alkyl sulfides,
this system gave chiral sulfoxides with 23—85% yield and
22—45% ee. The configuration of the main enantiomer was
dependent on the chirality of the oxaziridine ring.

The new oxaziridinium salt 142, which was prepared in two
steps from the protected 6-azacholesterol, was tested in the
oxidation of alkyl aryl sulfides and afforded (R)-sulfoxides with
high enantioselectivities (for example, ee > 99% for methyl
p-tolyl sulfide at —70 °C) and yields.?'® These results encour-
aged the authors to use their system for the preparation of
(R)-lansoprazole (143) (60% yield, 97% ee).*'® Oxaziri-
dinium-like intermediates were believed to be the possible
active species in the chiral sulfoxidation promoted by certain
organocatalysts.?'>??° Chiral sulfonylimines 144 and 145 were
used in stoichiometric amounts in the oxidation of various
sulfides (including cyclic ones) by hydrogen peroxide.?!® The
yields were in the range 31—100%, while the enantioselectivity
was rather moderate (ee = 2—38%). The tertiary alkyl derivative
145, which exhibited the highest activity, was also used in
substoichiometric quantities (10% and 20%). The (R)-enanti-
omers of phenyl methyl sulfoxide and p-tolyl methyl sulfoxide
were obtained almost quantitatively, but the enantioselectivity
was only 14% in both cases. The two oxaziridines 146 and 147
were synthesized to check their potential participation in the
sulfonylimine-catalyzed reaction.”!” With these new oxidants,
sulfoxides with identical configurations were obtained, but the
enantiomeric excess was lower. These observations indicated
that oxaziridine could be the main but not the sole oxygen atom-
transfer reagent in the process.
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Various chiral dihydroisoquinolinium salts were also used
for the generation of the corresponding oxaziridines (Scheme
11).85220 Starting from (15,2S)-thiomicamine, a new, enan-
tiomerically pure tetrafluoroborate salt 148 was prepared.?*’
Using 10 mol % of 148, and oxone as oxidant, methyl-p-
tolyl sulfide was converted to the (R)-sulfoxide with 50—84%
yield (depending on reaction conditions) and up to 42% ee.
Among the new chiral oxaziridine derivatives, compound
142, which can be prepared from cholesterol, led to optimal
results. Still, there is a need for an effective, easily obtainable
and thus cheaper alternative for the previously developed
reagents.

1.4.2.2. Hydroperoxides and Other Chiral Organic
Oxidants. Chiral hydroperoxides were used not only in
titanium-catalyzed sulfoxidations (see section 1.4.3.1.1)2!72%
but also in metal-free oxidations of prochiral sulfides. Aoki
and Seebach prepared a stable, crystalline hydroperoxy
alcohol, TADOOH (149).2% Thioanisole was oxidized by
TADOOH without any catalysts in THF solution to produce
mainly the (S)-sulfoxide in 73% yield and 86% ee under
optimized conditions (1.5 equiv of oxidant, 96 h, —30 °C
— RT). The enantiomeric purity of the resulting sulfoxide
was enhanced by kinetic resolution.

Another chiral, diketopiperazine-derived hydroperoxide
150 was recently described and used in different oxidation
reactions.?”’ Various sulfides were converted to the corre-
sponding sulfoxides with a complete chemoselectivity (no
sulfone was formed) and moderate to high yields, but no
enantioselectivity was observed.

As new organic oxygen transfer reagents for the enanti-
oselective sulfoxidation, benziodazole oxides 151 were
prepared from the corresponding 2-iodobenzamides and
potassium bromate.??® Thioanisole was almost quantitatively
(90—92% yield) converted into the S-oxide by these chiral

/R2 R2

7
Yo MCPBA Yo
oy o

Scheme 11

Wojaczynska and Wojaczyniski

';' O\\ ° °© Me
: N N 5 (o] o\|L‘Me
N NTR O%/o
. Sy
o o}

O R=Me, iPr.iBu Me
Me

150 151 152

oxidants, but the ee was rather unsatisfactory (11—16%).
Low enantioselectivity (2—26% ee) and moderate yields
(47—60%) were observed when chiral dioxirane 152 gener-
ated in situ from pyranose-derived ketone was used for the
oxidation of alkyl aryl sulfides.?? These examples, and the
previous attempts with chiral peracids (up to 20% ee)*30232
and N-chlorocaprolactam (ee below 3%)>** clearly show that
although, in principle, each organic oxidant can be converted
into a nonracemic derivative, the asymmetric induction can
be disappointingly inefficient. As a result, chiral oxaziridines
remain unrivaled in the field of metal-free enantioselective
sulfoxidation.

1.4.3. Oxidations Catalyzed by Metal Complexes

1.4.3.1. Titanium-Mediated Oxidations. /.4.3.1.1. Modi-
fications of Kagan’s System. Chiral Furyl Hydroperoxides.
As a modification of the Kagan/Modena protocol of sulfide
oxidation, Lattanzi, Scettri, and co-workers introduced a new
class of hydroperoxides derived from furan.??!~225237237 They
found that racemic furyl hydroperoxides of type 153 can be
used in place of the commonly used fers-butyl or cumyl
hydroperoxides in the Ti(O-iPr)4/DET or Ti(O-iPr),/BINOL-
catalyzed sulfoxidations, leading to high enantioselectivities
due to enantioconvergence of asymmetric oxidation and
kinetic resolution.?*~237 The oxidants were easily synthesized
from furan and carbonyl compounds in satisfactory yields.
Moreover, their recovery after the catalytic reaction was
possible because the tertiary furyl alcohol formed as the side-
product could be isolated from the reaction mixture and
reoxidized back to the starting hydroperoxide.
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Following these observations, the authors concentrated
their attention on the investigation of the Ti-catalyzed
asymmetric oxidation mediated by chiral furyl hydroperox-
ides. The results were collected in a review article.”?* A
renewable chiral hydroperoxide (—)-exo-154 was prepared
starting from (1R)-camphor and tested in the oxidation of
various sulfides.”?! Using 0.2 equiv of Ti(O-iPr),, 1 equiv
of 154, and 4 A molecular sieves at —20 °C in toluene, the
corresponding sulfoxides (in most cases (S)-enantiomers)
were obtained in moderate yields (up to 68%) and enanti-
oselectivities (ee < 51%). Sulfone production was negligible
under these conditions, and no kinetic resolution was
observed. Sulfoxides of the opposite configuration were
prepared as well with the use of the (1S)-camphor-derived
hydroperoxide. Interestingly, a stereodivergent kinetic pro-
cess observed with the use of a stoichiometric amount of
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metal complex and prolonged reaction time can be utilized
to obtain sulfoxides enriched in both enantiomeric forms by
means of the same chiral promoter (Scheme 12).22!222

Another optically pure tertiary hydroperoxide 155 derived
from (+)-norcamphor was prepared by the same group.???
Reduction of steric hindrance as compared to the case of
compound 154 resulted in an increase of the sulfoxidation
rate, but the enantioselectivities were remarkably lowered
(for example, 23% ee against 47% for methyl p-tolyl
sulfoxide). In this case, significant amounts of sulfones were
also produced, and the ee’s could be improved using the
enantioconvergent kinetic resolution process.

To enhance the asymmetric induction of the norcamphor
derivative, an additional chiral center close to the hydroperoxy
group was introduced in the new hydroperoxide 156.>* The
methylation increased the enantioselectivity of sulfoxidations
as compared to the case of 155 (ee’s were higher by about 20%)
under similar conditions. In this case, however, only traces of
sulfones were observed and further enantiomeric enrichment
of sulfoxides due to kinetic resolution did not take place.

Much better results were obtained when the methyl
substituent was replaced by a methoxymethyl group bearing
the additional donor atom (compound 157).2% For a series
of alkyl aryl sulfides, the combined enantioselective oxidation
and kinetic resolution led to moderate yields (typically 30—57%)
but high enantioselectivities: (R)-sulfoxides were isolated with
68—99% ece.

The proposed transition states for the titanium-mediated
sulfoxidations using chiral furyl hydroperoxides suggest that
the furan ring is not directly engaged in the catalytic action.?**
In principle, the synthetic strategy developed by Lattanzi,
Scettri, and co-workers can be applied for the synthesis of
various chiral hydroperoxides, with the furyl substituent
replaced, for example, by other heterocycles.

1.4.3.1.2. New BINOL Derivatives and Other Diols. The
effect of BINOL ring substitution on its catalytic properties
was investigated by Yudin and co-workers.?$724 The
octafluorosubstituted derivative (FsBINOL, 158) of increased
configurational stability exhibited higher activity in the
oxidation of methyl p-tolyl sulfide with CHP as compared
to (S)-BINOL itself and produced the sulfoxide of the
opposite configuration (S) with up to 86% ee.”’® The
methoxylated derivative 159, which was prepared from
FsBINOL by the nucleophilic substitution, retained the sense
of chiral induction, but the enantioselectivity was substan-
tially lower.??* F,BINOL 160, bearing fluorine atoms on a
single naphthyl ring, gave similar yields and ee’s in the
thioanisole oxidation as FsBINOL.?* In contrast, for its two
7-substituted derivatives 161, both yield and enantioselec-
tivity were dramatically decreased.

Scettri and co-workers described the first application of
commercially available titanocenes, Cp,TiCl, and Cp,Ti-
(OTY),, as the titanium source in the oxidation of prochiral
sulfides by TBHP.>*! With (R)-BINOL as the chiral ligand
and the addition of 4 A molecular sieves, the reaction carried
out at —20 °C led to (R)-methyl aryl sulfoxides in good yields
and moderate ee’s (up to 45%).
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A series of enantiopure (R,R)-1,2-arylethane-1,2-diols was
prepared®*? and used in the titanium-catalyzed enantioselec-
tive oxidation of alkyl aryl sulfides with TBHP.*** The
promising results obtained for the bis-ferz-butyl derivative
162 in the conversion of p-tolyl methyl sulfide (70% yield,
90% ee compared with 62% yield and 80% ee for unsub-
stituted (R,R)-HB) prompted the authors to perform further
reactions with this ligand. In most cases, the yields were
comparable to those of the parent HB ligand, and better ee’s
were observed for unhindered substrates. In addition, diol
162 could be applied in n-hexane solution instead of the CCly
that was used in the original method. This modification made
the procedure safer and more ecologically sound. In the
enantioselective preparation of esomeprazole 1 from the
corresponding sulfide 92, dibromosubstituted ligand 163
appeared to be optimal (92% yield, 96% ee for the reaction
performed in toluene at —20 °C).>** Similar results were
obtained in the course of oxidation of other 1H-benzimida-
zolyl sulfides (e.g., pantoprazole, rabeprazole, or lansopra-
zole) with TBHP, which was catalyzed by the titanium
complex of 163.

R = {-Bu, OMe
160 161

The study of thioanisole oxidation by the titanium complex
formed in situ from Ti(O-iPr); and a chiral 2,10-cam-
phanediol 164 showed that the absolute configuration of the
product was dependent on the oxidant used.?*> TBHP yielded
(S)-sulfoxide with up to 92% ee, which was reached due to
a stereoconvergent kinetic resolution. In the case of CHP,
the (R)-enantiomer was formed preferentially when the
amount of oxidant did not exceed 1.2 equiv. Higher amounts
or prolonged reaction time reversed the stereochemical
preference, and the (S)-isomer was isolated with up to 99%
ee. This observation was rationalized by the stereodivergent
kinetic process in which the main sulfoxide product was
oxidized to the sulfone faster than the minor one.

t-Bu t-Bu
5 Br t—: Br
HO OH HO OH

(R.R)-162 (R,R)-163

The enantiopure 2,5-dialkylcyclohexane-1,4-diols 165—
168 were examined as ligands for titanium in the oxi-
dation of thioanisole.?*® The best results were obtained when
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CHP was used as oxidant, and the reaction was conducted
in CCl; at 0 °C in the presence of 4 A molecular sieves.
Under these conditions, similar yields (72—75%) and an
enantiomeric excess equal to 65% (methyl derivatives) or
76—77% (isopropyl-substituted ligands) were noted for the
four diols. For other alkyl aryl sulfides, the Ti(O-iPr),/168
system worked equally well (up to 84% ee was observed).
The authors found that the reaction’s enantioselectivity
originated only from the asymmetric oxidation, since kinetic
resolution was not efficient in this process. Diol 166
was applied as the ligand in the Ti-catalyzed oxidation of
sulfide 92, leading to esomeprazole 1 in 72% yield and 76%
ee.
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The previously discussed alterations of the chiral diols used
as ligands in titanium-mediated sulfoxidations influenced
their reactivity, configurational stability, and solubility (which
allowed variation of the reaction conditions). Ligand 163
(which was found to be efficient in the synthesis of
omeprazole derivatives) and compound 164 (which showed
the unusual oxidant-dependent enantioselectivity switch)
seem to be of particular interest.

1.4.3.1.3. Other Titanium Complexes. Searching for ef-
ficient and environmentally friendly salen-based systems for
enantioselective sulfoxidation, Saito and Katsuki prepared
two di-u-oxo titanium complexes 169 with ligands 30 and
170.247-250 Using the catalyst derived from compound 170
and aqueous hydrogen peroxide in methanol, they obtained
methyl phenyl sulfoxide with 76% ee, which was signifi-
cantly improved to 94% when the urea—H,0, adduct (UHP)
was used as an oxidant.?*” Similar results were obtained for
the oxidation of other methyl aryl sulfides (78—95% yield,
92—99% ee). With the fert-butyl substituted ligand, the
enantioselectivity was considerably smaller. The reaction was
shown to proceed through a monomeric Ti(salen) complex,
which was converted by H,O, to an active peroxoTi(salen)
species.?*® The new system was then applied to the oxidation
of cyclic dithioacetals (dithiolane and dithiane derivatives
171—180) and produced monosulfoxides in high diastereo-
meric ratios (72—98% de) and enantioselectivities (typically
79—99% ee for the major diastereomer).?** Complex 169
was also able to catalyze the oxidative kinetic resolution of
racemic 2-substituted 1,3-oxathianes 181, while the UHP
oxidation of 2-phenyl-1,3-oxathiolane 182 also produced a
single diastereomer, but the relative ratio of the two
enantiomers was much lower.?%
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Prompted by the results obtained by Katsuki et al., who
used the Ti'V complexes with a reduced form of salen as
epoxidation catalysts,">32 which also led to the development
of Fe-salan?*?>* and Al"™-salalen®>>~2°® sulfoxidation sys-
tems (vide infra), Bryliakov and Talsi prepared a series of
chiral titanium(IV) complexes with (N,N'-bissalicylamine)-
ethylene (salan, 183—191) for the enantioselective oxidation
of sulfides with hydrogen peroxide.?>® For the ligand/Ti(O-
iPr), ratio equal to 1.0 (found to be optimal), the enantiose-
lectivity was low to moderate, but when the most promising
ligands were converted into the corresponding di-u-oxo
dimeric titanium complexes, the ee’s increased substantially.
With the higher excess of oxidant to make use of kinetic
resolution, enantiomeric excesses up to 97% were achieved.
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The same authors adapted the tridendate Schiff base—H,O,
system, which was previously used in vanadium-catalyzed
sulfoxidations,'®? for the construction of titanium-based
catalysts.”®® Six ligands, 23, 122, and 192—195, were
prepared from enantiopure 2-aminoalcohols and disubstituted
salicylaldehydes, and they were tested in the oxidation of
three alkyl aryl sulfoxides using Ti(O-iPr), as the metal
source and 30% aqueous hydrogen peroxide. Reasonable
chemoselectivities, but rather moderate enantioselectivities
(up to 60% ee), were observed in these oxidations, with
ligand 193 giving the best results. For Schiff bases 196
investigated by Somanathan et al., similar yields and ee’s
(40—64%) were observed in the Ti-catalyzed sulfoxidation
of thioanisole.?"



Enantioselective Synthesis of Sulfoxides

R2

R’
l 3
OH N__R

v

HO

192: R'=R?=|,R®=t-Bu
193: R' =R2=t-Bu, R®=iPr
194:R'=t-Bu,R2=H,R®=Ph

R2

R’ [
OH NI
R'=H, t-Bu HO™ “R*
OH N R2=H, t-Bu, Br
R® = CH,OH, CH,OMe, CH,SBn, (CH,),SMe

R*=H, Ph

R3

195 196

The key intermediate in the synthesis of compound OPC-
29030 (3), (5)-3-[1-(2-methylphenyl)imidazol-2-ylsulfinyl]-
propan-1-ol (197), was obtained through the titanium-
catalyzed enantioselective oxidation of the corresponding
sulfide.?” As the original Kagan conditions yielded the
product in 78% yield and with only 54% ee (which could
be raised by a single crystallization to >99.5%), other chiral
ligands were tested in this oxidation. (R)-Mandelic acid 198
appeared to be the optimal promoter, leading to (S)-sulfoxide
in 74% yield and 76% ee. The proposed reaction mechanism
involved a rigid, chiral intermediate in which o-hydroxy-
carboxylate was coordinated to titanium.

NP
[ \>_S\/\/OH
N
Me Ph.,, rCOOH
OH
(5197 (R)-198

A series of chiral N-alkyl-(1S,25)-1,2-diphenylaminoethanol
ligands 199 was investigated in the oxidation of alkyl aryl
sulfides.”®* The active complexes were formed in situ from Ti(O-
iPr)4, aminoalcohols, and water, and TBHP was used as an oxidant.
For most ligands tested, almost racemic sulfoxides were obtained.
Only the N-methyl-substituted derivative led to a (S) product with
a moderate ee (up to 56%). Another aminoalcohol, (1R,2S)-cis-
1-amino-2-indanol (200), led to the optimal results (90% yield,
99% ee) in the synthesis of (S)-tenatoprazole 201.2% The reaction
was carried out in 1-methyl-2-pyrrolidine as a solvent at 0 °C in
the presence of 0.5 equiv of Ti(O-iPr), and 2.32 equiv of CHP.

NH;
Ph  Ph
>_\ R =H, Me, Et, Pr, iPr, OH
RHN OH Cyclohexyl, Bn
(S.5)-199 200

MeO._N.__N ;DMe OMe

(S)-201
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Starting from chiral 1,2-aminoalcohols, Jiang and co-
workers prepared the corresponding oxazoline derivatives
202—205.2%* Using the best ligand (4S5,55)-202, Ti(O-iPr),
in CH,ClL,/CCly (3:7 v/v) at 0 °C, and TBHP (70% solution
in water) as the oxidant, (R)-alkyl aryl sulfoxides were
obtained with high enantioselectivity (typically 70—96% ee).
Low yields were connected with the overoxidation to the
sulfone; this phenomenon had a beneficial influence on ee
values due to kinetic resolution.

R1 R2
Ny O
L tBu
no t-B o) Tl"“O
-BuU — 11
s (o) +-Bu
R N—v t-Bu

202:R' =R?=Ph,R®=¢Bu rBu Me HL@
203:R'=R?=Ph,R3=H ] t-Bu
204: R' = Ph, R2= H, R® = t-Bu L = OiPr, OTf
205:R'=Bn,R2=H, R*=t-Bu (R,M)-206

Novel pseudo-Cs-symmetric titanium complexes exhibiting
propeller chirality (R,M)-206 were employed as catalysts for
the oxidation of benzyl phenyl sulfide with CHP.2%5 Under
optimal conditions (2 equiv of oxidant, 10 mol % of triflate
catalyst, toluene as solvent), (R)-sulfoxide was obtained in
78% yield and 37% ee; the enantioselectivity was further
improved to 47% ee utilizing kinetic resolution.

Among the novel titanium catalysts, complexes with
tetradendate (NNOO)-donating ligands (salen and salan
derivatives 30, 37, and 183—191) were found to be the most
appropriate for the preparation of miscellaneous sulfoxides.
Other promising systems (e.g., aminoalcohol 200) deserve
further testing with a wider range of substrates.

1.4.3.2. Vanadium-Catalyzed Oxidations. /.4.3.2.1. Tri-
dendate Schiff Bases. Prompted by the results of Bolm and
Bienewald,'**!%* many research groups explored the pos-
sibility of the relatively easy modification of the original
Schiff bases.

During the study on reactive intermediates in vanadium-
catalyzed enantioselective sulfoxidation, Bryliakov and co-
workers analyzed the conversion of thioanisole by means of
hydrogen peroxide and the complex generated in situ from
VO(acac), or VO(O-iPr); and Schiff bases 23, 193, 207, and
208.'83 Replacing the fert-butyl group in the ligand used by
Bolm and Binewald'® by other substituents led to a
significant loss of enantioselectivity.

R’I
R |

OH Nj,

HO

RZ

(5)-207: R' = t-Bu, R2= Ph
(S)-208: R = t-Bu, R? = Bn

Rozwadowska and co-workers tested several ligands
obtained from (15,25)-1-aryl-2-amino-1,3-propanediols and
salicylaldehydes in the V-catalyzed oxidation of methyl
p-tolyl sulfide with 30% aqueous hydrogen peroxide.?*
Among these Schiff bases, the best yield (97%) and
enantiomeric excess (43%, increased by recrystallization to
>99%) were observed for compound 209, bearing only one
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stereogenic center. Other Schiff bases (two of them, 210 and

211, prepared for the first time) were used by this group for

the oxidation of oxazoline-derived sulfides 103.'® The de

values ranged from 0 to 99%, with diiodo-substituted leucinol
I

derivative 192 being most efficient.
| ! | |

OH N._ .Bn OH Nj\\Bn OH Nj\
j HO

HO HO Me

(R)-209 (R)-210 (R-211

The optimization of the Schiff base structure was per-
formed through screening of a library of ligands obtained
from a solid-supported aldehyde and different 1,2-aminoal-
cohols (see also section 1.6).2 Then a series of Schiff bases
was prepared using (1R,25)-cis-aminoindanol, one of two
aminoalcohols leading to the best results, and diversely
substituted salicylaldehydes. Fourty-one of these ligands were
tested in the oxidation of thioanisole. Finally, by combining
the most promising aldehydes with the best aminoalcohols,
two ligands, 192 and 212, were found to be optimal. When
used for the vanadium-catalyzed oxidation of alkyl aryl
sulfides with 1.2 equiv of H,0O; in dichloromethane at 0 °C,
they gave highly enriched sulfoxides (ee = 89—97%) in high
yields (74—86%).

Br

O Y
OH N._ .tBu
|
OH N._fBu j
j’ X=H,1,
Y =H,F,

cl HO
HO I, Br, I, NO2, Me, {-Bu, OMe

oY%

(S)-212 (R)-213

Further comparison with other (R)-leucinol-based ligands
bearing halogen substituents 213, some of which were also
quite effective in the thioanisole oxidation (for example, 88%
ee was noted for dichloro and chloroiodo derivatives),
confirmed the superiority of diiodo-substituted Schiff base
192 (92% ee).>®

A library of 41 Schiff bases created by Somanathan’s
group from differently substituted salicylaldehydes and
enantiopure 1,2-aminoalcohols was tested in the thioanisole
sulfoxidation by H,O, using VO(acac), as the metal
source.?12% Yields ranging from 41 to 98% and ee values
between 9 and 61% were noted, and 3,5-dibromosalicylidene
ligand 214 gave the best results.

Br |
Br | | I
OH NI@ OH Nj, iPr
HO HO
214 (S)-215

A systematic study of chiral Schiff bases containing a 3,5-
dibromo- or 3,5-diiodosalicylidene fragment confirmed the
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beneficial effects of halogen substituents on the enantiose-
lectivity of sulfide oxidation, with iodo-derivatives perform-
ing slightly better.?”® Together with a bulky group (zert-butyl,
isopropyl) attached to a chiral carbon atom, such a substitu-
tion resulted in high ee values for (S)-methyl phenyl sulfoxide
(88% for 215 and 90% for 192, respectively). An influence
of the 3-aryl substituent on the reaction performance was
also investigated.?”! From the ligands tested, those bearing
a 4-bromophenyl group, 216 and 217, showed the highest
ee values in the thioanisole oxidation (74 and 77%, respec-
tively). In the case of 2-naphthyl methyl sulfide, the
enantioselectivity was even higher (90% ee for Schiff base
217).

R1

R1

|
OH N_ uR?
Br IRS

HO ‘;R4

O | Me 218: R' = t-Bu, R?=jBu, R®=R*=H
- R = 2 —j 3_-R4 =
. OH Nj%Me 219: R'= t-Bu, R?=iPr,R®=R*=Ph

220: R'=R*=H,R2=R3=Ph
HO 221:R'=R%®=R*=H, R?=Me

222:R'=R3=R*=H,R?=/Pr
(5)-216:R=H 223: R'=R*=R*=H, R?=/Bu
(S)-217: R=Me 224:R'=R3=R*=H, R?=Bn

In another series of Schiff bases, 218—224, prepared by
Zhao and co-workers, a general (and somehow surprising)
tendency was observed that fert-butyl substituents present
in the aryl ring decreased the ee value of sulfoxidation when
compared to unsubstituted systems.?’> The authors pointed
out that the ligand bearing bulky substituents in the ring
performed better when the smaller group was present at the
2 position and vice versa. In the oxidation of thioanisole
with aqueous H,O,, up to 68% ee (ligand 222) was noted,;
for most of the remaining derivatives, the ee was in the range
45—60%. Similar values were obtained for complexes
formed in situ from the Schiff bases 193, 208, and 222—224
and vanadyl acetylacetonate.’”> When the corresponding
preformed, isolated complexes were used (to avoid the waste
of the Schiff base, which is typically used in 50% mol excess
as compared to VO(acac),), in most cases the ee was slightly
raised. Yields between 31 and 77% and ee’s ranging from
77 to 99% were achieved. An increase of oxidant amount
and the reaction time enhanced the enantioselectivity. This
observation suggested the possibility of utilizing kinetic
resolution in this oxidation. In the original report from Bolm
and in most of the subsequent papers dealing with the
oxidation of prochiral sulfides catalyzed by the vanadium-
Schiff base system, the induction of chirality was typically
attributed exclusively to asymmetric oxidation, and the
kinetic resolution of resulting sulfoxides was not observed.
Apparently, with the ligands and substrates tested, the
overoxidation of sulfoxide to sulfone was found to be
negligible. However, for certain combinations of reactants,
catalyst, and reaction conditions (temperature, solvent,
amount of oxidant, and reaction time), this phenomenon can
become important and its influence on the enantioselectivity
would be meaningful. Taking into consideration the possible
kinetic resolution in the oxidation of alkyl aryl sulfides using
their optimized ligand 192, Jackson and co-workers examined
the vanadium-catalyzed reaction of racemic methyl phenyl
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sulfoxide with aqueous H,0, 282" While in dichloromethane
at 0 °C the effect was negligible, raising the temperature to
20 °C allowed reasonable enantioenrichment. An even more
pronounced effect was observed when the reaction was
conducted in chloroform, with 0 °C being the optimal
temperature. Using these conditions, various alkyl aryl
sulfides were oxidized with hydrogen peroxide using VO(a-
cac), and ligand (R)-192. Very high enantioselectivity
(typically 95.5 to >99.5% ee) and reasonable yields (70—86%)
were observed. For selected substrates, the reaction was
carried out on a 60.0 mmol scale, and (R)-methyl phenyl
sulfoxide was obtained in 87% yield and 93% ee, while the
(R)-para-tolyl and (R)-para-bromophenyl derivatives were
almost enantiopure (>99.5% ee after one recrystallization,
82% and 77% yield, respectively). The kinetic resolution
(although less effective) was also observed for this system
using toluene as solvent at higher temperature and this
observation suggested its synthetic utility.?”

Novel Schiff bases prepared from S-aminoalcohols con-
taining two stereogenic centers were tested as ligands in
vanadium-catalyzed oxidation of thioanisole with 30% aque-
ous H,0,.27% A preliminary screening showed that compound
225 led to (S)-sulfoxide in 98% yield and the highest ee of
67%, for the reaction carried out in CH,Cl, at room
temperature, using 1.1 equiv of oxidant. Also, in the case of
this ligand, changing of the solvent to chloroform, lowering
the temperature to 0 °C, and increasing the amount of H,0,
to 1.35 equiv allowed a significant improvement of the
reaction stereoselectivity due to kinetic resolution. The
enantiomeric excess of the product was raised to 99%, while
the yield remained reasonable (81%); similar results were
obtained for other alkyl aryl sulfides tested.

I o)

Me. J\

N~ “NHPh
| X SR

OH N._.Bn
HOI X = t-Bu, (Me,Si),CH

R = Me, p-Tol, Cyclohexyl
225 226

Another illustration of the kinetic resolution taking place
during oxidation of aryl benzyl sulfides was reported by Kelly
et al.!'82"7 The conversion of these substrates using different
Schiff bases led to significant amounts of sulfones, and the
optical purity of the sulfoxides increased with the use of
excess oxidant. Very high enantiomeric excesses (typically
91 to >99%), accompanied by a moderate yield (~50%),
were observed when ligand 192 and only 0.8 equiv of H,O,
were used for the reaction, which was carried out in
dichloromethane at room temperature.

The kinetic resolution of 2-sulfanyl ureas 226 was achieved
by means of vanadium-catalyzed oxidation with hydrogen
peroxide and chiral Schiff base 192."** The reaction led
preferentially to anti-diastereomer in a high ee, and the
remaining unreacted sulfide was also significantly enantio-
merically enriched.

A modification of the ligand introduced by Vetter and
Berkessel'® was reported by Katsuki and co-workers, who
replaced the naphthyl moiety with a 2-biphenyl substituent.”’8
Among the three ligands 227—229 prepared by this group,
227 was chosen as the most efficient auxiliary, giving (S)-
methyl phenyl sulfoxide in 83% yield and 86% ee. A slight
improvement in enantioselectivity was observed when a small
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amount of methanol was added to the reaction mixture (ee
= 88%). The authors suggested that coordination of the
alcohol molecule affected the equilibration of peroxo vana-
dium species present in the reaction mixture.

N OO A
OO OH
OH OH

OH
g Ph l Ph
227 228

Ahn and co-workers changed the substituents of the
binaphthyl part of the Berkessel ligan and obtained Schiff
bases 230—232.27° They found that compound 230 used for
thioanisole oxidation performed better than the original ligand
(90% yield, 86% ee at 0 °C). They also showed that chirality
in the imine fragment was necessary for the asymmetric
induction (a racemic product was obtained for ligand 233),
and it determined the absolute configuration of the resulting
sulfoxide (the (S)-isomer was obtained using diastereomeric
ligands (R,S)-230 and (S,S)-230 differing in the configuration
of the binaphthyl subunit; albeit, the ee was only 72% for
the second case). Oxidation of other methyl aryl sulfides also
gave satisfactory results (except for the case of methyl
o-bromophenyl sulfide, for which up to 42% ee was noted),
and for benzyl phenyl sulfide and its 4-bromo derivative,
the ee values reached 99 and 98%, respectively. Other
sterically hindered Schiff bases, 234 and 235, prepared by
this group exhibited similar enantioselectivities in the sulfide
oxidation.??

230: R' = #-Bu, R? = OOCt-Bu
231: R' = t-Bu, R? = OOCMe

232: R' = £-Bu, R? = O-SiPh,(¢-Bu)
229 233:R' =H, R? = 0OOCt-Bu

OO ) N/S Oe N
OH
OH OH OH

0] t-Bu O {-Bu
SO ¥
O (0]

234: R = C(Et),0Me, C(i-Bu),OMe (R.S.R)-235

A series of Schiff bases 236 was obtained from amino
acids or amino acid esters and salicylaldehydes.?! Thioani-
sole oxidation with TBHP catalyzed by oxovanadium com-
plexes of these ligands afforded (R)-sulfoxides with high
yields (up to 90%), but the enantiomeric excess was small
(5—20%). Chiral dioxovanadium(V) Schiff base complexes
were prepared from salicylaldehydes and enantiomerically
pure (15,25)- or (1R,2R)-1,2-diamines: 1,2-diphenyl-1,2-
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diaminoethane or trans-1,2-diaminocyclohexane.?>?% Se-
lected complexes were used as catalysts in the thioanisole
oxidation with CHP, and lower enantioselectivity was
observed for the cyclohexane derivatives (19—23% ee for
ligands 237 and 238 vs 34—39% noted for 239 and 240).
Schiff bases derived from differently substituted enantiopure
1,2-aminoalcohols and salicylaldehydes were converted to
the oxovanadium(V) complexes bearing the alkoxy group
241.%% These chiral complexes were used as catalyst precur-
sors for the oxidation of thioanisole, and for the ethoxy
derivative and ligand 192, very high ee values were observed
(83—98%, depending on reaction conditions).

R1

|
OH N.__R?

RZOI

o

(5)-236: R' =H, CI, NO; R?=H, Me
R® = Me, iPr, iBu, s-Bu, Bn, NH
CH,CH,SMe, (CH,),NH,, ;f\/(/;/) ,
aj \ NH
R2
R! ]
OH NO
HoNY

(S,5)-237: R' =H, R?= OMe
(5,5)-238: R' = OMe, R2=H

R1
RZ
R! |
R! | O, N LR?
OH N, _.Ph . /v,_’, :(”R4
] RO 07N
HN™ ~Ph

R'=H, t-Bu, |, RZ=Ph, Bn, iBu, t-Bu

. ) R®=H, Ph, t-Bu, R* = H, Ph; R® = Et, iPr, iBu, t-Bu
(5.5)-239:R' =H, R? = OMe
(5,9-240:R' = OMe, R?=H 241

The carbohydrate-derived Schiff bases 242 and 243 were
also prepared from 3,5-disubstituted salicylaldehydes and
2-aminopyranoses.”®> Glucose-based ligands exhibited low
to medium enantioselectivity in the vanadium-catalyzed
oxidation of thioanisole, with the ee value reaching 60%.
Vanadium complexes prepared from 6-amino-6-deoxyglu-
copyranoside-based ligands 244 were even less selective (up
to 26% ee in thioanisole oxidation with H,0,).?8

RZ
t-Bu
R! | OBn
t-Bu | OBn OH N o
OH N
o - .,
. HO' "l
HO “ R'=H, t-Bu, | 0. .0
o.__0 R2=H, t-Bu, |, NO,
\( Me>(l\/|e
Ph
242 243

Low asymmetric induction (up to 32% ee for ligand 245)
was observed during sulfide oxidation with Schiff bases
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prepared from the chiral terpene compounds: myrtenal,
caryophyllene, pinene, or carene.?’~?%° Comparable results
were obtained in the oxidation of phenacyl phenyl sulfide
246 with the use of terpene-derived ligand 247 and ClO, as
oxidant (32% ee, 78% yield).?® Cyclodextrin inclusion
compounds of the vanadium complex with Schiff base-
derived hydrazone ligand 248 were tested in the oxidation
of thioanisole with hydrogen peroxide in water/ethanol.?’!
A very small ee (2%) was only observed for the 1:2
K[VO0,(248)]—0o-CD complex.

t-Bu t-Bu

t-Bu t-Bu
HO

HO >z

/ = Me N
N X =OMe &CHQOH o
HoM ,,,,,,,, s
X Me/\ Me

X
244 245 246

A novel chiral ligand bearing a rigid tetrahydroquinoline
framework 249 was applied in the vanadium-catalyzed
preparation of aryl methyl sulfoxides which were obtained
in 80—95% yield and 66—77% ee.*”? Interesting trimeric
variants of Bolm’s catalysts were prepared and used in the
oxidation of prochiral sulfides.?*> Two of eight ligands, 250
and 251, with a sufficiently expanded linker to keep the
catalytic centers apart, yielded reasonable catalytic properties
(88/92% yield, 70/72% ee for the oxidation of thioanisole,
and 98/92% yield, 86/89% ee for benzyl phenyl sulfide).

OH Me
Me_ S\ O | A
)3 N N=y N, OH N~
Mé I Ph N
Mé OH Ph HO
248 249

247

b L
0._0 I HO
OH N:QD
OY@O\ /(E\L“B“ I
o, g . = x ) he
250 251

Since the seminal work of Bolm and Bienewald, a great
library of chiral Schiff bases has become available. The
relatively simple synthesis of these ligands (a reaction of an
appropriately substituted salicylaldehyde with an amine
chosen from the chiral pool) that can be readily tested in
catalytic reactions resulted in contributions from a number
of research groups. The progress made is illustrated by the
representative results of thioanisole oxidation collected in
Table 1. One should be aware that such comparisons are
fully reliable only for reactions carried out under identical
conditions and preferably repeated in one laboratory. Such
factors as temperature, concentration, amount of H,O, and
mode of its addition, reaction time, and solvent used are
extremely important. In particular, the kinetic resolution
observed in CHCI; solution can result in increased stereo-
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Table 1. Oxidation of Thioanisole with Aqueous Hydrogen Peroxide Catalyzed by Vanadium Complexes with Chiral Schiff Bases

(Representative Examples)®

R3 t-Bu
R2 SN N)\ OO X N/H OO N
* = H
H.0, 2 - on M on on ©
Ph”S"Me VO(acach, L Ph~S Me R’ R* O Ph
22, 23, 27, OO
28, 192, 215 26, 230 227
ligand R! R? R3 R* temp time (h) yield (%) ee (%) (conf) ref

22 t-Bu NO, t-Bu RT 12 94 70 (S) 103
23 t-Bu t-Bu t-Bu RT 12 73 59 (S) 103
27 Ph NO, iPr RT 20 80 58 (S) 107

0°C 90 75 ()
28 Ph NO, t-Bu RT 20 78 62 (S) 107

0°C 74 73 (S)
192 I I t-Bu 0°C 16 75-81 90—92 (S) 267, 268
192 I I t-Bu 20 °C 16 81 90 (S) 270
215 1 1 i-Pr 20 °C 16 84 88 (S) 270
26 H RT 12 85 71 (S) 105

0°C 92 78 (S)
227 0°C 12 83 86 (5) 278

0°C 81 88 (S)°
230 OOCt-Bu RT 24 86 82 (5) 258

0 °C 90 86 (S)

“Common reaction conditions: 1—2 mol % of ligand, 1% of VO(acac),, solvent CH,Cl,, 1.1—1.2 equiv of aqueous hydrogen peroxide added.

bMeOH added to the reaction mixture.

selectivity when compared to the case of the reaction
performed in CH,Cl,.2"4%76

The results presented in Table 1 show the influence of
the pattern of ligand substitution on both the yield and
stereochemical outcome of the catalytic reaction. The pres-
ence of bulky substituents, especially at the R! and R?
positions, seems to be of key importance for the observed
stereodifferentiation. The role of these groups was also
pointed out by the calculations.'®” However, their size should
be controlled, since these substituents could hinder the access
of the prochiral sulfide to the coordinated peroxide. The
electronic factor that can alter the donating properties of the
Schiff base should not be neglected either. In the diiodosub-
stituted ligand 192, the most effective combination can be
found that was successful in preparation of various sulfox-
ides. Although certain ligands seem to be optimal for the
oxidation of alkyl aryl sulfides, several examples show that
even a small modification of substrate structure could require
the use of a catalyst with a different substitution pattern.

1.4.3.2.2. Other Vanadium Complexes. Several groups
reported the use of vanadium(IV) or vanadium(V) complexes
of tetradentate (NNOO)-donating ligands as catalysts for
enantioselective sulfoxidation. Striking discrepancies between
the results presented in the relevant papers can be clearly
seen. Zhu and co-workers described the application of salan
derivatives 184, 186, and 252—254 based on the (1R,2R)-
1,2-diaminocyclohexane or (1S,25)-1,2-diamino-1,2-diphe-
nylethane skeleton.?* Following Bolm’s conditions (with a
catalyst formed in situ from VO(acac), and a chiral ligand)
and using thioanisole as a model substrate, they observed
high yields (71—91%) and varying selectivities (21—95%
ee) of methyl phenyl sulfoxide. The best result (81% yield,
95% ee) was obtained with ligand 186 and chloroform as
solvent at 0 °C. Interestingly, the analogous salen ligands
30 and 255 led to very poor enantioselectivities and a reverse
asymmetric induction (S configuration of product) as com-
pared with the case of salan (R-sulfoxides formed preferen-
tially). The selected salan ligand (186) was used in the

vanadium-catalyzed oxidation of various sulfides. The ee
values (51—92%) were lower than those for methyl phenyl
sulfoxide, but quite fair enantioselectivities were observed
for dialkyl sulfides. It was also shown that kinetic resolution
of racemic sulfoxides can be achieved with a system based
on ligand 186 which led preferentially to (S)-sulfoxides with
up to 98% ee.

(R.R)-255

In contrast to those findings, combining vanadium (VO(a-
cac), or VO(OBu); was used as the metal source) together
with salan-type ligands 184—187 and 191, Bryliakov and
Talsi observed poor to medium enantioselectivities in the
oxidation of alkyl aryl sulfides with aqueous hydrogen
peroxide.?” The reaction was carried out in CH,Cl, at room
temperature, but the highest ee value of 37.5% was obtained
in CHCI; solution at —12 °C with the ligand (R,R)-186
(oxidation of p-bromophenyl methyl sulfide; (R)-sulfoxide
formed preferentially). Costa Pessoa, Correia, and co-workers
prepared vanadium(IV) complexes of salan-type ligands 184,
186, 252, 256, and 257 and tested their catalytic activity in
the oxidation of thioanisole with H,0,.2%> Again, the results
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contrasted with the high enantioselectivity reported by Zhu
et al.”®* The best ee value (50%) was observed for ligand
256 used in 1,2-dichloroethane at 0 °C. A general preference
for (R)-sulfoxide formation found for ligands bearing the
(8,S)-configuration differed from previous results obtained
with vanadium—salan catalysts.>%?** Attempts with the
oxidized (salen-type) ligands 224 and 258—261 resulted in
significantly lower enantioselectivities (0—26% ee); the
results were explained by the lower hydrolytic stability of
the corresponding vanadium complexes in comparison to the
case of the analogous salan species.

NH HN —
oD dw Hob
(5,5)-256: R = OMe
(5.9)-257: R = OEt

(5,5)-258: R = OMe
(S.5)-259: R = OEt

Several groups concentrated their efforts on the investiga-
tions of vanadium complexes as models of active sites of
vanadium-dependent haloperoxidases.?*®2% Rehder and co-
workers reported on the synthesis of chiral oxovanadium(V)
complexes with amino-bis(alcoholates) bearing two or three
stereogenic centers (262) and their use in the enantioselective
oxidation of thioanisole using CHP or TBHP (with the latter
giving worse results which were explained by steric hin-
drance in the intermediate peroxo species).??”**® A maximum
value of ee of 31% was observed in the formation of (S)-
methyl p-tolyl sulfoxide.””® Slightly better effects were
obtained (ee up to 38%) for the sulfide oxidation with CHP
catalyzed by vanadium complexes of chiral mono- and
diethanolamines derived from glycine-tert-butyl ester or
sarcosine.??” Both isolated oxovanadium(V) complexes and
in situ formed catalysts were tested, and 263 was found to
yield the most efficient catalyst.

Ph, Ph
'&H eyeleeies!
(R.R)-260 (S.9)-261

HOY\N/\(Ph Q

Ry N, N—(/
N Ph OH
R' ,J /\( o Ho o1 R
R
8u”° R = CHPhy, CH,CArs
R' R2= Me, Ph,R® = H, Me Ar = Ph, p-Tol, 4-iPrPh
262 263 264

The use of hydroxamic acids 264 as ligands in vanadium-
catalyzed sulfoxidation was explored.*® Thioanisole conver-
sion by trityl hydroperoxide (THP) proceeded in modest yield
(17—20%), and the ee values were moderate (30% and 47%),
especially when compared with those of the analogous
molybdenum system (vide infra). Only 14% ee was noted
when the polyhedral silsesquioxane trisilanolate vanadium(V)
complex 265 with a chiral amine 266 as a cocatalyst was
used in the oxidation of thioanisole with CHP.3"!

The contradictory results described in the cited papers
concerning vanadium salan complexes require explanation.
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To make them really comparable, all experimental conditions
should be identical, including solvent, temperature, stoichi-
ometry, and concentration of reagents, mode of oxidant
addition, reaction time, efc. It is possible that the reaction
outcome is governed by an overlooked, subtle factor.
Nevertheless, such an irreproducibility does not encourage
further practical applications of the system, especially in the
context of the effectiveness of tridendate Schiff bases as
chiral ligands for vanadium-catalyzed sulfoxidations.
1.4.3.3. Manganese-Catalyzed Oxidations. When applied
for model substrates, the original Jacobsen Mn catalyst was
inferior to titanium- and vanadium-based systems. Conse-
quently, its applications for more elaborated sulfides were
only marginally reported.'>* However, in recent years, several
papers appeared describing the use of modified (salen)man-
ganese(I1]) as catalyst for the preparation of chiral sulfoxides.
Five chiral fluorinated derivatives 267 and 268 were tested
in the oxidation of methyl aryl sulfides with iodosylbenzene
under homogeneous conditions or in a acetonitrile/perfluo-
rooctane biphasic system.** In the latter case, the chemose-
lectivity was higher and the catalysts could be easily
recovered and used up to four times without significant loss
of activity. However, in all experiments, the ee of the
resulting sulfoxides did not exceed 17%. Comparable results
were obtained when the dimanganese(Ill) complex of a
dimeric salen-type ligand anchored by two 9,9-dimethylx-
anthenediyl spacers (269) was used for thioanisole oxidation
by PhIO (6% ee improved to 22% by the addition of
4-(dimethylamino)pyridine).3%?

Significantly better, though still moderate, ee values (up
to 42%) were observed in the course of sulfoxidation
mediated by (salen)Mn(IIl) complexes with a pyrrolidine
backbone 270.>* Also in these reactions, iodosylbenzene was
used, since hydrogen peroxide led to catalyst decomposition,
and mCPBA afforded mainly sulfones. With 1.1 equiv of
PhIO, methyl aryl sulfides were converted to the correspond-
ing (S)-sulfoxides in 30—71% yield (higher values were
obtained with chlorobenzene or acetonitrile used as a
solvent), and the highest enantioselectivity was observed for
electron-deficient substrates. This effect was also previously
observed for the original Jacobsen catalysts bearing ligands
29—36 and was explained by the higher reactivity of electron-
rich sulfides which led to the lowered selectivity.'®”

— 9 N=
deOH Hobﬂ#
R’ R’

CsF17
R' =H, -Bu; R? = C¢F 7, §GR3, t
R® = O(CH,)sCsF17 CsF17

(R,R)-267
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Among the manganese complexes of salen derivatives 30,
34, 271, and 272 tested as catalysts in the synthesis of
esomeprazole, Mn(III) coordinated with 30 and a tetrafluo-
roborate anion led to optimal results (58% yield, 69% ee
after 14 h) with iodosylbenzene as oxidant and methanol as
solvent.’® On the other hand, ligand 271 and acetonitrile as
solvent were found to be advantageous for oxidation of
simple alkyl aryl sulfides. The corresponding (S)-sulfoxides
were formed in 68—90% yield and 30—80% ee, while 77%
yield and 76% ee were also obtained in the oxidation of
methyl fert-butyl sulfide.

R = OOC#Bu

271

A tetravalent Schiff base 273 and its reduced derivative
274 were prepared by Fontecave and co-workers and
converted into the manganese(II) complexes bearing per-
chlorate or acetylacetonate anions.>* While the use of ligand
274 in the Mn-catalyzed thioanisole oxidation by hydrogen
peroxide led to the sulfoxide with 0—5% ee, higher enan-
tioselectivity was achieved with ligand 273. Interestingly,
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the choice of metal source—Mn(ClQ,), or Mn(acac),—had
a great influence on the stereochemical outcome of the
reaction: (§)-sulfoxide was formed with ee = 10% when the
perchlorate complex was used, but the use of the acetylac-
etonate complex led mainly to the (R)-isomer with 34% ee.
Thus, the achiral anion caused an interesting switch in the
chirality of the product. This observation can be explained by
a different structure of the active species, as suggested by the
crystal structures of the precursor complexes, Mn(273)(ClO,),
and Mn(273)(acac),, in which diverse modes of coordination
of ligand 273 were found. Again, with these manganese
catalysts, a better stereoselectivity was found for p-bromo- and
p-nitro-substituted sulfides (38 and 62% ee, respectively). The
system could be further improved through the modification of
the mode of addition of H,O, and by the use of excess of ligand
273. Under these conditions, higher yields (25—70%) and ee
values (31—61%) were observed.

N h= NH HN

(S,5)-273 (S,5)-274

Four C,-symmetric, tetradendate ligands 275 and 276
containing two (S)-proline fragments (reduced in compounds
276) were prepared, and their cationic manganese(Il) com-
plexes were examined in the oxidation of thioanisole and
(3-ethylbutyl)phenylsulfide.*”” An aqueous solution of so-
dium hypochlorite was used as the terminal oxidant, and the
reaction was carried out in dichloromethane with the addition
of 4-methylmorpholine N-oxide monohydrate to stabilize the
Mn(V)=0 complex formed in the oxidation cycle. Higher
chemoselectivity was observed for the substituted substrate
(75—80% yield of sulfoxide), and the enantioselectivity was
rather moderate (up to 28% ee) but was slightly increased
for amide 275 compared to the case for amine ligands

276.
NH HN—// NH HN—,
Ao o

R=H,Bn

(5.9)-275 (S.5)-276
As can be clearly seen, in manganese-catalyzed oxidations,
tetradendate, C,-symmetric ligands were preferred. A rare
example employing a C;-symmetry ligand (S)-277 is thus worth
mentioning.**®® The Mn(II) complex formed in situ from 277
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and Mn(OAc), was used as a catalyst in the reaction of alkyl
aryl sulfides with 30% aqueous H,0, carried out in acetone
solution. (R)-Sulfoxides were formed with good yields
(48—55%), but the enantioselectivity of this conversion was
unsatisfactory. The highest ee value of 18% was observed
for thioanisole, and the remaining sulfides gave only 5—8%
ee.

HO
Me

Me\N

>

X
=N N~

(S)-277

Low ee values (12—14%) were observed in the oxidation of
methyl p-tolyl sulfide with 2-(tert-butylsulfonyl)iodosylbenzene
catalyzed by the supramolecular box 278.3® The 18-porphyrin
assembly was constructed from four zinc triporphyrins, with
two Sn(IV) diporphyrins bearing (D)- or (L)-N-acetylpheny-
lalanine axial ligands (the source of chirality) and a man-
ganese(IIl) diporphyrin. The newly elaborated systems based
on Mn complexes, though interesting from the structural
point of view, seem to be of limited practical use.

1.4.3.4. Iron-Catalyzed Oxidations. Following the suc-
cess of the chiral Schiff base—vanadium systems, Legros
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and Bolm decided to use ligands of this kind with iron(III)
acetylacetonate instead of VO(acac),.*'73!® The idea was
to use a metal which would be more environmentally friendly
(less toxic) and relatively abundant and, therefore, also more
convenient from the economical point of view.

Five tert-leucinol derived (S)-ligands (e.g., 22, 23, or 192)
were tested in the enantioselective sulfoxidation of thioani-
sole as a model substrate, using conditions similar to those
applied previously in vanadium-catalyzed oxidations
(CH,CI,, 1.2 equiv of 30% aqueous H,O,, 16 h at room
temperature).’'® The best results were observed for two
dihalogenosubstituted derivatives: 279 (30% yield, 55% ee)
and 192 (36% yield, 59% ee). In the Fe-catalyzed reaction,
in analogy to the vanadium-based systems, all Schiff bases
having the (S)-configuration led preferentially to the (S)-
sulfoxide. When applied to other methyl aryl sulfides, the
ligand 192/Fe(acac); catalytic system afforded sulfoxides
with high ee values (65—90%; for ethyl phenyl sulfoxide
and butyl phenyl sulfoxide, ee’s were remarkably lower).
Under the conditions described, no sulfone formation was
observed; conversely, the unreacted substrates were recovered
in significant amounts and the sulfoxide yields were below
44%. A significant improvement of the method that increased
both yields and enantioselectivities was achieved by means
of additives.*'"*'? Legros and Bolm found that carboxylic
acids and their salts were able to markedly affect the
oxidation, and the best results were observed for the additive/
[Fe(acac);] ratio of 0.5 to 1. In the presence of lithium
4-methoxybenzoate, which led to the most pronounced
effects, thioanisole was formed in 90% ee and 63% yield.
Similar values (with ee up to 96%) were noted for other alkyl
aryl sulfides tested when 4-methoxybenzoic acid or its
lithium salt was added to the reaction mixture. Further
screening, extended to the use of nonaromatic additives, did
not reveal any better compounds for this purpose.’'? Sig-
nificant amounts of sulfones (9—16%) were also formed in
the course of the reaction, but the possible kinetic resolution
was found to have a negligible effect on the marked
enantioselectivity. Based on the observed positive nonlinear
effect and on the optimal Fe-additive ratio (2:1), a mono-
carboxylate-bridged diiron(III) complex was postulated as a
key intermediate in the catalytic cycle.

The new Fe(acac);—Schiff base (5)-192 catalytic system
was applied in the synthesis of Sulindac (97).°"* Without
additives, the oxidation of the corresponding sulfide pro-
ceeded with moderate yield (53%) and ee (58%). Also in
this case the use of 4-methoxybenzoic acid raised both the
yield (71%) and the enantioselectivity (ee = 92%). Using
(R)-192, (R)-sulfoxide 97 was obtained under these condi-
tions in 70% yield and 90% ee.

The asymmetric Fe(Ill)—salen systems were applied by
Bryliakov and Talsi for the oxidation of sulfides with
iodosylarenes.’'*3!> Among the monomeric complexes pre-
pared, those with ligands 30 and 280 gave the best ee value
of benzyl phenyl sulfoxide (62%), with yields of 86 and 77%,
respectively, from reactions conducted in acetonitrile solution
at 0 °C with PhlIO as a terminal oxidant. Interestingly, a
u-oxo dimer 281 appeared to be a better catalyst than its
monomeric precursor (92% yield, 65% ee at —20 °C). For
other substrates, oxidation proceeded with a similar or lower
(as in the case of thioanisole) stereoselectivity, but for the
optimal combination of sulfide (PhSiPr), oxidant (MeslIO),
and conditions (—21 °C), the ee value of 84% was reached.
The active intermediate of general formula [Fe™(ArlO)-
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(salen)] was detected by means of '"H NMR, which was in
agreement with the observed dependence of the reaction
performance on the nature of the iodosylarene used.

Br
Ph  Ph
Me7“_€Me
—N N=

Br |
OH Nj/f'Bu t-Bu OH Ho ¢-Bu
HO t-Bu t-Bu
(S)-279 280

Significantly better enantioselectivity was observed by
Egami and Katsuki for the reaction in which salan (a reduced
salen) derivatives bearing chiral binaphthyl fragments 282
and 283 complexed with Fe(Ill) were used in thioanisole
oxidation by 30% aqueous H,0,.2%%** For the reactions
carried out in water at 20 °C, a ee as high as 96% was noted
(ligand 283) together with a yield of 90—92%. The complex
with 283 as ligand proved to be a very effective catalyst of
the asymmetric oxidation of various prochiral substrates,
including methyl alkyl sulfides, and the corresponding
sulfoxides were formed with 87—94% ee.?> Since consider-
able amounts of sulfones (up to 24%) were formed during
the oxidation process, the authors worked out a modification
of the reaction conditions that suppressed the overoxidation
without loss of enantioselectivity.?>* This was achieved by
lowering the temperature to 0 °C and reducing the amount
of water as solvent and decreasing the catalyst loading.

54

NH HN
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Fontecave and co-workers investigated the catalytic prop-
erties of the iron(Il) complex with the chiral bipyridyl
derivative 284.3'° This compound gave essentially racemic
products when it was used for the oxidation of methyl aryl
sulfides with aqueous hydrogen peroxide. This performance
was significantly worse than that previously found for the
analogous u-oxo dimeric system (4—40% ee).?!”

‘\\Me

- “Me
I N
=N N
284

Iron-based catalysts with H,O, as oxidant, which are
beneficial from ecological and economical points of view,
seem to be the most promising among new systems
developed in the 21st century. Sulfoxidations catalyzed by
Bolm’s system (Fe(acac)s/ligand 192/4-methoxybenzoic acid)
and Katsuki’s complex of compound 283 led to results
approaching those obtained with titanium and vanadium
catalysts. The main problem, which can be in part eliminated
by choosing the appropriate reaction conditions, is connected
with sulfone formation. These systems, which have already
been used by other chemists,'>>! should find wider ap-
plication in the future.

1.4.3.5. Copper-Based Systems. The highest enantiose-
lectivity obtained in the copper-catalyzed enantioselective
oxidations was reported by Maguire and co-workers.?'® They
prepared a series of chiral tridendate Schiff base complexes
using fert-leucinol derived ligands (S5)-213. Under optimal
reaction conditions (4 mol % of ligand, 2 mol % of
Cu(acac),, 1.1. equiv of 30% H,0,, 16 h at room temperature,
CCly as a solvent), the complex with ligand 279 appeared
to be the best catalyst for the oxidation of benzyl aryl sulfides.
Yields were not high (13—42%), but ee’s up to 79% were
observed; both maximal values were further enhanced by
the addition of 4-methylmorpholine-N-oxide. A yield of 49%
and a 81% ee for the formation of 2-methoxyphenyl benzyl
sulfoxide were noted. No sulfone was formed during the reac-
tion, which is in contrast with the case of the vanadium-cat-
alyzed oxidation of similar sulfides (see section 1.4.3.2).!!8277

Copper complexes of proline-based ligands 275 and 276
were used as catalysts in the oxidation of alkyl phenyl
sulfides with NaOCl and exhibited similar chemo- and
stereoselectivities (up to 25% ee) but lower activities when
compared to their manganese analogs (see section 1.4.3.3).3%7

Chiral salen-type ligands (R,R)-285 were converted into
the corresponding copper(Il) complexes, which were exam-
ined as catalysts in the thioanisole oxidation.>'” While good
yields (>80%) were observed in all reactions, only the use
of the dimethyl derivative, aqueous hydrogen peroxide, and
acetonitrile as a solvent led to the nonnegligible enantiomeric
excess (17%).
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I
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The interesting -cyclodextrin-based catechol-type ligands
286 and 287 were prepared by Sakuraba and Maekawa 3%
Their copper(Il) complexes were examined in the oxidation
of alkyl aryl sulfides by aqueous hydrogen peroxide. Both
catalysts efficiently accelerated the reaction, leading to the
sulfoxides of opposite configuration with ee’s in the range
of 26—52%.

HO OH HO
:( (0]
X
X = mono-6-0O-B-CD
286 287

1.4.3.6. Molybdenum and Tungsten Catalysts. Several
reports on the use of molybdenum catalysts in the catalytic
asymmetric sulfoxidation appeared in recent years. Interest-
ingly, the best results were obtained using ligands which were
otherwise rarely combined with other metal ions, while
typical ones such as BINOL were found inefficient.??! Also,
salan-type ligands 184 and 191 applied with MoOy(acac),
as catalysts in the oxidation of sulfides with H,O, gave
unsatisfactory results (0—8.5% ee).?>

Much better reaction outcomes were observed for the
molybdenum complexes prepared from MoO,(acac), and
hydroxamic acids 264.3°322 Oxidation of alkyl aryl sulfides
with THP in dichloromethane solution led to the correspond-
ing sulfoxides (in most cases the (S)-isomers) in high yield
(66—99%) and with 54—86% ee, with better results observed
for the bulkier ligand. Also di(fert-butyl) disulfide was
efficiently converted into thiosulfinate 13 (79% yield, 90%
ee) by this catalytic system. Although no sulfone was formed
under the standard reaction conditions, increasing the amount
of oxidant (THP or CHP) and reaction time resulted in
significant enhancement of ee values (92—99%) of (S)-
sulfoxides, indicating that asymmetric oxidation was fol-
lowed by the stereoconvergent kinetic resolution.

The cyclodextrin-derived ligands 286 and 287 described
in section 1.4.3.5 were also combined with molybde-
num(V).*?° Compared with copper(Il) complexes, Mo(V)
derivatives resulted in slightly better optical yields (35—65%
ee) in the oxidation of alkyl aryl sulfides with H,O,, leading
to the opposite enantiomers of the corresponding sulfoxides.

Enantiopure dendritic polyoxometallates 288 were pre-
pared through combination of the chiral amines and the
heteropolyacid H;PW,,04 in the presence of an excess of
H,0,.32* Compound 288 catalyzed the oxidation of thioani-
sole by aqueous hydrogen peroxide in chloroform; the methyl
phenyl sulfoxide was formed in 93% yield and 14% ee,
which proved the effective chirality transfer from the
periphery to the catalytic center.

1.4.3.7. Niobium, Platinum, Aluminum, and Ruthenium
Catalysts. Miyazaki and Katsuki explored the asymmetric
oxidation of sulfides catalyzed by niobium complexes.’?*
Among the ligands tested, salen derivatives exhibited the
highest enantioselectivities (17—68% ee) in the conversion
of thioanisole with urea—hydrogen peroxide in dichlo-
romethane solution at room temperature. Lowering the
temperature to —10 °C together with increasing the catalyst
loading (8 mol %) and using an excess of ligand (diastere-
omer of compound 170 with an opposite configuration of
binaphthyl fragments; 1.5—2 equiv with respect to niobium)
allowed the ee value to improve to 86%. For other sulfides,
the corresponding (S)-sulfoxides were formed under these
optimized conditions with 77—86% ee and 58—94% yield.
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A dimeric platinum(Il) complex {[(R)-BINAP]Pt(u-
OH) },(BFy), (289) was applied to a catalytic sulfoxidation
performed in water—surfactant solutions.*> Various alkyl
aryl sulfides were oxidized using 35% aqueous hydrogen
peroxide. Sodium dodecyl sulfate (SDS) in 75 mM concen-
tration was found to give the highest chemo- and enanti-
oselectivity in the conversion of thioanisole (the (R)-sulfoxide
was formed in 98% yield and 40% ee). The function of SDS
was thought to involve solubilization of the substrate and
the catalyst in water. After the reaction, the products could
be easily isolated by extraction with diethyl ether; the
catalyst, however, could not be reused, since its activity and
enantioselectivity were significantly reduced by the oxidant.
Nevertheless, the methodology showed its efficiency, espe-
cially for electron-deficient substrates for which highest
values of ee’s were observed (up to 88%); albeit, the yields
were rather moderate (63—68%).
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The first use of chiral salalen (1-(N-salicylamine)-2-(N-
salicylimine)ethane, the partially reduced salen) aluminum
complexes as catalysts for the enantioselective oxidation of
thioethers was reported by Katsuki et al.>%~2® Thioanisole
conversion using 2 mol % of salen (30) or salalen derivatives
(290 and 291) and 30% aqueous hydrogen peroxide as an
oxidant was examined. The high asymmetric induction was
observed for BINOL-derived compounds 290 and 291 and,
in particular, (aR,S,S,aR)-291.>% The highest yield of the (S)-
sulfoxide (90%) with an ee of 98% was noted when methanol
containing phosphate buffer (pH = 7.4) was used as a
solvent. The overoxidation to sulfone appeared to increase
the ee value of (S)-sulfoxide due to the enantioconvergent
kinetic resolution. Other methyl aryl sulfides were also
oxidized with the excellent enantioselectivity (ee = 97—99%)
and reasonable yields (81—91%); up to 10% of correspond-
ing sulfones were isolated. For benzyl methyl sulfoxide, the
ee value was slightly lower (80%). An efficient desymme-
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Table 2. Chiral Complexes Used as Catalysts in Enantioselective Oxidation of Sulfides”

metal ligand Ti'V viVivY Mn'/Mn™" Fe'! Cu® Mo"/MoV! A" Nb'!
bidendate diol ++ ++ +
tridendate Schiff bases ++ ++ ++ ++
tetradentate salen, salan, salalen ++ ++ ++ + + ++ ++

“Legend: +, low ee; ++, moderate or high ee.

trization of 1,3-dithiane derivatives 177, 180, and 292 was
also achieved by means of Al-catalyzed oxidation with
(aR,S,S,aR)-291 as the chiral ligand.”®” The reaction was
performed at 10 °C to suppress the production of the
bissulfoxide and sulfone observed at room temperature, and
the desired monooxidation products were isolated in 86—92%
yield and 98—99% ee. The oxidation system based on the
Al(salalen) complex was also applied to the transformation
of various bicyclic sulfur compounds 293—297.2% The
corresponding sulfoxides were formed in reasonable yields
(64—86%) and high enantioselectivities (87—99%); the only
exception was found for sulfide 295 (18% yield, 62% ee),
which was attributed to the inhibition of the catalyst by the
sulfoxide product.

290: R=H
291: R=Me 292
S
S
R
O R=H, Me,Cl O
293 294
L CD &
3,
Bn ©
295 296 297

Katsuki’s group analyzed the thioanisole oxidation using
the Al—salalen (291) system under modified reaction condi-
tions, including low catalyst loadings and high substrate
concentrations.>® When a 5 M solution of thioanisole (instead
of the original 0.1 M) and 0.2 mol % of aluminum complex
were used, 95% yield and 97% ee were observed. Even under
solvent-free conditions and for 0.002 mol % of catalyst, both
the isolated yield (86%) and ee (96%) remained satisfactory.
Similar outcomes were noted for other methyl aryl sulfides,
while dialkyl sulfides were oxidized without solvent or using
high concentrations with only slightly lowered enantiose-
lectivity (69—91% ee). As mentioned by the authors, the use
of the corresponding aluminum salan and salen complexes
led to significantly lower enantioselectivity in the thioanisole
oxidation.?

A completely different approach, using a chiral-at-metal
complex with achiral ligands as a sulfoxidation catalyst, was
described by Fontecave and co-workers.*?® Two enantiomeric
forms of the cationic octahedral ruthenium(II) complex with

2,9-dimethyl-1,10-phenantroline (298) were separated by
crystallization with the chiral trisphosphate anion A-299.
Their use in the oxidation of alkyl aryl sulfides with aqueous
hydrogen peroxide performed in methanol resulted in a
complete conversion (after 8 h at room temperature) with
high chemoselectivity (sulfoxide/sulfone = 9:1) and enan-
tiomeric excess in the range of 7—18%. The (S)-sulfoxides
were preferentially obtained when the A-enantiomer was
applied as catalyst. Although the stereoselectivity appeared
to be modest, the possibility of chirality transfer directly from
the stereogenic metal center opened a new perspective of
catalytic asymmetric sulfoxidation.

%
; S =
N
NN, Me Me | N
Mé ".Rugw\NCMe MeCN/,,,Ruz.,»“ ;“ﬂe
5 /’ “SNeMe  meeN” |\ €
N._Me Me, N

A-298 A-298
cl
Cl cl
Cl o) Cl
cl Oo, ‘e ,‘n\o
1
cl O/CIJ i cl
o]
cl Cl
cl
A-299

Certainly, the use of enantiopure ligands remains the most
straightforward route to the construction of sulfoxidation
catalysts. Among metals other than titanium, vanadium,
manganese, and iron, aluminum (complexed with salalen
291) and molybdenum (with hydroxamic acid 264) showed
the largest potential for further applications and developments.

1.4.3.8. Summary. During the last few years, numerous
new complexes were examined as catalysts for enantiocata-
Iytic oxidation of prochiral sulfides. Including previous
investigations and heterogenized systems (section 1.6),
representatives of a majority of the transition metals were
tried: titanium and zirconium (group 4), vanadium and
niobium (5), molybdenum and tungsten (6), manganese and
rhenium (7), iron, ruthenium, osmium (8), nickel, platinum
(10), copper (11), and, in addition, zinc (12) and aluminum
(13). Three kinds of chiral ligands were commonly used:
bidendate diols, tridendate Schiff bases, and tetradendate
salen-type compounds. The combinations examined so far
are given in Table 2.

As can be seen from Table 2, several systems using
different metals were found to be effective as sulfoxidation
catalysts. Still, there are gaps which may be filled in the
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future (for example, bidendate ligands have not been
combined with vanadium, manganese, and iron). The table
does not show, however, which compounds were most
frequently used. Within new literature cited in sections 1.3.3
and 1.4.3, ca. 60 papers concerning titanium complexes (the
majority of them possessed bidendate ligands) can be found.
The application of vanadium complexes (typically, with
tridendate Schiff bases) was also described in ca. 60 articles.
Iron and manganese systems appeared in 10 and 9 papers,
respectively, while the remaining metals received less
attention (4 and less examples). These numbers show the
tendencies which will probably persist for some time.

1.5. Diastereoselective Oxidations

In diastereoselective oxidations, the sulfide itself serves
as the source of asymmetric induction if another stereogenic
element (center, axis, or plane) is present in the molecule.
Four situations can be distinguished, since both substrate and
oxidant used can be in nonracemic or racemic/achiral form.

In the first case (nonracemic substrate + achiral oxidant),
one can expect the preference in the production of one
diastereomer, which can also be significantly enantiomeri-
cally enriched. Typically, a diastereomeric mixture is then
separated to give nonracemic sulfoxides. In the second case
(both substrate and oxidant in nonracemic form), a double
induction can lead to improved selectivity as compared with
the use of achiral oxidant. However, a mismatched combina-
tion can decrease the level of stereocontrol. The third case
(achiral or racemic substrate + nonracemic oxidant) can also
result in dia- and enantioselection, and we describe such
reactions in sections devoted to the respective oxidizing
systems. The fourth case (achiral/racemic substrate + achiral
oxidant) can only provide racemic diastereomers. A few
examples of this situation will be given at the end of this
section.

Various nonracemic sulfides bearing diverse chiral func-
tions were examined as substrates of diastereoselective
oxidation. Khiar used m-chloroperoxobenzoic acid for the
conversion of - or B-ethylthioglycosides 300 and 301 into
the corresponding sulfoxides with the diastereoselectivity
ranging from 0 to >95%.%?7 Interestingly, the a-anomers
favored the Rs configuration of the newly formed stereogenic
center, while for the B-anomers a preference of the Ss
configuration was observed.

0
RO_\N/S\Et ROD/O
SN
300 Et
301

The mCPBA oxidation of the cyclic chiral dithioacetal 302
led to a separable mixture of diastereomers 303 (45% yield)
and 304 (52%).” The further oxidation of the deprotected
(8)- or (R)-mono-S-oxide with mCPBA, DMDO, or H,0,
led preferably to the meso product, while ozonation led
mainly to the (S,5)- or (R,R)-isomers, respectively (de =
41—52%). Oxidation of sulfide (—)-305 with mCPBA,
leading to the separable mixture of diastereomers in 89%
and 5% yields, was applied in the synthesis of the potential
agonists of metabotropic glutamate receptors.’”® The prepara-
tion of four stereoisomeric S-hydroxysulfoxides involved the
lipase-catalyzed enantioselective resolution of the corre-
sponding hydroxysulfides 306 and oxidation of the resulting
enantiomeric substrates with mCPBA.** The fractional
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crystallization of the obtained diastereomeric pairs allowed
the isolation of enantiopure (R,Ss)-307 and (S,Rs)-307 (each
in 40% yield) as white crystals, while the corresponding
mother liquors contained mainly (R,Rs)-307 and (S,S5)-307,
respectively. Similar results were obtained for the p-tolyl
derivative 308. A [-hydroxysulfide (R)-309 was also used
as a substrate in the improved synthesis of OPC-29030 (3),
a platelet adhesion inhibitor.?® Among various stoichiometric
and catalytic oxidation methods, the best results were reached
using 5 mol % of VO(acac),, 1.05 equiv of CHP, and 4 A
molecular sieves. The desired sulfoxide was formed in 91%
yield and 72% de (61% yield and 98% de after recrystalli-

zation).
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The oxidation of chiral menthone dithiolanes with TBHP
led to bis-sulfoxides 310 in 50—55% yield and de > 95%.3%°
Sulfinyl—sulfonyl derivatives, which also contained four
stereogenic centers, were produced in 65—70% yield and
de > 98% when an excess of H,O, was used as oxidant.
Oxidation of sulfide 311 with racemic 2-benzenesulfonyl-
3-phenyloxaziridine yielded separable diastereomers of se-
rofendic acid or its methyl ester (16% and 23% de,
respectively), candidate drugs for neurological disorders.**!
Sodium periodate was used for the oxidation of the chiral
bicalutamide derivatives 312.3*> The main product (48%
yield) was established by X-ray analysis to have the (R,Ss)-
configuration; the minor diastereomer (R,Rs) was formed in
27% yield.
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Ikemoto described the oxidation of prochiral sulfide 313,
which was initially converted into a chiral crystalline salt
with di-p-toluoyl-p-tartaric acid.’*® Its treatment with 30%
aqueous H,O,, without any catalyst, led to the formation of
sulfoxide salt 314-H,0 (42% conversion, 52% de). Recrys-
tallization and reaction with 1 M HCI led to the desired (S)-
sulfoxide of high enantiomeric purity.
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In some cases, in addition to the use of a nonracemic
substrate, chiral oxidizing systems were applied as well. The
reason for doing so could be the remote localization of the
existing stereogenic element with respect to the newly formed
sulfinyl center. This arrangement may cause the asymmetric
induction to be inefficient. Besides, such a procedure could
limit the number of the isomers formed in the course of
reaction (vide infra).

In the course of our investigations on the possible
applications of the modified Bolm catalytic system (H,O,/
VO(acac),/(S)-27), we prepared the chiral nopol derivative
315 and subjected it to diastereoselective sulfoxidation.'®?
We observed selective formation of one diastereomer in 44%
yield, and the enantiomeric excess was equal to 80%.

OH

Me Me
v;& AF\SWR
PhS S Ar = Ph, o-Tol OH
R=H, Ph
315 316

The vanadium—chiral Schiff base 27 catalytic system was
also applied in the oxidation of enantioenriched diols 316
obtained in the course of stereoselective dihydroxylation of
homoallylic sulfides 124.!°° We observed the preferential
formation of unlike (Rs,3S,45/Ss,3R,4R) diastereomer in
73—90% yield and 18—26% de. The configuration of the
sulfinyl group was found to be dependent on the configu-
ration of the diol substrate. Interestingly, the oxidation using
the TEMPO/NaOCI system yielded mainly like (Ss,35,4S/
Rs.3R,4R) diastereoisomer, with 62% de but in significantly
lower yields (40—46%).

The oxidizing system based on the vanadyl complexes of
the chiral salicylidenevalinol derivative was also used for
the conversion of a mixture of diastereomers of y-hydrox-
ysulfide 317 with a fixed (3R)-configuration.® When NalO,
was used as oxidant, all four possible diastereomeric y-hy-
droxysulfoxides were formed in comparable yields. Another
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achiral oxidizing system, TEMPO/NaOClI, led to a mixture
of two diastereomers. Finally, the use of 30% H,0,/
VO(acac),/(S)-27 resulted in the production of three isomers
in a 63:32:5 ratio. The dominant product was separated by
column chromatography and exhibited the (Ss)-configuration
at the new stereogenic center. In a full analogy, when (R)-
27 was used, the main components of the resulting mixture
(67:21:12 ratio was observed) were found to have the (Rg)-
configuration. The complete configurational assignment was
based on the analysis of the CD spectra and on the chemical
correlation with the corresponding sulfones.

PhS
\CN—Bn
Phs™"

317 (5,5)-318

Ph Ph
SPh OH

Chiral (35,45)-N-benzyl-3,4-bis(phenylsulfanyl)pyrrolidine
(318) was oxidized using the VO(acac),—Schiff base (S)-
27 system to give the (Rs,3S,4S5)-monosulfoxide and the
(Rs,Rs,35,45)-bissulfoxide, which were isolated as pure
diastereomers in 45 and 40% yield, respectively.'®! Typically,
the (S)-valinol derivative 27 led to (S)-sulfoxides; therefore,
the absolute configuration of the newly created stereogenic
center(s) presumably resulted from the asymmetric induction
caused by the substrate itself.

Kagan’s conditions were applied to the diastereoselective
oxidation of rubroflavin derivatives.*** As the direct oxidation
of sulfide 319 was unsatisfactory, it was converted to a chiral
ester 320 or sulfinate 321. Their oxidation led to the
corresponding monosulfoxides in 38%/35% yield and 67%/
72% de, respectively, and after chromatographic separation
and hydrolysis, the enantiopure (S)-rubroflavin was obtained.
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Naso and co-workers prepared four stereoisomers of ethyl
menthyl (methylsulfinyl)methylphosphonate via the diaste-
reoselective oxidation of the corresponding sulfides (Rp)-
322 and (Sp)-322.3* Using TBHP as the oxidant and a
titanium complex of (S)-BINOL as catalyst, they obtained
(Rp,Rs)- and (Sp,Rs)-sulfoxides, respectively, in high yields
(82—88%) and diastereomeric purity (>95% de). Similar
results were observed for the oxidation catalyzed by the
Ti—(R)-BINOL system, but in this case a mixture of sulfides
was subjected to oxidation, and (Rp,Ss)- and (Sp,Ss)-sulfox-
ides were easily isolated by column chromatography.

Treatment of racemic or achiral substrates with mCPBA,
DMDO, or other achiral oxidants may result in the prefer-
ential formation of one diastereoisomer, and in some cases,
de values are higher than 99%. Clayden and co-workers
examined the mCPBA oxidation of atropisomeric 2-sulfanyl-
substituted aromatic amides.'?*2%3% For substrates 323, only
the anti diastereomer 324 was isolated after workup as a
result of rapid epimerization of the less stable syn isomer.
A diastereoselective process of the oxidation of thioether-
substituted subphthalocyanine 325 with mCPBA was de-
scribed by Gonzdlez-Rodriguez and Torres.*” A high
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diastereomeric ratio (95:5) was observed together with a ca.
80% yield; interestingly, when the thia-substituent was
attached to the B-position, two corresponding diastereomers
were formed in equal amounts.
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The oxidation of the racemic 4-alkylsulfanyl[2.2]paracyclo-
phanes 326 with NalO4 and mCPBA was investigated as
well. While benzyl, methyl, and ethyl derivatives led to
diastereomeric mixtures, with the highest de equal to 82%,**
tert-butyl sulfoxide was formed as a single diastereoisomer
in 80% (NalQOy as oxidant) or 94% yield (mCPBA).!%

Racemic -hydroxysulfoxides were oxidized using TBHP
and titanium catalysts: Ti(Oi-Pr), or titanocenes with de in
the range 12—76%.>* Cp,TiCl, was also found to be an
efficient catalyst of the conversion of achiral 2-substituted-
1,3-dithianes and 1,3-dithiolanes 180, 292, and 327—329.340
Using TBHP as oxidant and 4 A molecular sieves, 2-phenyl-
1,3-dithiane was oxidized in 86% yield and 96% de. A
similar or lower preference for the trans diastereomer was
observed for other substrates. A comparable diastereoselec-
tivity was observed in the oxidation of 292 and 327 (92%
and 62% de, respectively) with TBHP when a thiourea
derivative 331 was used as a catalyst.**!
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An interesting oxidant-dependent diastereoselectivity was
observed in the sulfoxidation of 3,5-substituted meso-1,4-
thiazane 332.3*? Isomer 333 was preferentially formed by
using H,O,, mCPBA, or NalO, (for which the highest de =
67% was found), while aqueous bromine led mainly to
compound 334 (de = 82%). 2-Substituted 1-thiochroman-
4-ones 335 were converted into the corresponding sulfoxides
using various oxidants, and the best chemoselectivity was
obtained for dimethyl dioxirane.>*® However, rather low
diastereoselectivity was observed (19—40% de). DMDO was
also used for the oxidation of the rhenium sulfide complexes
336 to give the sulfur-bound sulfoxide complexes.*** The
combined yields of the two diastereomers were high in most
cases, but a competing oxidation of the coordinated triph-
enylphosphine was also significant. For the complex with
tert-butyl methyl sulfide and BF,~ as counterion, the forma-
tion of a single diastercomer was observed. For other
substrates, the de value was in the range of 25—74%.
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A large variety of functionalized sulfides was subjected
to diastereoselective oxidation. A common feature of these
reactions is the remarkable dependence of the observed
chemo- and stereoselectivity on the nature of the oxidant.
This fact is not surprising, since different reaction mecha-
nisms are possible, and this variation in mechanisms should
be taken into account when such oxidations are planned.

1.6. Heterogenized Systems

Although the oxidations described in the previous sections
make use of homogeneous catalysts, the overall system in many
cases is heterogeneous. Reactions in which aqueous hydrogen
peroxide serves as oxidant are typically conducted under
biphasic conditions. In certain titanium-catalyzed oxidations,
the addition of 4 A molecular sieves has a beneficial effect on
the yield and stereochemical outcome.?®92221241.340 However,
there are only a few examples of the application of
heterogeneous catalysts in the preparation of nonracemic
sulfoxides. Preliminary studies performed on sulfide oxida-
tion with urea—H,0, catalyzed by cinchonine and cinchoni-
dine salts with a Keggin-type structure heteropolyacid
suggested the possibility of applying this system for the
enantioselective synthesis of sulfoxides.**> Thakur and Su-
dalai described the use of chiral cinchona alkaloids in
combination with WO3; and 30% H,O, in THF for the
efficient conversion of alkyl aryl sulfides.*** (DHQD),PYR
afforded the desired (R)-sulfoxides in 79—90% yield and
35—65% ee, and (DHQ),PYR yielded the (S)-enantiomers
(in up to 52% ee). (R)-Lansoprazole 143 was also obtained
by this methodology in 84% yield and 88% ee. WO; was
also combined with salan-type ligands 184, 186, and
252—2543%7 Using aqueous hydrogen peroxide as the
terminal oxidant and dichloromethane as solvent, different
methyl aryl sulfides were converted into (R)-sulfoxides in
65—86% yield and 27—67% ee. The catalyst could be
recovered by filtration after the reaction and used in the
subsequent runs.

The ease of separating the heterogeneous catalyst from
the reactants and the possibility of its recycling are very
important features from an ecological point of view (waste
minimizing). These advantages are also a driving force for
the immobilization of the chiral homogeneous catalysts.3*8-34
Such an approach can result in the increased stability of a
supported complex, as some unwanted processes (e.g.,
dimerization) are impossible due to the separation of active
molecules one from another. One may also expect a kind of
substrate selectivity because bulkier sulfides would have
limited accessibility to the catalyst when it is hidden in the
pores or channels of the support. Such diffusion problems
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would typically lead to lowered reaction rates. In some cases,
certain unselective reaction routes that influence the stereo-
selectivity should also be taken into account.

Different kinds of materials were employed as supports
for the chiral complexes. Inorganic solids involved zeolites,
clays (e.g., montmorilonite), and silica, and immobilization
methods included encapsulation (ship-in-the-bottle method),
adsorption on the surface, ion exchange, and covalent
anchoring of the catalytic species. In the case of organic
polymeric supports, two methods were applied: covalent
attachment to the preformed polymer or a copolymerization
of the functionalized complex with styrene or other mono-
mers. A new interesting approach makes use of self-
supported coordination polymers formed directly from metal
ions and bridging ligands.

In general, the metal catalysts used for sulfide oxidation
are immobilized. As a recent exception, a polymer-supported
N-phenylsulfonyloxaziridine (Davis reagent) was prepared
and used for the selective oxidation of different substrates,
including sulfides, though not in a stereoselective manner.?*

The heterogeneous catalyst was prepared from Mg—Al
layered-double hydroxides exchanged with osmate (K,Os-
0,).*! Using (DHQD),PHAL or (DHQ),PHAL as chiral
ligands and N-methylmorpholine oxide as the cooxidant,
alkyl aryl sulfides were converted into the corresponding (R)-
or (S)-sulfoxides in 71—76% yield and 23—28% ee. Sig-
nificant amounts of sulfones were also observed (the sul-
foxide/sulfone ratios were close to 4:1). In the recycling
experiments, the isolated yield of the sulfoxide decreased
only slightly, but a significant drop of enantioselectivity was
noted as well.

The immobilization of the Ti-BINOL complex onto ionic
liquid-modified mesoporous silica resulted in high enanti-
oselectivity (up to 99.9% ee) and reasonable yields in the
oxidation of alkyl aryl sulfides by TBHP.*> A high enan-
tiomeric excess was connected with the observed kinetic
resolution. In addition, a positive nonlinear effect was noted
(the catalyst of 60% ee led to an almost enantiomerically
pure sulfoxide), indicating the involvement of an active
complex bearing two ligands of identical chirality. Kheder
and co-workers prepared a titanium(IV)-exchanged K10-
montmorillonite and used this system in the oxidation of
thioanisole with TBHP or H,0,.>* Among the chiral ligands
tested (diethyl tartrate, diisopropyl tartrate, BINOL), only
(R)-BINOL led to a reasonable enantioselectivity (up to 18%
ee).

In a biomimetic design of a vanadium peroxidase model,
Sheldon and co-workers encapsulated the vanadyl complex
of Bolm’s Schiff base 22 into zeolite Y.*** Although the
catalyst remained active in the sulfoxidation of thioanisole,
the product appeared to be racemic. Better results were
obtained by Iglesias and co-workers, who used ion exchange
to introduce chiral manganese complexes with C,-symmetry
ligands 337 and 338 into the supercages of zeolite Y.3%%3%
Oxidation of thioanisole and (2-ethylbutyl)phenylsulfide with
NaOCl in dichloromethane proceeded with a modest enan-
tioselectivity (up to 19% ee). The chemoselectivity was high
for the bulkier substrate, which gave the corresponding sulfoxide
as the sole product. Higher enantioselectivities (up to 32% ee
for PhIO as oxidant) were observed for the analogous manga-
nese and copper complexes with ligands 339 bearing a tri-
ethoxysilyl group, which were covalently attached to zeolite Y
or MCM-41.3% The heterogenized systems exhibited higher
activity and stability than their homogeneous analogs: the
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catalysts could be reused without any loss of activity. A similar
attachment to zeolites was also examined for dioxomolybde-
num(VI) and oxovanadium(V) complexes with chiral diols
340.35 High sulfoxide yields in the oxidation of thioanisole with
hydrogen peroxide or TBHP were accompanied by low ee
values (<10%). Additionally, in the case of the vanadium
complex, a catalyst leaching was detected.

0
NH HN—// NH HN—,
MRS eNs e
(5,5)-337 (5,5)-338

Si(OEt),

Ph OH

N N— HO—« Ph
Ph
-R R+ Na R=H,Bn N

R R=Bn, CONHt-Bu,
CONH(CH,):Si(OE);
(S,5)-339 340

Several groups used mesoporous silica for the catalyst
immobilization. Salen manganese(II) and copper(Il) com-
plexes were modified with a triethoxysilyl substituent, which
allowed them to be covalently attached to the support (silica
gel or MCM-41).3%8 In most cases, the enantioselectivity of
the sulfide oxidation catalyzed by these systems was low,
and the maximum ee values (up to 26%) were found for
PhIO as oxidant.

Iwamoto and co-workers applied a template ion-exchange
method for the titanium(IV) ion incorporation into the
structure of silica.*® %! This system was used for the
oxidation of p-tolyl methyl sulfide with hydrogen peroxide
or TBHP. The highest ee value (30%) was reached with
(R,R)-tartaric acid as a chiral modifier. Other metal ions
(chromium, aluminum, iron, zirconium, zinc) which were
also incorporated into MCM-41 led to unsatisfactory results
(the sulfoxide yield did not exceed 24%).30-3¢!

Another approach, based on the preparation of chiral
mesostructured organosilica, was described by Garcia et al. >
A chiral tartrate was converted into a bis-silylated amide 341
and incorporated into the framework of the support. Using
this material as a chiral ligand for titanium, and CHP as
oxidant, the authors obtained methyl phenyl sulfoxide in 70%
yield and 31% ee. The catalysts could be reused (58% yield
and 26% ee were obtained for the second run), and no
leaching of tartramide was observed.
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Rehder’s group investigated the heterogeneous catalytic
systems obtained by immobilization of vanadium catalysts
on silica gel or mesoporous silicas.’® Vanadyl complexes
of supported ligand 342 and the aggregate 343 formed by a
polymerization of the carbasilatrane were used for the
oxidation of thioanisole by cumyl hydroperoxide. High
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chemoselectivity but only moderate stereoselectivity (up to
26% ee) were observed.
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Organic supports used for the catalyst immobilization were
in most cases based on styrene copolymers. For example,
the lysine-derived Schiff base prepared by Rehder and co-
workers was covalently attached to Merrifield and Barlos
resins (structure 344 and its analogs).’®* In thioanisole
oxidations catalyzed by vanadium complexes of these
systems, the (S)-sulfoxide was obtained in high yield, but
the maximal ee was only 19%.

A library screening performed on the vanadium complexes
of Schiff bases attached to the Wang resin led to the
identification of the optimized structure 345.%3 Vanadium
catalyzed oxidation of thioanisole with H,O, using this ligand
led to a product with 23% ee. Interestingly, when VO(acac),
was replaced with titanium isopropoxide, the (R)-sulfoxide
was formed with a considerably higher enantioselectivity (ee
= 64%). Other alkyl aryl sulfides were also converted by
this system with ee values in the 45—72% range. Improved
performance in the vanadium-catalyzed sulfoxidation was
accomplished by the construction of another library of Schiff
bases.”” An ee of 52% was observed for the tert-leucinol
derivative 346, which appeared to be the optimal ligand for
the enantioselective oxidation of thioanisole with aqueous
hydrogen peroxide.
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Other vanadium-based catalysts containing chiral Schiff
bases 347 bound to Merrifield resin were examined in the
thioanisole oxidation using TBHP as the oxygen source.>%
High conversion yields were accompanied by moderate
enantioselectivity (ee =< 40%). Sartori and co-workers
investigated the oxidation of thioanisole by H,O, catalyzed
by vanadium complexes of Schiff bases 348 and 349 which
were supported on polystyrene and polyacrylate.®” The latter
attachment resulted in systematically lower yields and ee’s
as compared with the cases of the homogeneous analogs,
while for polystyrene-tethered systems the differences were
lower. For the optimal ligand 348, methyl aryl sulfides were
oxidized in 54—80% yield and 45—57% ee. A polymer-
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supported cyclo-BINOL derivative 350 appeared efficient in
the titanium-catalyzed oxidation of thioanisole (67% yield,
78% ee) and p-tolyl methyl sulfide (65% yield, 88% ee) with
TBHP.3% The system retained its activity and selectivity in
successive runs.
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The use of the soluble polymer (polyethylene glycol
monomethyl ether, MeOPEGOH) for the attachment of chiral
tartrate ligands (structure 351) coupled the advantages of
homogeneous catalysis (high activity and accessibility) with
the benefit of the solid phase method. The catalyst could be
precipitated and easily recovered by filtration.*® Some of
the ligands tested exhibited a high enantioselectivity in the
titanium-catalyzed sulfoxidation of thioanisole (up to 98%
ee) and other alkyl aryl sulfides (33—99% ee for n-heptyl-
substituted ligand) with cumyl hydroperoxide.

A copolymerization approach was utilized by Simonneaux
and co-workers, who prepared chiral iron(IIl) and ruthe-
nium(Il) porphyrins 352 bearing the vinyl functions.’”
Different polymers were obtained by copolymerization of
these complexes with styrene and divinylbenzene or ethyl-
eneglycol dimethacrylate. When tested in the oxidation of
alkyl aryl sulfides with PhIO, the iron systems retained a
moderate enantioselectivity (49—75% ee) of their homoge-
neous counterparts, but the yields were significantly higher
(up to 89%). In the case of Ru, the preoxidation of the
catalysts to form the dioxoruthenium complex was found
necessary, and the latter compound catalyzed the oxidation
of thioanisole by 2,6-dichloropyridine N-oxide at 60 °C (92%
yield, 48% ee).

M = Fe(iil), L = CI"
M= Ru(ll), L=CO

Catalysis by coordination polymers eliminates the need
for an additional support. Properly designed bridging ligands

352
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interconnect metal ions to form a 1D, 2D, or 3D system. In
such a network, the active species are arranged in a regular
way (as compared with the random distribution in a typical
support) and their high concentration induces high activity
for the whole system. This self-supporting strategy was
applied for the heterogenization of chiral titanium complexes
containing bridged BINOL ligands 353.371737% The resulting
coordinating polymers catalyzed the enantioselective oxida-
tion of alkyl aryl sulfides with cumyl hydroperoxide. Very
high ee values (75.5 to >99.9%) and moderate yields were
observed, which resulted from the stereoconvergent kinetic
resolution. To test the possibility of catalyst reuse, eight
cycles of thioanisole oxidation were performed using this
system without significant lowering of the yield and with a
fully preserved enantioselectivity.

S8

X X=H,Br X
linker = single bond, 1,3-CgH,4, 1,4-CgH4

353

A homochiral coordination polymer 354 was constructed
from Zn*" ions, L-lactate ligand, and p-benzenedicarboxylic
acid.*”*3> 1D chains were formed by zinc ions bridged by
lactate anions and dicarboxylates, which also interconnected
the linear polymers. The resulting 3D network with an open
architecture was examined as catalyst for the oxidation of
alkyl aryl sulfides with hydrogen peroxide or UHP. Interest-
ingly, the conversions of thioanisole and methyl p-bro-
mophenyl sulfide were almost quantitative when H,O, was
used, while more bulky sulfides were almost unreactive
because they were not able to penetrate the pores. No
asymmetric induction was observed in the reaction. However,
the enantioenrichment of the product sulfoxides (ee = 20%)
resulted from their selective sorption in the chiral porous
material. Therefore, a unique method of preparation of
nonracemic sulfoxides was proposed that utilized the catalytic
oxidation of sulfides and the separation of the products with
the same chiral column containing the homochiral zinc
polymer.*”

354

A reverse approach to the solid phase sulfoxidation was
also described.’”® Two sulfides, 355 and 356, chosen for the
study, were attached to a solid support (Rink Amide resin),
and the efficiencies of different methods of oxidation were
compared. Modena’s system worked better than Kagan’s,
but the Davis oxaziridine (—)-85 appeared optimal for these
substrates: 355 led to the corresponding sulfoxide in 99%
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yield and 70% ee, while for pyridine derivative 356 a 90%
yield and 84% ee were observed. Interestingly, the results
obtained for solid-state sulfoxidation were better than those
found for the conversion of analogous nonbound sulfides,
performed in a homogeneous manner using the Davis and
Modena procedures.

356: X=CH
356: X=N

Although substantial progress has been made, in most
cases the immobilization of homogeneous sulfoxidation
catalysts resulted in a significant lowering of their activity
and selectivity: ee values, with a few exceptions, did not
exceed 30—40%. One should also remember that, typically,
test reactions were limited to the oxidation of thioanisole or
its monosubstituted derivatives, and the straightforward
application of these systems to more bulky sulfides could
be difficult. On the other hand, these examples demonstrated
the possibility of catalyst recovery and reuse. Such advan-
tages of heterogenized systems are important from both
ecological and economical points of view.

1.7. Summary

Recent years have shown a remarkable development of
new synthetic methods in the area of nonracemic sulfoxides.
Still, the striking confidence in the well-tried, classical
procedures is reflected by their numerous applications. In
particular, the Kagan, Andersen, and Davis reagents are
frequently used in the stoichiometric preparations of various
sulfoxides, including intermediates important for the phar-
maceutical industry.

Since none of the known methods can be regarded as
universal, there is room for improvement and new systems
with a better performance are required. Certain aspects, such
as efforts to reach higher yields and enantioselectivities, and
wider applicability (for example, for dialkyl and diaryl
sulfides or substrates with sensitive groups), are important,
but other tendencies are also clearly seen. The practical and
economic issues are taken into account: processes should
be simple, easily scaled-up, and reproducible. Mild (ambient)
conditions with cheap, easily available reagents are preferred.
Energy consumption and waste production should be mini-
mized. Last but not least, the procedures should be envi-
ronmentally friendly (“green”) and safe. Thus, hydrogen
peroxide (or, less commonly used, dioxygen) is preferred as
oxidant due to low price, safe handling, and “clean” reduction
products. Iron and titanium catalysts are regarded as more
ecologically benign than the more toxic vanadium. Chlori-
nated solvents should be avoided, and performing the
reactions in water is recommended.

Certain fields (such as the use of vanadium Schiff bases
as catalysts) seem to be well explored, and one should not
expect significant progress there. Other areas have received
relatively less attention, and their further development is
possible. For example, the organocatalytic methods of
sulfoxide synthesis have been only marginally studied?%-2%
and deserve reconsideration. In this regard, the successful
application of a chiral ketone as catalyst for disulfide
oxidation with oxone is significant.’”’
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2. Biological Oxidations

2.1. Introduction

Different aspects need to be taken into account when the
asymmetric organic synthesis is planned. While the yield of
the process and its stereoselectivity remain the most impor-
tant criteria, safety, health, and environmental aspects are
of increasing interest. In this context, the application of
biocatalysts to perform the desired chemical transformation
has gained considerable attention.?”®~3% The use of enzymes
allows reactions to be conducted under mild conditions,
typically with water as solvent, so that in many cases
hazardous reagents can be avoided. Moreover, the nonrace-
mic product may be readily obtained due to the built-in
chirality of the catalyst. In addition to stereoselectivity, also
regio- and chemoselectivity (the tolerance for different
functional groups), as well as high substrate specificity, are
frequently observed.

On the other hand, one should be aware of several
drawbacks of the application of biocatalysts. The high
specificity means a narrow operational range, since certain
substrates would not be accepted by the enzyme. The range
of reactions that can be catalyzed is restricted when compared
with the case of typical homogeneous catalysts, which also
offer easier access to both enantiomeric forms of the desired
product. Additionally, the limited stability and relative
sensitivity of biocatalysts should also be mentioned.

In spite of these limitations, the progress of biotechnology
results in a better availability, also on a large scale, of
biocatalysts of improved stability and performance. Conse-
quently, enzymes are widely used in many different chemical
transformations, including the enantioselective synthesis of
chiral sulfoxides.>!

In most cases, different oxidases are applied that are able to
convert prochiral sulfides into the corresponding S-oxides. The
rare examples of a diverse approach employing the kinetic
resolution of sulfoxides by dimethyl sulfoxide reductase*> **
or methionine sulfoxide reductase®®' (Scheme 13) are also
worth mentioning. A procedure utilizing the electrochemical
regeneration of the enzyme yielded various sulfoxides with
high ee (>97%)." The stereoselective oxidation of (S)-
isomers of sulfoxides catalyzed by cytochrome c-crown ether
complexes was also reported.’®? An interesting desymme-
trization of bis(cyanomethyl) sulfoxide and bis(2-hydroxy-
methylphenyl) sulfoxide was recently described, exploiting
the nitrilase-promoted hydrolysis or lipase-catalyzed acety-
lation, respectively (Schemes 14 and 15).38%38

Some of the oxidizing biocatalysts participate in the
naturally occurring sulfoxidations, including the metabolism
of certain drugs or xenobiotics and synthesis of chiral
sulfoxides (in most cases derivatives of amino acids such as
methionine or S-alkylcysteine) involved in different bio-
chemical processes.’¥>% The majority of these enzymes,
however, have a different physiological function but are also
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able to catalyze the oxidation of heteroatoms, including
sulfur. These reactions can be performed under mild condi-
tions with dioxygen or hydrogen peroxide as oxidants,
without further oxidation of sulfoxide to the corresponding
sulfone.

Two general ways of performing sulfide biooxidation will
be described in the following sections: the use of enzymes
(either isolated from their natural sources or cloned and
overexpressed) and the utilization of whole-cell systems. In
section 2.4, the use of nonaqueous media and the aspect of
enzyme immobilization are addressed, and the final part is
devoted to new concepts, including the application of
artificial metalloenzymes in the enantioselective sulfoxidation.

2.2. Isolated Enzymes
2.2.1. Peroxidases

Peroxidases constitute a heterogeneous group of redox
enzymes capable of catalyzing different oxidations utilizing
hydrogen peroxide or hydroperoxides as the oxygen
source.’”® These ubiquitous biocatalysts are found in animals,
plants, and microorganisms, and they are typically classified
into three groups: heme peroxidases, vanadium peroxidases,
and nonmetal peroxidases.*®” From the first class, horseradish
peroxidase (HRP) was the most thoroughly investigated;
other examples include lactoperoxidase, Coprinus cinereus
peroxidase (CiP), cytochrome ¢ peroxidase, or microperoxi-
dase-11 (the heme peptide obtained by digestion of cyto-
chrome ¢ with proteolytic enzymes).’”® Several aspects of
the utilization of peroxidases in the asymmetric sulfoxidation
were recently reviewed.*”3% HRP was first used for this
purpose by Colonna and co-workers.*® For methyl aryl
sulfides, they were able to reach up to 95% yield and 0—68%
ee ((S)-sulfoxide dominated), and even under optimal condi-
tions, the stereoselectivity of the reaction catalyzed by wild-
type enzyme remained moderate.>*® The stereoselectivity was
substantially improved (ee > 94%) by the replacement of
the phenylalanine-41 residue by smaller amino acids such
as leucine. 3%

Several other peroxidases have been recently tested in the
enantioselective sulfoxidation. In thioanisole oxidation cata-
lyzed by myeloperoxidase, stepwise addition of H,O, resulted
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in the maximal yield (78%) at pH = 5.0, while the best
stereoselectivity was reached at pH = 6.0 (ee = 32%).>°
The (R)-sulfoxide was formed preferentially, while another
enzyme from the family, manganese peroxidase, led to the
(S)-enantiomer with a very high ee (91% at pH = 5.0 and
87% at pH = 7.0), albeit in low yield (18% at pH = 5.0 and
36% at pH = 7.0).3%°

Lignin peroxidase from Phanerochaete chrysosporium was
tested in the oxidation of alkyl aryl sulfides by H,0,.>* The
results suggested that the reaction proceeded through a sulfide
radical cation which then formed the desired sulfoxide (up
to 98% yield) or a disulfide (up to 7%). The yield of sulfoxide
increased with an increase of the electron-donating properties
of the aryl ring substituent. This effect was, however,
accompanied by a decrease of the enantiomeric excess of
the sulfoxide; the highest value (62%, S configuration) was
observed for p-bromophenyl methyl sulfoxide.

The oxidation of several alkyl aryl sulfides by a recom-
binant pea cytosolic ascorbate peroxidase (rAPX) and its site-
directed mutant (W41A) was examined by Raven and co-
workers.*** For rAPX, essentially racemic mixtures were
formed, while the substitution of tryptophan 41 with an
alanine residue enhanced the ee up to 60%. These results
were correlated with modeling studies that used the known
crystal structure of rAPX. They showed that mutation opened
access of the substrate to the heme and changed the
conformation of the arginine 38 residue responsible for the
control of the substrate binding orientation.

Haloperoxidases, enzymes that are responsible for the
conversion of halide anions by hydrogen peroxide, were also
widely used in various oxidation reactions.’*>*¢ Heme-
containing chloroperoxidase (CPO), isolated from the marine
fungi Caldariomyces fumago, exhibited very high enantio-
selectivity and versatility in sulfoxidation reactions.8-37.3%
For instance, thioanisole was quantitatively converted to the
(R)-sulfoxide with 99% ee. Recently, CPO was used by
Holland’s group for the oxidation of methionine derivatives
with hydrogen peroxide.?*® Substituted L and D-methionine
and L-ethionine were converted to the corresponding (R)-
sulfoxides with de values ranging from 0 to 91%. S-Methyl-
and S-ethyl-L-cysteine derivatives were also oxidized to give
the (R)-products with 12—90% de.*®

Vanadium-containing peroxidases, although being more
stable than their heme counterparts, in most cases are not
readily available and exhibit low activities and a narrow
scope in enantioselective oxidations.>'*®° However, vanadium
chloroperoxidase (VCPO) from the fungus Curvularia inaequa-
lis and vanadium bromoperoxidases (VBPOs) from the
seaweeds Corallina pilulifera and Ascophyllum nodosum
were shown to oxidize thioanisole.*! While VCPO led to
racemic product, VBPO enzymes yielded the enantioenriched
sulfoxide with up to 91% ee (in the case of A. nodosum,
which gave mainly the (R)-enantiomer). Further optimization
of reaction conditions improved this value up to 96%.%?> The
authors also showed that the VBPO from Ascophyllum
nodosum remained active at temperatures up to 70 °C. VBPO
from Corallina officinalis was found to be effective in the
oxidation of bicyclic sulfides,*®® and it exhibited high
selectivity (over 95% ee) in the conversion of substrates with
a cis-carboxyl group.*™ For instance, (S)-2-methylsulfinyl-
benzoic acid was prepared with high enantiomeric purity,
which was retained (ee = 97%) after an increase of the
reaction scale.*® These encouraging results, however, did
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not lead to the wider use of vanadium-dependent peroxidases,
in contrast to the heme-dependent biocatalysts.

The possible industrial application of heme peroxidases
is, however, limited due to their relatively high price and
low stability. In general, these enzymes are not resistant to
elevated temperature and organic solvents, but the main
disadvantage is connected with the heme degradation caused
by peroxide used as the oxidant. Another problem is
connected with the catalase activity of CPO, which can be
responsible for the excessive consumption of peroxide.*0®
Methods of improving the catalytic performance of peroxi-
dases were reviewed by Sheldon et al.*®” In particular, the
enzyme turnover number can be increased by feed-on-
demand addition of hydrogen peroxide. Its concentration can
be maintained at a desired level using a peroxide—stat
system.*7 On the other hand, the optimization of the
performance of HRP in thioanisole oxidation (the S-sulfoxide
obtained with 100% yield and 60% ee) was achieved with
spectroscopic monitoring of the concentration of the enzyme
intermediates during the continuous addition of H,0,.%

With feed-on-demand methods, a local concentration of
peroxide at the point of addition can still be high. This
problem can be overcome by the in sifu generation of H,O,
by enzymatic*®*13 or electrochemical methods.*!4 416 A
commercially available, inexpensive glucose oxidase (GOX
or GOD) was used for this purpose.*®®4% Utilizing glucose
as a sacrificial reductant, this enzyme converts dioxygen into
hydrogen peroxide, which can then be utilized by a peroxi-
dase (Scheme 16). This tandem system was applied with
success for the oxidation of aryl methyl sulfides, leading
preferentially to (S)-sulfoxides (65—95% conversion, up to
90% ee).*” Plant peroxidase from C. cinereus (CiP) and
horseradish peroxidase was used in these transformations.
Other peroxidases, chloroperoxidase from C. fumago, soy-
bean peroxidase (SBP), and microperoxidase-11 as well as
phytase from Aspergillus ficuum, were coimmobilized with
GOX into polyuretane foam.*® These systems showed
increased operational stability and total turnover number in
the oxidation of thioanisole, with ee values reaching 99%
(CPO), 69% (phytase), and 50% (SBP) for (S)-sulfoxide. The
use of the bienzymatic GOX/CiP system was extended for
a group of heteroaryl-methyl sulfides.*!? Substrates bearing
electron-rich heterocycles were readily oxidized to form (S)-
sulfoxides (40—100% conversion, 41 to >99% ee), while
those containing electron-deficient rings were unreactive. The
tandem system worked well in an ionic liquid (1-butyl-3-
methylimidazolium hexafluorophosphate) containing 5—10%
of water.*!! Thioanisole and methyl-2-naphthyl sulfide were
oxidized with a stereoselectivity similar to that observed for
aqueous solutions (up to 92% ee for the latter substrate).

Other oxidases were also tested in tandem with CiP by
the Therisod group, includng D-amino acid oxidase (DAOx)
immobilized on a polymeric support, and alcohol oxidase
(AOX) with pL-alanine or methanol as a substrate, respec-
tively.*!1%413 Aryl methyl sulfides were efficiently converted
into S-oxidized products, with reasonable yields and ee’s.
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(8)-Thioanisole sulfoxide was also prepared on a gram scale
(86% yield, 75% ee for DAOx; 72% yield, 75% ee for
AOX).43

Hydrogen peroxide used in peroxidase-catalyzed oxidation
of sulfides can also be generated in situ by electrochemical
methods.*4~#1% This offers two main advantages over the
tandem systems: no side products are formed from the
reaction of the sacrificial reductant (e.g., gluconic acid formed
from glucose), and it is possible to control the rate of H,O,
production by applying the desired current and voltage. An
electroenzymatic sulfoxidation of thioanisole was performed
using chloroperoxidase from C. fumago and H,O, obtained
by cathodic reduction of dioxygen. A high enantiomeric
excess of (R)-methyl phenyl sulfoxide (>98.5%) was ob-
served.*'* The method was applied to three other substrates;
for methyl p-tolyl sulfide and methyl p-methoxyphenyl
sulfide, the ee values were equal to 93% and 99%, respec-
tively, while the N-MOC-L-methionine methyl ester was
oxidized with the diastereomeric ratio 81:19.*'> The use of
three-dimensional electrode and optimized reaction condi-
tions (10% (v/v) tert-butanol as a cosolvent) allowed the
thioanisole oxidation to be performed on a gram scale.*!®

A recent example of thioanisole oxidation with CPO from
C. Fumago involved in situ HyO, generation directly from
H, and O, using Pd(0) catalysts performed in supercritical
carbon dioxide.*!” The enzyme was found to be stable in
scCO,/H,0 biphasic media, and the optically enriched (R)-
sulfoxide was obtained with an ee up to 94%. Another
approach involved light-driven H,O, generation, using flavins
as photocatalysts and EDTA as sacrificial electron donor
(cosubstrate, Scheme 17).*'® Illumination of a solution
containing EDTA (8 mM), flavin mononucleotide (FMN, 80
uM), CPO (0.357 uM), and thioanisole (8§ mM) with a 250
W bulb resulted in the quantitative conversion of sulfide into
(R)-sulfoxide with ee > 99%. The enzyme remained active
for at least 7 h without loss of selectivity. The total turnover
number of CPO exceeded 22 000. The new method offered
several advantages over the previous approaches which
utilized specialized equipment or a second, costly enzyme.
The main problem was connected with the undesirable waste
products (formaldehyde, ethylene diamine) formed from
EDTA oxidation. When this sacrificial electron donor was
replaced by formate, the reaction enantioselectivity was
diminished to ee = 78%. This effect was attributed to the
interaction of formate with heme iron. Still, the photocatalytic
method of peroxide generation opens a new perspective for
the wider application of chloroperoxidase for the preparation
of nonracemic sulfoxides.
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2.2.2. Monooxygenases

Monooxygenases are defined as biocatalysts capable of
an efficient and selective insertion of one oxygen atom from
0O, to the substrate, while the other is reduced to water.38®
Different kinds of oxidative reactions are catalyzed by these
enzymes, with 7-bond epoxidations, carbon hydroxylations,
and heteroatom (N, S, P) oxidations being the most typical.
Several classes of monooxygenases are distinguished based
on the redox cofactor: cytochrome P450-dependent, flavin-
dependent, copper-dependent, and Fe-pterin enzymes.*"”
Under the physiological conditions, the enzyme prosthetic
group is regenerated in the catalytic cycle by NADH/
NADPH, and the necessity for the use of stoichiometric
amounts of this expensive cofactor complicates the applica-
tions of monooxygenases.*®® Another difficulty is connected
with the low stability of the isolated enzymes. These
problems can be overcome by using whole cells for the
monooxygenase-catalyzed reactions, since the living cells
provide the natural recycling systems. However, to avoid
the possibility of competing reactions that could lower the
yield and ee of the formed sulfoxide, the use of isolated
enzymes is preferred. Efficient coenzyme regeneration is
therefore necessary, and it is usually performed by the second
enzyme. The glucose-6-phosphate dehydrogenase (G6PDH)/
glucose-6-phosphate pair is commonly used (Scheme 18) and
can lead to a high rate of sulfide oxidations.*?* This system
can be replaced by alcohol dehydrogensase/2-propanol or
formate dehydrogenase/formate pairs.

As an interesting alternative, instead of using NADPH/
NADH for the flavin reduction, an organorhodium derivative
[Cp*Rh(bpy)H]" (357) was tested for this purpose.*?! This
hydride complex reduces the FAD cofactor and is regenerated
by formate or with the use of electrochemical methods.*?
Unfortunately, for all monooxygenases used, the 357/formate
system led to a drastic drop of enantioselectivity of sulfide
oxidation, suggesting that NADPH is also important for the
stereochemical outcome of the reaction by properly shaping
the active site of these enzymes. Recently, the possible use
of the rhodium complex for the regeneration of P450-
dependent monooxygenases was demonstrated, though a
racemic sulfoxide was formed in the process.*?
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In recent years, the application of flavin-dependent mo-
nooxygenases in enantioselective sulfoxidation has received
considerable attention. Since several flavoenzymes can
catalyze the Baeyer—Villiger oxidation of cyclic or acyclic
ketones, yielding chiral esters, these proteins are usually
termed Baeyer—Villiger monooxygenases (BVMOs). #4427
The widely investigated Baeyer—Villiger enzyme, cyclo-
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Table 3. Comparison of Stereochemical Outcomes of

BVMO-Catalyzed Sulfoxidations
. /Me
R—< >—S\\
6]

Me o, NAD(P)H
enzyme

sulfoxide, ee (conf)

enzyme R=H R = CH; ref
CHMO 37% (S) 99% (R) 428 and 429
HAPMO >99% (S) >99% (S) 433
EtaA 55% (S) 435
PAMO (WT) 44/41% (R) 10/6% (R) 436 and 438
M446G PAMO 93% (R) 92% (R) 439

hexanone monooxygenase (CHMO) from Acinetobacter sp.,
was used previously for the enantioselective oxidation of
various sulfides.*7#287430 Both whole-cell systems and the
isolated enzyme were applied for this purpose. CHMO can
now be produced on a large scale in Escherichia coli by
expressing the recombinant protein.*! While it exhibits
satisfactory activity and selectivity, CHMO suffers from the
limited stability and the need for NADPH regeneration. The
performance of isolated CHMO (cloned and overexpressed
in E. coli) was examined to improve enzyme stability and
reuse, and cofactor recycling.*? The half-life of CHMO was
increased from about 1 day to ca. 1 week by the addition of
1 M sodium sulfate, but the additive caused a moderate
decrease of enzyme activity. The stability of CHMO was
also improved by its immobilization (section 2.4.2).

In recent years, several novel flavoenzymes were isolated and
applied for the synthesis of chiral sulfoxides. 4-Hydroxyac-
etophenone monooxygenase (HAPMO) from Pseudomonas
fluorescens ACB was purified, characterized, and used in the
oxidation of a range of aromatic ketones.**? This enzyme was
also shown to accept thioanisole and methyl p-tolyl sulfide as
substrates, giving the corresponding (S)-sulfoxides with >99%
ee. 33 Several other alkyl aryl and dialkyl sulfides were also
converted into S-oxides with high enantioselectivity (51—99%)
and 31—96% conversion.*** The absolute configuration of the
main enantiomer was strongly dependent on the substrate
structure. In general, phenyl sulfides were found to be the best
substrates for the enzyme, which correlated with the structure
of its physiological substrate, acetophenone.

Another FAD-containing monooxygenase was found in
Mycobacterium tuberculosis, in which it is responsible for
the activation of thioamide prodrugs (e.g., ethionamide) used
to treat the infection.**> This specific protein, ethionamide
monooxygenase (EtaA), was also able to catalyze the
enantioselective sulfoxidation of methyl-p-tolyl sulfide,
yielding the S-product with 55% ee.

The recognition of the protein sequence motif common for
the known BVMOs allowed a new monooxygenase to be
identified in the thermophilic actinomycete Thermobifida fis-
ca.*® This biocatalyst, named phenylacetone monooxygenase
(PAMO), exhibited a remarkable thermostability and a tolerance
toward organic solvents,*’ making it an attractive candidate
for practical applications. Like other BVMOs, PAMO catalyzed
the sulfoxidation reaction; however, for alkyl phenyl sulfides,
the enantioselectivities were only low to moderate (see Table
3). Much better results (up to 98% ee) were obtained for the
benzylic sulfides (whose structure resembles the best enzyme
substrate, phenylacetone).**® In this case, the high stereoselec-
tivity was in part due to the kinetic resolution process, as PAMO
catalyzed the further oxidation of the corresponding sulfoxides
to sulfones. The substrate specificity was altered by site-directed
mutagenesis.*** Among several single, double, and triple
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mutants (their preparation was preceded by analysis of the
crystal structure of the enzyme**”), the M446G variant displayed
an increased enantioselectivity in the oxidation of phenyl sulfides
(Table 3), while for methyl benzyl sulfide the ee decreased from
98% to 59% (S-sulfoxide dominated for this substrate). A similar
stereoselectivity improvement in the conversion of thioanisole
derivatives was also observed when methanol was used as a
cosolvent in the wild-type PAMO oxidations.*

The term flavin-containing monooxidases (FMOs) is used
for a family of microsomal enzymes catalyzing O,- and
NADPH-dependent oxidation of many drugs and xenobiotics
containing heteroatoms.*!~#3 At least five isoforms of FMOs
were identified in numerous vertebrate species. FMO3 is the major
liver isoform in adult humans, and FMOL is the main form found
in the liver of most other mammals and the fetal liver.

FMO enzymes were shown to catalyze enantioselective
sulfoxidation reactions. For example, detergent-treated hepatic
microsomes from rainbow trout catalyzed the conversion of
different substrates, including methyl-p-tolyl sulfide (S-product
with 48% ee was obtained).*** Using liver microsomes from
various species, Elfarra and Krause showed that FMOs can
oxidize L-methionine.**! For cDNA-expressed rabbit and human
moooxygenases, FMO3 exhibited the highest activity and
stereoselectivity (90—100% of (S)-sulfoxide). Small peptides
containing methionine were also able to serve as FMO
substrates, but only if the Met amino group was not modified
or engaged in the peptide bond. Several FMO1 variants found
in humans were expressed in the baculovirus system and used
for the N- and S-oxidation.**? All mutants preserved their
catalytic activity and yielded (R)-methyl-p-tolyl sulfoxide and
(R)-fenthion sulfoxide (a product obtained from the common
insecticide fenthion 90) with >95% ee.

The involvement of FMOs in drug metabolism was
investigated by several groups.****> The oxidation of Sulin-
dac sulfide 358, a physiological metabolite of sulindac 97,
was performed by human liver and kidney microsomes, as
well as cDNA-expressed microsomes.** The metabolism of
this compound was entirely FMO-dependent, and the major
product, (R)-sulfoxide 97, was formed with up to 97% ee.
Similar results were obtained using isolated FMO1, FMO2,
and FMO3 enzymes, while FMOS5 lacked catalytic activity.

Albendazole (ABZ, 359) and fenbendazole (FBZ, 360) are
prochiral benzimidazole derivatives that are effective against
different parasitic worms.**> These compounds are converted
in vivo to the corresponding sulfoxides, which retain the
anthelmintic activity. The oxidation of ABZ and FBZ by
liver, lung, and intestinal microsomes from sheep and cattle
was described by Virkel and co-workers.** Inactivation and
inhibition experiments allowed the estimation of the contri-
bution of FMO and cytochrome P450 systems in the
sulfoxidation. These two enzymatic pathways showed dif-
ferent enantioselectivities, therefore limiting the observed ee
of the formed sulfoxides. The metabolism of ABZ and FBZ
and the distribution of the corresponding sulfoxide enanti-
omers in various species were widely investigated. 46447
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Toluene monooxygenases (TMOs) are soluble, non-heme
four-component enzymes catalyzing the hydroxylation of
toluene derivatives. Fishman and co-workers investigated the
ability of TMOs to selectively oxidize alkyl aryl sulfides,
using both wild-type enzymes and their variants obtained
by site-directed mutagenesis.*** Among the four biocatalysts
studied, toluene o-monooxygenase (TOM) from Burkholderia
cepacia G4 showed the highest oxidation rate for thioanisole
and methyl p-tolyl sulfide, leading to the (S)-sulfoxides with
51% ee and 11% ee, respectively. The stereoselectivity was
much higher for toluene 4-monooxygenase (T4MO) of
Pseudomonas mendocina KR1: 86% ee for thioanisole and
~42% ee for the p-tolyl derivative (in this case the
(R)-product dominated) were noted. By a screening of a
library of mutants, several variants of TOM and T4MO were
identified showing improved activity and selectivity (up to
98% ee) which the authors connected with the better
accessibility of the diiron center of the enzyme.

Casella and co-workers examined the possible use of
mushroom (Agaricus bisporus) tyrosinase (polyphenol oxi-
dase, Ty) in the enantioselective sulfoxidation.****° This
dicopper enzyme is strongly active toward phenolic sub-
strates, catalyzing their o-hydroxylation and the further
oxidation of o-diphenols to quinones by dioxygen. This
catalytic activity can be broadened by the use of a suitable
reducing agent, such as catechol (Scheme 19). The cosub-
strate converts tyrosinase to the deoxy form, which binds
O, with high affinity, and the resulting oxy-Ty is capable of
oxidizing thioanisole in a two-electron process. The observed
yield of (S)-sulfoxide was rather moderate (ca. 20%) due to
the fact that L-dopamine used as a reductant was also
competing with the sulfide in the catalytic reaction.*® The
enzyme inactivation by the quinones formed in the course
of the reaction was limited by adding an excess of ascorbate,
which allowed us to raise the ee of product up to 94%. Other
sulfide substrates were also tested; albeit, the yields were
rather unsatisfactory.*°

Various newly isolated monooxygenases exhibited high
efficiency in the oxidation of prochiral sulfides. The results
of catalytic reactions were found to be substrate-dependent.
Future works will probably concentrate on further modifica-
tions of reaction conditions and the structure of CHMO and
other enzymes of comparable activity and increased stability
(e.g., PAMO).

2.2.3. Other Enzymes and Nonenzymatic Proteins

The high activity and selectivity exhibited in sulfide
oxidation by heme enzymes (peroxidases and monooxyge-
nases) directed the biochemists’ attention to other hemopro-
teins, such as myoglobin, hemoglobin, or cytochrome ¢.*!
Though their natural, physiological role is nonenzymatic,
they all bear iron protoporphyrin IX as the prosthetic group,
which can be appropriately tuned to show peroxidase-like
activity. Myoglobin (Mb), normally responsible for the
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Table 4. Oxidation of Thioanisole by Sperm Whale Mb
Variants*2~458

variant rate (turnover/min) ee”
wild-type Mb 0.25 25
L29H 39 91
F43H 35 59
Ho4L 0.072 27
H64D 145 6
H64D/V6SA 121 84
H64D/V68S 64 88
H64D/V681 410 25
L29H/H64L 55 97
F43H/H64L 47 85

“The absolute configuration of the dominant isomer was R in each
case, except for the H64D/V68I Mb variant.

storage and transfer of molecular oxygen, catalyzes the one-
and two-electron oxidation of a variety of substrates by
peroxide. Since this protein was not tailored to exhibit such
oxidase activity, the oxidation rates are very low, and
thioanisole is converted into (R)-sulfoxide with rather modest
stereoselectivity (ee = 25%).%>*53 The effect can be con-
nected with a difference of the heme cavity of peroxidases
and myoglobin in which the access of potential substrates is
much more limited. To change this situation, an engineering
of the distal side of the heme pocket was performed by the
construction of several single and double sperm whale Mb
mutants.** Among them, L29H, L29H/H64L, and F43H/
H64L Mb variants showed a substantial increase of both rate
and enantiomeric excess in thioanisole oxidation (Table
4).4527458

Myoglobin mutants were tested in the oxidation of various
sulfides,*>* including bicyclic ones for which the (S)-
enantiomer was the dominant product. Two variants of
human Mb (C110A and Y103F) were also investigated to
establish the role of tyrosine-103 and cysteine-110 in the
peroxidase-like activity.* Casella and co-workers showed
the effect of nitrite on the oxidation of aromatic sulfides
catalyzed by horse heart Mb, sperm whale Mb, and their
mutated versions involving threonine-67.4%46! The enanti-
oselectivity and yields were improved, although they re-
mained below the values obtained for H64D/V68A or H64D/
V68S mutant proteins.

Another possible strategy of Mb modification, involving
the prosthetic group replacement, was also widely utilized
and is described in section 2.5.

The promising results obtained in the oxidations catalyzed
by modified Mb connected with the fact that, compared with
peroxidases, myoglobin is cheaper and more stable (the
problem of stability change caused by mutation was seldom
addressed*®) should lead to wider application of this
hemoprotein in the field of sulfoxide synthesis.

Interestingly, also several redox-innocent, ubiquitous
proteins which lack readily oxidizible/reducible functional-
ities can be used as catalysts in the enantioselective sulfoxi-
dation.*' While the oxidation of sulfides by hydrogen
peroxide in aqueous solution takes place without catalyst,
the possible substrate activation upon binding in the hydro-
phobic cavity and the chiral environment provided by the
protein may facilitate the reaction by improving its yield and
making the process stereoselective. Bovine and human serum
albumins (BSA, HSA) and hydrolytic enzymes (chymot-
rypsin, subtilisin Carlsberg) were described as catalysts of
the oxidations of various sulfides.*®>"4%> Recently, the mo-
nooxidation of model disulfides 361—363 with peroxides
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catalyzed by bovine serum albumin (BSA) was investigated
by Dzyuba and Klibanov.*®® The best results were achieved
for the most hydrophobic substrate 363. Interestingly, the
absolute configuration of the resulting sulfinate depended on
the oxidant used: the (S)-enantiomer for H,O,, and the (R)-
isomer in the case of TBHP dominated in the reaction
mixture. Another hydrophobic substrate, phenyl isobutyl
sulfide, was chosen as an appropriate candidate for the
o-chymotrypsin-mediated sulfoxidation with hydrogen per-
oxide.*% Its high affinity for the hydrophobic enzyme binding
site together with low solubility in water (further diminished
by addition of Na,SOj to the reaction medium), which reduced
the rate of noncatalytic oxidation, resulted in an accelerated and
highly stereoselective oxidation. The ratio of the initial rates of
the production of (S)- and (R)-sulfoxide was estimated as about
80, while, for another hydrolytic enzyme, subtilisin Carlsberg,
this ratio of initial rates was 4.5. Other sulfides exhibited much
worse results in the chymotrypsin-catalyzed reaction, and this
observation was explained by computer modeling studies
showing binding of substrates in the pocket and their acces-
sibility by the oxidant.*®’
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2.3. Whole-Cell Systems

Although a lot of the isolated enzymes exhibit high
chemo-, regio-, and enantioselectivity, in some cases,
removal of enzymes from their natural environment results
in the lowering of their activity, selectivity, and even
stability.*¢” This is particularly true for the membrane-bound
biocatalysts, which may lose their good catalytic properties
when isolated from the cell. Besides, some enzymes cooper-
ate with other biomolecules, cofactors, and can utilize
metabolites present in the cytoplasm (e.g., ATP, NAD(P)"/
NAD(P)H). Even if there are no such factors that may affect
the action of a purified enzyme, the use of whole cells can
be the method of choice because the isolation procedure can
be tedious and expensive.

However, a living cell (also dead, if such is used) presents
a complex system, making the nature of the real catalytic
species uncertain. Even in the cases in which the enzyme
engaged in the substrate conversion is well-established, its
activity can be modified by other compounds present in the
culture, and the desired product may be further metabolized.
For instance, the prolonged oxidation of sulfides by toluene
dioxygenase of Pseudomonas putida is accompanied by the
partial reduction catalyzed by a specific reductase (vide
infra).*6%*° A preliminary screening can be performed on
model substrates prior to system application for the more
demanding ones.*°

Another problem in whole-cell biocatalysis is connected
with a low reaction rate. The cell envelopes containing the
enzyme are not quite easily penetrated by the substrate
molecules, and this permeation barrier can limit the rate of
the catalytic process.

Taking into account the above-mentioned pros and cons,
the whole-cell systems are thoroughly examined for the
different biotransformations, including the enantioselective
sulfoxidation.*®” Bacteria, fungi, and yeasts are commonly
used because of their rapid growth and ease of handling. A
well-established DNA technology makes them readily avail-
able in sufficient quantities for preparative purposes. Less
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commonly, plant cells and organ cultures are also studied,*’!
with a special interest in microalgae, the fastest growing
plants.*”

In this section, the recent advances in the use of whole-
cell systems in the sulfide oxidation will be presented, starting
from those in which the oxidizing enzyme is known.

2.3.1. Identified Enzymes

2.3.1.1. Monooxygenases. The new bacterial species Rhodo-
coeccus erythropolis was previously applied in the biocata-
lytic desulfurization of fuels (conversion of dibenzothiophenes
to the corresponding sulfoxides). A version of this micro-
organism expressing the monooxygenase DszC was shown
to catalyze the stereoselective sulfoxidation of a variety of
sulfides.*”®> With only several exceptions, the yield of
sulfoxide was moderate to high, the sulfone formation was
negligible, and the predominant (R)-product was obtained
with a varying enantioselectivity. A comparative molecular
field analysis was applied for the prediction of the enantio-
meric excess of the reaction.*’*

Enantiopure (ee > 96%) aryl methyl sulfoxides prepared
with the recombinant strains of baker’s yeast (Saccharomyces
cerevisiae) and E. coli overexpressing CHMO were co-
valently bound to a mesoporous silica and used as hetero-
geneous catalysts for asymmetric allylation.*”> In general,
the monooxygenases and peroxidases were used as isolated
enzymes, in contrast to the situation with dioxygenases
described in the following section.

2.3.1.2. Dioxygenases. Dioxygenases are enzymes cata-
lyzing oxygenation reactions in which both atoms of dioxy-
gen are incorporated into the product.*’® These biocatalysts
are involved in the aerobic degradation of aromatic substrates
and are responsible for cis-dihydroxylation of arenes or
aromatic ring cleavage. Nevertheless, dioxygenases can also
catalyze single and tandem oxygenation of various substrates.
Typically, these enzymes contain three components: iron—
sulfur flavoprotein reductase, an iron—sulfur ferredoxin, and
an oxygenase bearing a mononuclear iron site. The complex
nature and cofactor dependence of dioxygenases are respon-
sible for the fact that in most cases whole cell oxidations
are performed. Two enzymes found in P. putida species,
toluene dioxygenase (TDO) and naphthalene dioxygenase
(NDO), were widely used for enantioselective sulfoxi-
dation.*””~*" With different strains of P. putida, UV4 (a TDO
source) or NCIMB 8859 (NDO-containing strain), a range
of substrates was converted to the corresponding sulfoxides
with high ee values. For certain substrates, the two enzymes
exhibited different stereochemical preferences. For instance,
for thioanisole oxidation with P. putida UV4, the (R)-
sulfoxide was formed with ee > 98%, while the NCIMB 8859
strain led to the (S)-product with 91% ee.*”

Boyd and co-workers showed that the oxidation of
substrates 364 bearing three possible reaction centers (alkyl
aryl sulfur, dialkyl sulfur, or arene ring) led preferentially
to the enantiopure (ee > 98%) alkyl aryl sulfoxides (365).43°
For the dialkyl sulfides containing an aromatic ring (292,
327, 366), TDO yielded mainly cis-dihydroxylated products.
However, the enantiopure diol sulfoxides resulting from the
substrate trioxygenations were also formed. Similar products
were also obtained in good yields in the prolonged biotrans-
formation (over 18 h) of alkyl aryl sulfides using whole cells
of P. putida UV4.*¥! The enantiopure sulfoxides were further
converted to the corresponding catechols 367 using the E.
coli narB strain.
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The competition between sulfoxidation and cis-dihydroxy-
lation reactions was further examined for the TDO-catalyzed
oxidation of monosubstituted thiophenes.**® For 2-substituted
derivatives, the heterocyclic sulfur atom was the preferred
oxidation site. The initially formed thiophene oxides dimer-
ized spontaneously to give disulfoxide products 368, which
were found to be racemic. However, their deoxygenation
catalyzed by a reductase enzyme present in the cell of P.
putida led to the corresponding monosulfoxides 369 with
3—=77% ee, which was due to the kinetic resolution.
Biotransformation of 3-substituted thiophenes yielded both
dihydroxylation and sulfoxidation products (e.g., a mono-
sulfoxide). For the substrates bearing a sulfur atom in the
acyclic 2-substituent, this additional center was preferentially
oxidized to give the corresponding monosulfoxides at
18—52% yield and up to =98% ee.**8
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TDO- and NDO-catalyzed oxidation of the series of methyl
aryl sulfides allowed both the cis-dihydroxylated and sulfur-
monooxidized products to be isolated.*®® In most cases, the
ee values for S-oxides were higher (=90%) for the NDO
enzyme. Further enantiomeric enrichment of methyl p-tolyl
sulfoxide was observed in the P. putida UV4 and was
assigned to the partial conversion of the (S) enantiomer to
the dihydroxysulfide. This observation served as additional
evidence of the activity of a stereoselective sulfoxide
reductase in P. putida UV4.

The biotransformation of methyl-o-bromophenyl sulfide
with E. coli-overexpressed toluene dioxygenase led to the
mixture of diol and (R)-sulfoxide in a ratio of 2.5:1, while
for the meta-substituted substrate the ratio changed to 1:18.4%
The authors explained this difference by the influence of
substitution on the substrate fit in the active site of the
dioxygenase.

Bicyclic substrates containing one or two sulfur atoms
were biotransformed to the corresponding monosulfoxides
using P. putida UV4 (yielding (R)-products) and P. putida
8859 (to (S)-products).*®® In several cases, the ee exceeded
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98%, but the yields were low, especially for the TDO-
catalyzed reactions. Boyd and co-workers thoroughly ex-
plored the transformations of various sulfides by dioxygenase-
expressing microorganisms. In general, the competitive
oxidation pathways resulted in moderate yields of the desired
sulfoxides, although the products of tandem oxidation may
also be of special interest.

2.3.1.3. Desaturases. Fatty acid desaturases constitute a
group of redox metalloenzymes engaged in lipid biosynthesis.
These membrane-bound or soluble proteins catalyze the
NADPH- and O,-dependent insertion of double bonds into
fatty acyl chains.*3* Their catalytic behavior can be, however,
much more diverse, including the enantioselective sulfoxi-
dation of thia derivatives.***> The possibility of sulfide
oxidation is utilized in the so-called thia test, which gives
insight into the mechanism of the enzymatic reaction,
showing the position of the initial attack of the diiron
cofactor.*®*%7 It was shown that, for an effective sulfoxi-
dation, the thia substrate should bear a sulfur atom in the
site at which the dehydrogenation reaction of the corre-
sponding fatty acyl analogue is initiated.****” The config-
uration of the product sulfoxide was found to be consistent
with the preference of pro-R hydrogen removal for the parent
enzymatic reaction. For example, only a 6-thia-derivative was
converted by the AS desaturase from Tetrahymena thermo-
phila into the (S)-sulfoxide 370 with 9% yield and >95%
ee.*8” The (S)-sulfoxide was also produced by A° desaturase-
catalyzed oxidation of the sulfide (whole cells of S. cerevisiae
were used in this experiment), but in this case the ee was
significantly lower (32%). This observation was rationalized
by the fact that the enzyme oxo-transfer activity is reduced
for substrates with the sulfur atom in a position different
than position 9 or 10.*834% The effect of substrate chain
length was investigated using a series of 9-thia fatty acid
methyl esters which were incubated with cultures of S.
cerevisiae.**® Acceptable levels of conversion (11—90%)
were observed for the derivatives possessing from 14 to 19
atoms in the chain. The C-16 product 371 was obtained on
a preparative scale (200 mg, 40% yield) and appeared to
contain almost pure (R)-sulfoxide (ca. 95% ee).*°
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The microalgae Chlorella vulgaris desaturating system was
also applied for the enantioselective sulfoxidation.*’! Methyl
6-, 7-, 12-, and 13-thiastearates were first converted intra-
cellularly by A°-desaturase to give products with a double
bond at C-9. These thiaoleoyl esters were found to be good
substrates for oleate A'2-desaturase, which oxidized 12- and
13-thiasubstituted derivatives into the corresponding sulfox-
ides with a high enantioselectivity (ee = 90%), while 6- and
7-thiaoleates were desaturated at the 12 position.

By a combination of chemical and enzymatic processes,
the synthesis of novel chiral sulfoxide-containing lipids and
phospholipids can be achieved.*° Still, the synthetic utility
of desaturases in the enantioselective sulfoxidation seems
to be rather limited by their substrate specificity.

2.3.2. Unknown Enzymes

A topsoil bacterium Pseudomonas frederiksbergensis was
tested for the very first time by Adam et al. in the oxidation
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of prochiral sulfides.*> For several aryl-methyl and cyclo-
hexyl methyl sulfides, a high enantiomeric excess of the (5)-
sulfoxide (70 to >99%) was observed, and unoptimized yields
were in the range 4—48%. Benzyl methyl sulfide and phenyl
isopropyl sulfide were barely consumed by the bacterium.
Surprisingly, the stereochemical outcomes for commercially
available P. frederiksbergensis DSM 13002 and a strain 33
isolated directly from the soil samples were different: the
latter led to R isomers with significantly lower ee (up to
89%).** This observation was explained by the possible
difference of the structure of the sulfoxidation enzymes,
whose nature, however, was not established. A new bacterial
strain (ECU0066) exhibiting the sulfide monooxygenase
activity was isolated from soil samples and identified as
Rhodococcus sp.*** Asymmetric oxidation of thioanisole
performed by this isolate led to the (S)-sulfoxide in 44%
yield and 99% ee; the high enantioselectivity was partially
due to the kinetic resolution. The stereochemical preference
suggested the action of an enzyme different from monooxy-
genase found in Rhodocoeccus erythropolis*’ (see section
2.3.1.1). Oxidation of seven other alkyl aryl sulfides yielded
S-oxides mostly as (S)-enantiomers, with yields ranging from
14 to 86% and ee’s equal to 17—97%.

About 650 strains comprising bacteria, fungi, yeasts, and
molds were tested for their potential of catalyzing the
formation of a proton pump inhibitor, rabeprazole (372) via
oxidation of the corresponding sulfide.*”> The highest activity
was exhibited by the newly isolated strain, the mold
Cunninghamella echinulata MK40. The product formation
was improved by adding 0.5% of detergent and 0.25%
glucose to the culture broth. The reaction led almost
exclusively to the (S)-enantiomer of the sulfoxide (>99% ee)
without any overoxidation to the sulfone. Interestingly, the
system exhibited a marked substrate specificity: simple
sulfides such as thioanisole, 4-methylthiophenol, or methion-
ine derivatives were not oxidized, and for other proton pump
inhibitors—omeprazole (1) and lansoprazole (143)—the con-
version was 49% and only 0.6% of rabeprazole formation,
respectively.
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Six white-rot Basidiomycetes fungi that promote the
biodegradation of lignin using nonspecific extracellular
peroxidases and laccases were examined as catalysts in the
oxidation of four alkyl phenyl sulfides.**® Whole cells in a
buffer solution were applied, resulting in 42—96% conversion
and 12 up to 299% ee (the (S)-product dominated in each
case) after 48 h. With expanding reaction time, the stereo-
selectivity increased due to kinetic resolution during the
oxidation of sulfoxides to the corresponding sulfones. Similar
behavior was observed previously for the oxidation of methyl
aryl or ethyl aryl sulfides using Aspergillus terreus CCT
3320, giving the best ee (=95%) after 96 h.*’

Alkyl aryl and dialkyl sulfides were treated with the
filamentous fungi Botrytis cinerea, Trichoderma viride, and
Eutypa lata.**® Only thioanisole and butyl phenyl sulfide were
converted to the desired sulfoxides, with the (§)-enantiomer
favored by B. cinerea, and the (R)-product favored by two
other fungi. The decrease of sulfoxide yield with time,
together with the increase of the enantiomeric excess (up to
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>95%) suggested that also in this case the stereoselectivity
is in part due the overoxidation of the minority sulfoxide to
sulfone.

Olivo and co-workers described a highly enantioselective
oxidation of benzhydrylsulfanyl acetic acid 373 performed
by the cultures of the fungus Beauveria bassiana.*® The
resulting sulfoxide was obtained in 89% yield and 99% ee
and was further amidated using the bacteria Bacillus niger
to give (S)-modafinil, (S)-2 (68% yield). Interestingly, a direct
oxidation of the appropriate amide by B. bassiana led to (R)-
modafinil in 67% yield, but with low stereoselectivity (ee =
22%).

373 374

Thioridazine 374, a neuroleptic drug containing a phe-
nothiazine ring, was subjected to sulfoxidation catalyzed by
12 different endophytic fungi.®®! Two sulfoxides (2-
sulfoxide and 5-sulfoxide) were formed, which are also
important metabolites of the drug. In general, the 2-oxidation
was faster and led preferentially to the (R) configuration of
the newly formed center.>®

Holland and co-workers used different fungi for the
bioconversion of substrates bearing both sulfide and carbonyl
functions into products containing two chiral centers.?>03
Here, 3-ketosulfides were incubated with Helminthosporium
sp. NRRL 4671, Mortierella isabellina ATCC 42613, and
Rhodococcus erythropolis IGTS8. M. isabelina was capable
of converting the widest range of substrates, giving yields
in the range of 3—75% and de values up to 90%. The main
products of type 307 had a (Sc, Rs) configuration, similar to
those obtained with Rhodococcus. In contrast, use of Hel-
minthosporium led to the hydroxysulfoxide bearing the (S)
configuration on the sulfur atom.’®

The microalgae Chlorella sorokiniana (Chlorella vulgaris)
were already mentioned because of the use of their desatu-
rating system.*! As a nondesaturase oxidation of certain
thiastearates had also been noticed, a series of alkyl aryl
sulfides and several prochiral dialkyl sulfides was tested as
the substrates for the 24-h incubation with the whole cells
of C. sorokiniana.*’* Indeed, these sulfides were converted
into the S-oxides with modest yields (1—67% conversion)
and ee’s (up to 58%). A reversed enantioselectivity was
observed between the alkyl aryl sulfides ((R)-sulfoxides were
preferentially formed) and dialkyl ones (S product). Based
on inhibition experiments, the participation of NADPH/H*-
dependent enzymes different from cytochrome P450 was
believed to be responsible for the observed transformations.

In the enantioselective sulfoxide preparations with whole
cells of bacteria, fungi, and algae, the diversity of oxidized
sulfides is particularly remarkable. The pronounced substrate
specifity exhibited by most systems suggests their restricted
applicability.

2.4. Modification of Reaction Conditions
2.4.1. Nonaqueous Media

Two important limitations hinder the biotechnological
applications of oxidative enzymes in the synthesis of chiral
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sulfoxides.* Many sulfides, including thioanisole, which is
commonly used as a model substrate, are sparingly soluble
in water. This phenomenon can be responsible for the
relatively low reaction rates observed for enzymatic sulfoxi-
dations. Moreover, the enantiomeric purity of the desired
product is sometimes lowered by the nonenzymatic (spon-
taneous) reaction of substrate with the oxidant (e.g., H,O,).

These problems can be at least in part overcome by simply
changing the reaction medium. It is now well established
that many enzymes retain their catalytic properties when
switching the solvent from water to an organic one.’%%7
Such a change has a great impact on a structure and stability
of a biocatalyst and on the catalytic action itself: the activity
and selectivity of the enzyme are significantly altered. The
stereochemical preference is strongly solvent dependent and
can even be reversed from one solvent to another.’® The
use of organic media instead of water leads to suppression
of undesired side reactions and increases the solubility of
hydrophobic reactants. Along with the ease of recovery of
some products and of insoluble biocatalyst, these advantages
make nonaqueous systems an attractive alternative for water-
conducted biotransformations.

Dai and Klibanov examined the sulfoxidation of thioani-
sole with hydrogen peroxide in several anhydrous organic
solvents. They found that the rate of spontaneous reaction
of these compounds is substantially lower than that in water
(from 80 to over 1000 times).’** For the sulfoxidation
catalyzed with horseradish peroxidase, the highest enzyme
activity (measured as the initial rate of product formation)
was observed in alcohols, and the selectivity was highest in
the branched alcohols, isopropanol and terz-butanol, as well
as in methanol. Other heme proteins were also checked for
their peroxidase reactivity in isopropyl alcohol. Soybean
peroxidase, myoglobin, hemoglobin, and cytochrome ¢ were
all more active and selective in isopropyl alcohol than in
water, but the improvement of their catalytic properties was
not fully satisfactory.® Later, it was shown that the higher
stereoselectivity can be achieved by the proper biocatalyst
preparation.’® 10 The colyophilization of horseradish per-
oxidase with certain excipients (lyoprotectants) led to an
increase of the ratio of the (S/R) formation rates. The best
results were observed for tris(hydroxymethyl)aminomethane
(Tris), which increased the stereoselectivity nearly 4 times
for the HRP-catalyzed oxidation of thioanisole with TBHP
performed in isopropanol.>® In another experiment, a series
of amino acids was colyophilized with HRP, and among
them, D-proline was found to cause the maximal increase of
the stereoselectivity of sulfoxidation in 2-propanol. A similar
beneficial effect was observed for the complexation of HRP
with hydrophobic hydroxamic acids.’!! In this case, however,
the formation of both enantiomeric products is strongly
inhibited, with the more pronounced effect found for the (R)-
sulfoxide.

To increase the solubility of substrates, the thioanisole
oxidation with hydrogen peroxide catalyzed by chloroper-
oxidase (CPO) from C. fumago was performed in aqueous
solutions containing short-chain polyethylene glycols.”'> A
complete enantioselective conversion (ee = 99%) to the (R)-
sulfoxide was noted in the presence of PEG 200 and
tri(ethylene glycol). In addition, the enzyme retained more
of its initial activity, as it was protected from denaturation
with HzOz_

Seven different hydrophilic ionic liquids were tested as
cosolvents in the CPO-catalyzed sulfoxidation of thioani-
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sole.>!® For three of them, 1,3-dimethylimidazolium dim-
ethylphosphate, cholinium acetate, and cholinium citrate, all
mixed with aqueous citrate buffer (1:1 v/v), it was possible
to obtain (R)-sulfoxide in yields reaching 74% and high
stereoselectivity (ee > 99%).

A comparison of the HRP-catalyzed thiosulfination of two
disulfides 361 and 363 with hydrogen peroxide in aqueous
and in methanolic solution showed that the use of alcohol
increased the reaction rate.*® This effect was, however,
accompanied by a considerable lowering of stereoselectivity.
Sulfide oxidations by three isolated Baeyer—Villiger monooxy-
genases, PAMO, HAPMO, and EtaA in water containing
30% of organic cosolvent, were also investigated.*” While
the activity of all enzymes was generally lower than that in
buffer alone, the enantioselectivity of thioanisole conversion
by PAMO and EtaA substantially increased when the reaction
was conducted in methanol—water solution (ee changed from
43 to 89% and from 33 to 84%, respectively). For the other
substrates tested, a similar effect of methanol addition was
found, and for ethyl phenyl and propyl phenyl sulfides, this
was accompanied by the change of the stereochemical
preference of PAMO from (S)- to (R)-sulfoxide.

In some cases, the enzyme action can be improved by an
appropriate modification which increases its activity in
organic solvents.’®® Both chemical and genetic ways of
biocatalyst optimization can be utilized. For instance, using
random mutagenesis, Sheldon and co-workers achieved a 3.4-
fold increase of the catalytic activity of chloroperoxidase in
40% aqueous tert-butanol.’'* The use of mixed water—organic
solvents as media for enzymatic sulfoxidation should no
longer be considered as an exotic idea, but rather as a useful
means of tuning the course and effect of the catalytic reaction
worth testing.

2.4.2. Enzyme Immobilization

The low operational stability of biocatalysts hampers their
widespread application for industrially relevant chemical
transformations, which may require quite “unnatural” condi-
tions, such as elevated temperature or the use of organic
solvents. Enzyme immobilization can serve as a suitable
method of improving the robustness of the bioactive species.
Attached to a support which provides the protecting environ-
ment, the biocatalysts are less prone to thermal and/or
microbial degradation. For example, horseradish peroxidase
fused with a cellulose-binding domain and bound to cellulose
beads exhibited an increased half-life in buffer solution, and
greater stability to organic solvents and elevated tempera-
ture.>

In addition, such an environment can have a beneficial
influence on the partition of substrates and products, and it
offers the possibility of enzyme recyclability. A biocatalyst
can be recovered by centrifugation or filtration, hopefully
without losing a significant amount of activity. Immobiliza-
tion may improve the enzymatic activity by separating the
biomolecules, which in some cases have a tendency to
aggregate, especially when lyophilized enzyme powders are
used in organic solvents.>!® On the other hand, the improper
size of the pores and channels of the support used may cause
limited access of substrates to the active sites of immobilized
biocatalysts. This would imply a lower activity of the
enzyme. This problem can be solved by using a material
with a well-defined channel network, e.g. a mesocellular
silicate applied for the immobilization of chloroperoxidase.’!?
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Various techniques were used for the immobilization of
biomolecules in inorganic and organic matrices, including
chemisorption, encapsulation, covalent anchoring, and cross-
linking. Among other methods, the sol—gel enzyme encap-
sulation received considerable attention due to the relative
simplicity of the entrapment methods. Sol—gel matrices are
prepared by hydrolytic polymerization of silicon alkoxide
precursors under mild conditions. These silicon oxide glasses
exhibit high chemical, mechanical, and thermal stability.
Various enzymes were entrapped using this technique,
showing an increased resistance to degradation and, in some
cases, a considerably higher activity than that of nonimmo-
bilized systems.’!6

Ferrer and co-workers studied the effect of horseradish
peroxidase encapsulation by the sol—gel method on the
catalytic activity of this enzyme in the asymmetric oxidation
of thioanisole with H,0,.>'® For the reaction conducted in
acetonitrile, they observed an increase of HRP stability (as
measured by the value of the total turnover number), activity,
and chemo- and stereoselectivity. (S)-Sulfoxide was obtained
with 31% ee; this value can be compared with 11—15%
obtained for free HRP. The stereoselectivity was further
enhanced with the use of the tandem glucose oxidase—horse-
radish peroxidase system (56% ee).>'® In contrast, a reverse
trend was observed for the oxidation of thioanisole and its
para-substituted derivatives performed in the aqueous buffer
solution.’!® A significant drop of the enantiomeric excess of
dissolved HRP (91% at 22 °C, and 86% at 40 °C) after
encapsulation (68% at 22 °C, and 43% at 40 °C) was noted,
while the yield remained essentially the same. These
observations were rationalized by the fact that silica gel itself
catalyzes a nonenantioselective oxidation of sulfides, and this
background reaction lowered the ee of the desired product.®'®
However, this effect can be reduced by a careful selection
of reaction conditions.’'$

Kadnikova and Kosti¢ reported a comparison of the
catalytic properties of microperoxidase-11 in solution and
immobilized with various techniques.’® Encapsulation, phy-
sisorption, chemisorption, or covalent attachment of the
enzyme resulted in the increase of the yield of the sulfoxi-
dation of thioanisole from 15% (free MP-11) to even 95%.
However, in each case, the immobilization was connected
with the lowering of enantioselectivity: the ee values did not
exceed 30%, while for free enzyme in solution the (S)-
sulfoxide with 36% ee was obtained. With the exception of
the encapsulated species, the enzyme was recycled without
a significant drop in activity, at least in the second cycle.

The immobilization of chloroperoxidase in a polyurethane
foam was reported by Sheldon et al.*°33'* The supported
enzyme mediated the oxidation of thioanisole to (R)-sulfoxide
by H,O, performed in 50% aqueous fert-butanol or by TBHP
in isooctane saturated with water with ee exceeding 99%.3'*
Coimmobilization of CPO with glucose oxidase into PUR
foams resulted in a tandem heterogeneous catalyst efficient
in enantioselective sulfoxidation of thioanisole by hydrogen
peroxide generated from glucose and 0,.*% In this case,
100% conversion with 99% ee and the increase of enzyme
stability were reached. Also the catalytic performances of
two other peroxidases, phytase and soybean peroxidase, were
significantly improved by a similar procedure (increase of
ee from 24 to 69%, and from 0 to 50%, respectively).*’®
Chloroperoxidase was also encapsulated in xerogels and used
as a catalyst in the oxidation of different aryl methyl sulfides,
yielding 40—85% conversion and >99% ee.>?! The catalyst
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could be recycled up to four times without a significant loss
of activity. Encapsulation of CPO in nanosized polymer-
somes assembled from polystyrene-b-poly(L-isocyanoala-
nine(2-thiophene-3-yl-ethyl)amide) resulted in a 50-fold
increase of the enzyme concentration.’??> Consequently, the
immobilized chloroperoxidase retained its high activity in
the oxidation of thioanisole with high ee (99%). The kinetic
studies indicated that the substrate molecules readily pen-
etrated the membrane of nanoreactors; more bulky sulfides,
however, were not examined in the study. In a recent
contribution, Li and co-workers demonstrated the preparation
of CPO-coated magnetic nanoparticles containing an iron
oxide core and a polymer shell.’>* The resulting nanobio-
catalyst, applied for the oxidation of thioanisole with H,O,,
exhibited activity and enantioselectivity comparable to those
of free enzyme (ee > 99%). In addition, it could be simply
recovered with the external magnetic field and retained its
activity after 11 cycles.

Coimmobilization of cyclohexanone monooxygenase with
alcohol dehydrogenase (used for NADPH regeneration) into
Eupergit C allowed the system to be used for up to 16 cycles
with a complete conversion of thioanisole into (R)-sulfox-
ide.*® Whole cells used for sulfide oxidation can be
immobilized as well.*’* In order to improve the process of
transformation of aryl methyl sulfides using Aspergillus
terreus, chrysotile and cellulose/TiO, were tested as the
support.*” The immobilized cells retained their catalytic
activity, even after 3 months of storage. Scanning electron
microscopy showed that the cells were intertwined with the
support fibers, providing the ease of their separation from
the reactants and its further reuse.

The immobilization of biocatalysts can be regarded as an
important method for overcoming their sensitivity, which is
one of the factors limiting possible applications. The most
attractive modifications ensure the increase of enzyme
durability without the loss of activity and stereoselectivity,
at least during the oxidation of model substrates.

2.5. New Developments. Artificial Metalloenzymes

As can be seen from the previous section, significant
performance improvements of the naturally occurring bio-
catalysts can be achieved by the proper modification of
reaction conditions. However, protein engineering remains
the principal method of construction of refined enzymes for
chemical production.”® In the field of enantioselective
sulfoxidation, different variants of peroxidases,***!* mono-
oxygenases,?>*2#8 and, in particular, myoglobins,*2~46!
constructed using site-directed mutagenesis, exhibited sig-
nificantly altered catalytic activity, stereoselectivity, and
substrate specificity. Typically, the site of modification is
planned on the basis of the available structural data concern-
ing the active site of the enzyme. Another approach utilizes
the random mutagenesis and screening of the large library
of modified proteins for the enzymatic activity. In most cases,
the mutations appear far from the active site of the biocata-
lyst, but they may change its thermal stability or tolerance
toward organic solvents.’”> The chosen enzyme variants can
be subjected to the subsequent mutation cycle, leading to
the next generation of modified biocatalysts, which are again
tested for the desired property (activity, selectivity, and
stability). This idea of directed evolution, originally intro-
duced in 1997 by Reetz and co-workers,’® was applied in
the optimization of various enzymes,*?’?® including oxidiz-
ing ones such as peroxidases®® or monooxygenases.’** In
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2003, this approach was applied to the engineering of flavin
monooxygenases that were used as sulfoxidation catalysts.
Mutants that exhibited higher activity and the retained high
enantioselectivity of the original wild-type rabbit FMO1
enzyme were identified. 3! Reetz and co-workers chose the
cyclohexanone monooxygenase from Acinetobacter sp. NCI-
MB 9871 for the optimization procedure.’*> The wild-type
enzyme, applied to the oxidation of the p-methylbenzyl
methyl sulfide, led to the (R)-sulfoxide in 75% yield but only
14% ee. By screening of the 10 000-membered library, five
mutants (two (R)- and three (S)-selective) that yielded ee
values higher than 95% were identified. The high enanti-
oselectivity was connected with the stereoconvergent kinetic
resolution, which led to the formation of 5.6—26.6% of
sulfone. To reduce this amount, a second evolutionary step
was performed. A CHMO variant was identified with seven
amino acid exchanges as compared with the wild-type
enzyme, which catalyzed the (S)-sulfoxide formation in
99.8% ee and led to negligible (<5%) sulfone production.
These results confirmed the utility of directed evolution to
the improvement of enzymes used in stereoselective
sulfoxidation.

Besides amino acid substitution, the new biocatalysts can
be constructed via the covalent modification of existing
proteins®* or by introduction of various cofactors that may
substantially change the enzymatic activity or even create it
ex nihilo.*%33353* The most promising results were obtained
with the use of metal complexes attached to the protein hosts
by covalent or coordination bonds, as well as using supramo-
lecular anchoring.®%3%37337 Such hybrid catalysts or artificial
metalloenzymes could in principle inherit the important and
desired features of biocatalysts (well-defined chiral environ-
ment, large chemo- and regioselectivity, mild reaction
conditions) and homogeneous catalysts (large substrate scope
and reaction repertoire, access to both enantiomers of
product), hopefully without sharing their shortcomings.
Actually, since the pioneering research of Kaiser’*® and
Whitesides,™ many research groups designed numerous
hybrid catalysts that appeared effective in various types of
transformations, including reactions unavailable by “ordi-
nary” biocatalysts.3

The concept of artificial metalloenzymes was also applied
for the preparation of nonracemic sulfoxides. Sheldon and
co-workers, exploiting the similarity of the active site
structures of vanadium haloperoxidases and phytase (myo-
inositol-hexakisphosphate 3-phosphohydrolase), incorporated
different oxoanions (MoO.>~, SeO,>", VO,~, WO,
ReO,") into this enzyme isolated from Aspergillus ficuum,
Aspergillus fumigatus, and Aspergillus nidulans >>*>0~>*> The
resulting semisynthetic peroxidase catalyzed the oxidation
of thioanisole with hydrogen peroxide, yielding the (S)-
sulfoxide with up to 55% ee, as observed for vanadate anion.
Other vanadium-incorporated hydrolases (acid phosphatase,
sulfatase) and other proteins (albumin, apoferritin) exhibited
lower stereoselectivity. The selected catalyst was applied to
the oxidation of various alkyl aryl sulfides, for which the
corresponding (S)-sulfoxides were obtained with 28—65%
ee. Vanadate-substituted phytase, immobilized by forming
a cross-linked enzyme aggregate (CLEA), retained its activity
and stereoselectivity and could be recycled at least three
times.’*? Wever and co-workers demonstrated that vanadate-
incorporated acid phosphatases from Shigella flexneri and
Salmonella enterica ser. typhimurium expressed in E. coli
catalyzed the enantioselective oxidation of thioanisole as
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well.>*® The enzymes led to the opposite enantiomers of
methyl phenyl sulfoxide with ee’s in the range of 36—57%.
On the other hand, the replacement of the zinc cation in the
active site of thermolysin supported on Eupergit C by
molybdenate or selenate anions did not result in peroxidase-
like activity.>** Only the incorporation of the tungstate(VI)
anion WO,?~ yielded a moderately active catalyst capable
of thioanisole conversion into the racemic product.

Ward and co-workers incorporated vanadyl ion, VOZ?*, into
a biotin binding site of streptavidin.’*> The resulting hybrid
catalyst appeared effective in the oxidation of methyl aryl
sulfides and methyl cyclohexyl sulfide with TBHP, yielding
(R)-sulfoxides of 46—93% ee (with the highest value
obtained for the bulky methyl 2-naphthyl sulfide). Evidence
provided by EPR measurements, mutagenesis studies, and
computer docking simulation allowed identification of the
residues responsible for vanadyl binding. On the basis of
the structural model, a chimeric straptavidin bearing the
fragment of avidin was prepared that preserved the vanadyl
binding ability. The novel metalloenzyme exhibited enhanced
stereoselectivity in the oxidation of thioanisole (60% ee) and
cyclohexyl methyl sulfide (90% ee). The high affinity of
streptavidin for biotin was recently applied to the construction
of new sulfoxidation catalysts.’*® The biotinylated manga-
nese(Ill) salen complexes 375 combined with several Sav
mutants were only moderately active in the H,O, conversion
of thioanisole with a maximum ee value of 13%.

o#”?s S_Z

=N, N=
MA-Cl

+-Bu o o t-Bu
t-Bu {-Bu

375

As described in section 2.2.3, serum albumins can catalyze
the enantioselective sulfoxidation processes.*02 464466 A
significant improvement of their performance was achieved
by Mahammed and Gross, who utilized the ability of these
proteins to bind different guest molecules.>*” They used
iron(IT) and manganese(IIl) complexes of amphiphilic bis-
sulfonated corrole 376, which were shown to form 1:1
conjugates with different albumins (human, bovine, porcine,
sheep, and rabbit serum albumins were tested). These
artificial metalloenzymes catalyzed the enantioselective sul-
foxidation of thioanisole derivatives and produced ee’s up
to 74%. The Mn complexes exhibited higher activity,
selectivity, and stability of the catalyst as compared with
their Fe analogs. lodosylbenzene and hydrogen peroxide were
used as oxidants, with the latter resulting in lower sulfoxide
yields but also in higher enantioselectivity. The recent report
on the incorporation of Mn(III) salen complexes into HSA
showed the ability of these assemblies to catalyze the
oxidation of thioanisole by NaOCI with a high chemoselec-
tivity, but only racemic sulfoxide was formed.>*

The use of site-directed mutagenesis for the design of
myoglobins as catalysts for enantioselective sulfoxidations
was described in section 2.2.3. In addition, heme, the
prosthetic group of Mb, can be replaced by another metal-
loporphyrin or by a quite different complex. Hayashi and
co-workers reported an enhancement of the peroxidase
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activity of horse heart Mb caused by modification of heme-
propionate side chains.™* Similarly, an iron complex of
porphycene, a porphyrin isomer, caused a 5-fold acceleration
of thioanisole oxidation as compared with wild-type Mb.>
Unfortunately, the stereochemical outcome of these reactions
was not discussed. Watanabe et al. described the use of
achiral Cr(IIT) or Mn(III) Schiff bases 377 in the myoglobin-
catalyzed sulfoxidations.”'™>>* The unsatisfactory result
obtained for thioanisole conversion with hydrogen peroxide
and the conjugate of a chromium complex with a wild-type
Mb (4.3% ee) prompted the authors to modify the structure
of the binding pocket. Mutants were prepared with an
increased access of substrate and oxidant to the metal ion,
which resulted in an improvement of the ee value up to
13%.%" Further modifications were supported by analysis of
the crystal structures of the artificial metalloproteins.®*>>® The
Schiff base Mn(III) and Cr(IIT) complexes 378 were obtained
in which the phenylenediamine unit was substituted with
ethylenediamine. This alteration resulted in an additional
increase of the protein cavity and raised the enantiomeric excess
up to 33%.353 Interestingly, both enantiomers of the sulfoxide
could be prepared with the use of either a Cr(IIl) or a Mn(III)
complex.

CeFs

C6F5 C6F5

SOzH
HO3S

376

_N
: MIII :
M=Cr, Mn
378 R = Me, Et, Pr

Watanabe’s Schiff base complexes were held in the heme
cavity by a coordination bond with a proximal histidine
residue.>>%3 A covalent anchoring strategy was applied by
Lu and co-workers, who prepared a Mn(salen) complex
bearing methane thiosulfonate groups, 379.3% This compound
was attached to one or two cysteine residues which were
introduced into apoMb in the positions selected on the basis
of computer modeling studies. The resulting hybrid catalysts
were tested in the oxidation of thioanisole with aqueous
hydrogen peroxide. An ee of 12.3% was observed for the
Y 103C mutant, providing a single-point binding, while the
dual covalent attachment possible for L72C/Y103C and
T39C/L72C variants resulted in a significant increase of both
the reaction rate and the enantioselectivity (51% and 60%
ee, respectively).>>>% The polar and proton-donating envi-
ronment surrounding the manganese cofactor was shown to
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be critical for enhancing its reactivity and chemoselectivity
(no sulfone was detected for the T39C/L72C mutant).>® The
modulation of reactivity caused by an additional H64X
mutation (X = R, F) proved the crucial role of distal axial
histidine engaged in activation of a H,O, molecule.?’

379

Hemoabzymes, catalytic antibodies with a metalloporphy-
rin cofactor,’® were also appropriately modified for use in
enantioselective sulfoxidation. A tin porphyrin hapten with
an o-naphthoxy axial ligand was applied by Nimri and
Keinan to raise a monoclonal antibody capable of specific
binding of ruthenium porphyrin.** The resulting assembly
catalyzed the transformation of alkyl aryl sulfides with
iodosylbenzene, yielding (S)-sulfoxides with ee’s ranging
from 20 to 43% (the latter value relates to thioanisole
oxidation). A slightly higher enantiomeric excess (45% of
(R)-methyl phenyl sulfoxide) was obtained by Mahy and co-
workers with the 3A3 antibody—microperoxidase 8 (MP8)
conjugate that was used for the sulfide oxidation with H,O,
conducted with the addition of 5% fert-butanol as cosol-
vent.®® The use of MP8 alone led to a racemic product with
a significantly lowered yield (23% vs 49%). This effect was
connected with the protection of microperoxidase from degra-
dation provided by antibody, which also provided a chiral
environment that contributed to enantioselection. Similar effects
were observed for a new iron porphyrin—estradiol conjugate,
380, associated with an antiestradiol antibody 7A3.%°' The
antibody not only prevented the cofactor from self-oxidation
but also led to a nonnegligible enantioselectivity of the
thioanisole oxidation by H,O, (8% excess of S-sulfoxide).
Mahy and co-workers prepared another artificial metallo-
protein using a thermoresistant xylanase A, a protein of
global positive charge and a wide enough active site to
accommodate metalloporphyrins that possess negatively
charged substituents.’®> A conjugate with (meso-tetra(p-
carboxyphenyl)porphyrinato)iron(Ill), 381, catalyzed the
oxidation of thioanisole with H,O, in 24% yield and 36%
ee; the addition of imidazole improved these values to 85%
and 40%, respectively, and resulted in the 3.5-fold increase
of the turnover number of the catalyst. These results remain
the best achievements obtained with hybrid catalyst contain-
ing an iron complex.

380



4348 Chemical Reviews, 2010, Vol. 110, No. 7

381

As could be seen from these examples, both chemical
(cofactor modification) and genetic methods (mutations) were
applied for the optimization of artificial metalloenzymes.
Quite recently, their improvement via directed evolution was
also described.’®*>%* As for now, the performance of these
biocatalysts is inferior to that of the “classical” ones. In spite
of this fact and the relatively high cost, which both preclude
the direct practical application of hybrid catalysts, it is
believed that they will be eventually applied in the pharma-
ceutical industry.>%

2.6. Perspectives

The biological oxidations described in section 2 illustrate
well the typical features of biocatalysts used for the prepara-
tion of chiral sulfoxides: high activity and chemo- and
stereoselectivity connected with relatively low stability.
Moreover, as part of new systems was only tested using
thioanisole as a model sulfide, also their substrate scope
remains unknown. However, significant progress has been
made toward relatively cheap, versatile, and robust biocata-
lysts, including such approaches as enzyme immobilization,
the use of mixed water—organic solvents, or construction
of hybrid systems. Various research groups have explored
the possibility of controlling the enzymatic activity via site-
directed mutagenesis, which is more and more often associ-
ated with computer simulation based on the known structure
of the active site (docking experiments). The relatively new
concept of rational de novo design of biocatalysts has
recently attracted considerable attention.***>%7 The possibility
of the construction of a polypeptide with a more or less
predicted structure that is tailored to perform the desired
chemical transformation has not been, as far as we know,
applied to the preparation of new sulfoxidation catalysts.
However, new strategies should play an increasing role in
the search for high-performance biocatalysts with potential
application in the synthesis of nonracemic sulfoxides.

3. Conclusions

The great number of contributions published by numerous
groups in the years 2000—2009 proves the unabated interest
in the synthesis of nonracemic sulfoxides. Now, the chemist
intending to prepare a new compound of this kind would
face the embarras de richesses, having numerous synthetic
methods at his or her disposal. Certainly, the choice of the
appropriate procedure would be primarily dependent on
personal laboratory experience. In most cases, a simple
method using commercially available reagents would be
preferred, especially when the sulfoxide is not a final
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Table 5. New Approaches to the Synthesis of Esomeprazole 1
via Oxidation of Sulfide 92

oxidation system

yield (%) ee (%) ref

40 (94) 24
>04 (>99.5) 24

oxaziridine 85 78
Ti(O-iPr),/(S,S)-DET/CHP/ 64
Hiinig’s base

Ti(O-iPr)4/(S,S)-DET/CHP/ 78 97 156 and 157
Hiinig’s base
Ti(O-iPr),/(S,S)-DET/CHP/ 72 >99.5 163
(R)-101
Ti(O-iPr),/163/TBHP 92 96 244
Ti(O-iPr),+/166/CHP 72 76 246
30-MnBF,/PhIO 58 69 305

“ After recrystallization.

Table 6. Syntheses of Modafinil 2 zia Oxidation of the
Corresponding Sulfide

oxidation system yield (%) ee (%)  ref

Ti(O-iPr)4/(S,S)-DET/CHP/Hiinig’s base 88.4 >09.8 (R) 25

oxaziridine 16, CCly 66 60 (S) 155
oxaziridine 16, [bmim][PF4] 91 73 55 (S) 155
[VO(acac),]/Schiff base (S5)-192/H,0, 45 12 (R) 155
Fe(acac);/Schiff base (S)-192/H,0, 10 15(R) 155
30-MnCI/H,0, 40 18 (S) 155
Beauveria bassiana cultures 67 22 (R)" 499

“ (S)-Isomer prepared in >99% ee via oxidation of sulfide 373 and
its amidation.*”

Table 7. Preparations of Sulindac (R)-97

synthetic method ee (%) ref

oxidation of sulfide 98 with Ti(O-iPr),/ 91 159
(8.5)-DET/CHP, followed by 3 synthetic steps

oxidation with Ti(O-iPr)./(S,S)-HB/ 94—96 179
TBHP, followed by hydrolysis of esters 121

oxidation of 358 with Fe(acac)s/Schiff base 58 313
(8)-192/H,0,

oxidation of 358 with Fe(acac);/Schiff base 92 313

(5)-192/H,0, with the addition of
4-methoxybenzoic acid

oxidation of 358 with microsomes up to 97 444

synthetic goal. For the preparation of a series of compounds,
a more versatile route accepting various substrates would
be sought, while a more sophisticated technique can be
applied for the preparation of one particular sulfoxide. In
any case, several methods should be tested, as their utility
for the specific, desired compound can be predicted only to
a limited extent. And making the choice is only half of the
way. The careful adjustment of the reaction conditions is
then necessary to optimize the yield and the stereochemical
outcome.

The comparison of methods used for the preparation of
physiologically active sulfoxides is presented in Tables 5—7.
The data for these compounds suggest a particular effective-
ness of titanium reagents. This is mostly because much effort
has been made to work out the optimized conditions under
which these complexes could be applied, even on an
industrial scale.?2724%8 Nevertheless, we wish to stress that
no synthetic method can be considered to be really universal.
Each one has its advantages and disadvantages, especially
when various aspects (not only the yield and stereoselectivity
of the process) are taken into account. Accordingly, many
challenges remain, and one can await further developments
in the field of nonracemic sulfoxide synthesis.
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4. Abbreviations

ABZ albendazole

acac acetylacetonate

AOX alcohol oxidase

BINOL 1,1'-bi-2-naphthol

Bn benzyl, C¢HsCH,—

Boc tert-butoxycarbonyl

bpy 2,2'-bipyridyl

BSA bovine serum albumin

Bu n-butyl, C4Hy

BVMOs Baeyer—Villiger monooxygenases

Cbz benzyloxycarbonyl

CD circular dichroism

a-CD a-cyclodextrin

CHMO cyclohexanone monooxygenase

CHP cumyl hydroperoxide

CiP Coprinus cinereus peroxidase

Cp cyclopentadienyl

Cp* 1,2,3,4,5-pentamethylcyclopentadienyl

CPO chloroperoxidase

DAG diacetone-D-glucose

DAOx D-amino acid oxidase

de diastereomeric excess

DET diethyl tartrate

(DHQ),PHAL hydroquinine 1,4-phthalazinediyl diether

(DHQD),PHAL hydroquinidine 1,4-phthalazinediyl diether

(DHQ),PYR  hydroquinine 2,5-diphenyl-4,6-pyrimidinediyl di-
ether

(DHQD),PYR hydroquinidine-2,5-diphenyl-4,6-pyrimidinediyl di-
ether

DIBAL-H diisobutylaluminium hydride

DMDO dimethyl dioxirane

DMSO dimethyl sulfoxide

ee enantiomeric excess

EDTA ethylenediaminetetraacetate

Et ethyl, C2H5

EtaA ethionamide monooxygenase

FBZ fenbendazole

FMN flavin mononucleotide

FMO flavin-containing monooxidase

G6PDH glucose-6-phosphate dehyhdrogenase

GOX glucose oxidase

HAPMO 4-hydroxyacetophenone monooxygenase

HB hydrobenzoin, 1,2-diphenyl-1,2-ethanediol

HRP horseradish peroxidase

HSA human serum albumin

iBu isobutyl

Im imidazolyl

iPr isopropyl

Mb myoglobin

MCM 41 mesostructured montmorillonite

mCPBA meta-chloroperbenzoic acid

MeOPEGOH polyethylene glycol monomethyl ether

Mes mesityl, 2,4,6-trimethylphenyl

MOC methoxycarbonyl

MOM methoxymethyl, CH;0CH,

MP microperoxidase

NDO naphthalene dioxygenase

OTf triflate, trifluoromethanesulfonate

PAMO phenylacetone monooxygenase

PEG polyethylene glycol

Ph phenyl, C¢Hs

Pr propyl, C;H;

PUR polyurethane

rAPX pea cytosolic ascorbate peroxidase

salalen 1-(N-salicylamine)-2-(N-salicylimine)ethane

salan N,N'-ethylenebis(salicylamine)

salen N,N'-ethylenebis(salicylimine)

Sav streptavidin

SBP soybean peroxidase
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s-Bu sec-butyl

scCO, supercritical carbon dioxide

TADOOH [(4R,5R)-5-[(hydroperoxydiphenyl)methyl]-2,2-di-
methyl-1,3-dioxolan-4-yl]diphenylmethanol

t-Bu tert-butyl

TBDPS tert-butyldiphenylsilyl

TBHP tert-butyl hydroperoxide

TDO toluene dioxygenase

TEMPO 2,2,6,6-tetramethylpiperidyne-1-oxyl

THF tetrahydrofuran

THP trityl hydroperoxide

Ti(O-iPr), titanium tetraisopropoxide

TIPS triisopropylsiloxymethyl

T™O toluene monooxygenase

T4MO toluene 4-monooxygenase

p-Tol p-tolyl

TOM toluene o-monooxygenase

Ts tosyl, p-toluenesulfonyl

Ty tyrosinase

UHP urea hydroperoxide

VBPO vanadium bromoperoxidase

VCPO vanadium chloroperoxidase

WT wild-type

5. Acknowledgments

The authors wish to thank Professor Jacek Skarzewski for
arousing their interest in this theme and for fruitful discus-
sions. Dr. Teresa Olczak is kindly acknowledged for helpful
suggestions. A special acknowledgment is provided to
Professor Alan L. Balch for his help in manuscript editing.

6. References

(1) Mikotajczyk, M.; Drabowicz, J.; Kietbasifski, P. Chiral Sulfur
Reagents. Applications in Asymmetric and Stereoselective Synthesis;,
CRC Press: Boca Raton, FL, 1997.

(2) Fernandez, 1.; Khiar, N. Chem. Rev. 2003, 103, 3651.

(3) Hanquet, G.; Colobert, F.; Lanners, S.; Solladié, G. ARKIVOC 2003,
(vii), 328.

(4) Pellissier, H. Tetrahedron 2006, 62, 5559.

(5) Carrefio, M. C.; Hernandez-Torres, G.; Ribagorda, M.; Urbano, A.
Chem. Commun. 2009, 6129.

(6) Bortolini, O.; Di Furia, F.; Licini, G.; Modena, G.; Rossi, M.
Tetrahedron Lett. 1986, 27, 6257.

(7) Maezaki, N.; Sakamoto, A.; Nagahashi, N.; Soejima, M.; Li, Y.-X.;
Imamura, T.; Kojima, N.; Ohishi, H.; Sakaguchi, K.; Iwata, C.;
Tanaka, T. J. Org. Chem. 2000, 65, 3284.

(8) Skarzewski, J.; Siedlecka, R.; Wojaczyriska, E.; Zieliiska-Btajet, M.
Tetrahedron: Asymmetry 2002, 13, 2105.

(9) Wojaczynska, E.; Skarzewski, J. Phosphorus, Sulfur, Silicon Relat.
Elem. 2009, 184, 1323.

(10) Pellissier, H. Tetrahedron 2007, 63, 1297.

(11) Mellah, M.; Voituriez, A.; Schulz, E. Chem. Rev. 2007, 107, 5133.

(12) Dalko, P. L.; Moisan, L. Angew. Chem., Int. Ed. 2004, 43, 5138.

(13) Massa, A.; Malkov, A. V.; Kocovsky, P.; Scettri, A. Tetrahedron
Lett. 2003, 44, 7179.

(14) Kobayashi, S.; Ogawa, C.; Konishi, H.; Sugiura, M. J. Am. Chem.
Soc. 2003, 125, 6610.

(15) Rowlands, G. J.; Kentish Barnes, W. Chem. Commun. 2003, 2712.

(16) Ferndndez, 1.; Valdivia, V.; Leal, M. P.; Khiar, N. Org. Lett. 2007,
9, 2215.

(17) Massa, A.; Acocella, M. R.; De Sio, V.; Villano, R.; Scettri, A.
Tetrahedron: Asymmetry 2009, 20, 202.

(18) Bentley, R. Chem. Soc. Rev. 2005, 34, 609.

(19) Rouhi, A. M. Chem. Eng. News 2003, 81 (18), 56.

(20) Federsel, H.-J. Chirality 2003, 15, S128.

(21) Hawkins, J. M.; Watson, T. J. N. Angew. Chem., Int. Ed. 2004, 43,
3224.

(22) Federsel, H.-J. Acc. Chem. Res. 2009, 42, 671.

(23) Legros, J.; Dehli, J. R.; Bolm, C. Adv. Synth. Catal. 2005, 347, 19.

(24) Cotton, H.; Elebring, T.; Larsson, M.; Li, L.; Sorensen, H.; von Unge,
S. Tetrahedron: Asymmetry 2000, 11, 3819.

(25) Rebiere, F.; Duret, G.; Prat, L.; Piacenza, G. Process of enantiose-
lectve synthesis of single enantiomers of modafinil by asymmetric
oxidation. U.S. Patent 7368591, 2005; Chem. Abstr. 2005, 143,
366999r.



4350 Chemical Reviews, 2010, Vol. 110, No. 7

(26) Osorio-Lozada, A.; Prisinzano, T.; Olivo, H. F. Tetrahedron:
Asymmetry 2004, 15, 3811.

(27) Matsugi, M.; Fukuda, N.; Muguruma, Y.; Yamaguchi, T.; Minami-
kawa, J.; Otsuka, S. Tetrahedron 2001, 57, 2739.

(28) Matsugi, M.; Shimada, R.; Ohata, S.; Nojima, M.; Fukuda, N.;
Minamikawa, J.; Kita, Y. Chem. Pharm. Bull. 2002, 50, 1511.

(29) Brown, T. J.; Chapman, R. F.; Cook, D. C.; Hart, T. W.; McLay,
I. M.; Jordan, R.; Mason, J. S.; Palfreyman, M. N.; Walsh, R. J. A;
Withnall, M. T.; Aloup, J.-C.; Cavero, L.; Farge, D.; James, C.;
Mondot, S. J. Med. Chem. 1992, 35, 3613.

(30) Khiar, N.; Fernandez, 1.; Alcudia, F. Phosphorus, Sulfur, Silicon Relat.
Elem. 1993, 74, 405.

(31) Naito, S.; Nishimura, M. Xenobiotica 2002, 32, 491.

(32) Hutton, C. A.; White, J. M. Tetrahedron Lett. 1997, 38, 1643.

(33) del Nozal, M. J.; Toribio, L.; Bernal, J. L.; Nieto, E. M.; Jiménez,
J. J. J. Biochem. Biophys. Methods 2002, 54, 339.

(34) Bonato, P. S.; Bortocan, R.; Gaitani, C. M.; Paias, F. O.; Tha, M. H.;
Lima, R. P. J. Braz. Chem. Soc. 2002, 13, 190.

(35) Berthod, A.; Xiao, T. L.; Liu, Y.; Jenks, W. S.; Armstrong, D. W.
J. Chromatogr., A 2002, 955, 53.

(36) Deng, J.; Chi, Y.; Fu, F.; Cui, X.; Yu, K.; Zhu, J.; Jiang, Y.
Tetrahedron: Asymmetry 2000, 11, 1729.

(37) Bortolini, O.; Fantin, G.; Fogagnolo, M.; Medici, A.; Pedrini, P.
Chem. Commun. 2000, 365.

(38) Kobayashi, Y.; Soetrisno Kodama, K.; Saigo, K. Tetrahedron:
Asymmetry 2008, 19, 295.

(39) Mauger, C.; Masson, S.; Vazeux, M.; Saint-Clair, J.-F.; Midura,
W. H.; Drabowicz, J.; Mikotajczyk, M. Tetrahedron: Asymmetry
2001, 72, 167.

(40) Solladié, G.; Demailly, G.; Greck, C. J. Org. Chem. 1985, 50, 1552.

(41) Rolland, C.; Hanquet, G.; Ducep, J.-B.; Solladié¢, G. Tetrahedron
Lett. 2001, 42, 7563.

(42) Boyd, D. R.; Sharma, N. D.; Kennedy, M. A.; Shepherd, S. D.;
Malone, J. F.; Alves-Areias, A.; Holt, R.; Allenmark, S. G.; Lemurell,
M. A.; Dalton, H.; Luckarift, H. Chem. Commun. 2002, 1452.

(43) Luckarift, H. R.; Dalton, H.; Sharma, N. D.; Boyd, D. R.; Holt, R. A.
Appl. Microbiol. Biotechnol. 2004, 65, 678.

(44) Boyd, D. R.; Sharma, N. D.; King, A. W. T.; Shepherd, S. D.; Allen,
C. C.R.; Holt, R. A.; Luckarift, H. R.; Dalton, H. Org. Biomol. Chem.
2004, 2, 554.

(45) Abo, M.; Dejima, M.; Asano, F.; Okubo, A.; Yamazaki, S. Tetra-
hedron: Asymmetry 2000, 11, 823.

(46) Maitro, G.; Vogel, S.; Sadaoui, M.; Prestat, G.; Madec, D.; Poli, G.
Org. Lett. 2007, 9, 5493.

(47) Skarzewski, J.; Ostrycharz, E. Wiad. Chem. 2000, 54, 725.

(48) Volcho, K. P.; Salakhutdinov, N. F.; Tolstikov, A. G. Russ. J. Org.
Chem. 2003, 39, 1537.

(49) Volcho, K. P.; Salakhutdinov, N. F. Russ. Chem. Rev. 2009, 78, 457.

(50) Bryliakov, K. P.; Talsi, E. P. Curr. Org. Chem. 2008, 12, 386.

(51) Holland, H. L. Nat. Prod. Rep. 2001, 18, 171.

(52) Kagan, H. B. In Catalytic Asymmetric Synthesis, 2nd ed.; Ojima, I.,
Ed.; Wiley: New York, 2000; Chapter 6¢, p 327.

(53) Kagan, H. B.; Luukas, T. In Transition Metals for Organic Synthesis,
2nd ed.; Beller, M., Bolm, C., Eds.; Wiley-VCH: Weinheim, 2004;
Vol. 2, Chapter 2.14, p 479.

(54) Bickvall, J.-E. In Modern Oxidation Methods; Bickvall, J.-E., Ed.;
Wiley-VCH: Weinheim, 2004; Chapter 7, p 193.

(55) Kagan, H. B. In Organosulfur Chemistry in Asymmetric Synthesis;
Toru, T., Bolm, C., Eds.; Wiley-VCH: Weinheim, 2008; Chapter 1,
pl

(56) Ramén, D. J.; Yus, M. Chem. Rev. 2006, 106, 2126.

(57) Ligtenbarg, A. G. J.; Hage, R.; Feringa, B. L. Coord. Chem. Rev.
2003, 237, 89.

(58) Bolm, C. Coord. Chem. Rev. 2003, 237, 245.

(59) Bolm, C.; Legros, J.; Le Paih, J.; Zani, L. Chem. Rev. 2004, 104,
6217.

(60) Adam, W.; Malisch, W.; Roschmann, K. J.; Saha-Méoller, C. R.;
Schenk, W. A. J. Organomet. Chem. 2002, 661, 3.

(61) Adam, W.; Saha-Moller, C. R.; Ganeshpure, P. A. Chem. Rev. 2001,
101, 3499.

(62) Katsuki, T. Synletr 2003, 281.

(63) Katsuki, T. Chem. Soc. Rev. 2004, 33, 437.

(64) Matsumoto, K.; Saito, B.; Katsuki, T. Chem. Commun. 2007, 3619.

(65) Procter, D. J. J. Chem. Soc., Perkin Trans. 1 2001, 335.

(66) Kowalski, P.; Mitka, K.; Ossowska, K.; Kolarska, Z. Tetrahedron
2005, 61, 1933.

(67) Kaczorowska, K.; Kolarska, Z.; Mitka, K.; Kowalski, P. Tetrahedron
2005, 61, 8315.

(68) Delouvrié, B.; Fensterbank, L.; Ndjera, F.; Malacria, M. Eur. J. Org.
Chem. 2002, 3507.

(69) Huang, Q. Y.; Zhu, J.; Deng, J. G. Chin. J. Org. Chem. 2005, 25,
496.

Wojaczynska and Wojaczyniski

(70) Jiang, B.; Huang, H.; Luo, J.; Li, Z. Y. Chin. J. Org. Chem. 2005,
25, 1542.

(71) Zeng, Q. L. Prog. Chem. 2007, 19, 745.

(72) Andersen, K. K. Tetrahedron Lett. 1962, 93.

(73) Andersen, K. K.; Gaffield, W.; Papanikolaou, N. E.; Foley, J. W.;
Perkins, R. 1. J. Am. Chem. Soc. 1964, 86, 5637.

(74) Capozzi, M. A. M.; Cardellicchio, C.; Fracchiolla, G.; Naso, F.;
Tortorella, P. J. Am. Chem. Soc. 1999, 121, 4708.

(75) Capozzi, M. A. M.; Cardellicchio, C.; Naso, F.; Tortorella, P. J. Org.
Chem. 2000, 65, 2843.

(76) Whitesell, J. K.; Wong, M.-S. J. Org. Chem. 1991, 56, 4552.

(77) Llera, J. M.; Fernandez, 1.; Alcudia, F. Tetrahedron Lett. 1991, 32,
7299.

(78) Ferndndez, I.; Khiar, N.; Llera, J. M.; Alcudia, F. J. Org. Chem.
1992, 57, 6789.

(79) Cogan, D. A.; Liu, G.; Kim, K.; Backes, B. J.; Ellman, J. A. J. Am.
Chem. Soc. 1998, 120, 8011.

(80) Rebiere, F.; Kagan, H. B. Tetrahedron Lett. 1989, 30, 3659.

(81) Rebiere, F.; Samuel, O.; Ricard, L.; Kagan, H. B. J. Org. Chem.
1991, 56, 5991.

(82) Davis, F. A.; Sheppard, A. C. Tetrahedron 1989, 45, 5703.

(83) Davis, F. A.; Jenkins, R. H., Jr.; Awad, S. B.; Stringer, O. D.; Watson,
W. H.; Galloy, J. J. Am. Chem. Soc. 1982, 104, 5412.

(84) Davis, F. A.; McCauley, J. P., Jr.; Chattopadhyay, S.; Harakal, M. E.;
Towson, J. C.; Watson, W. H.; Tavanaiepour, 1. J. Am. Chem. Soc.
1987, 109, 3370.

(85) Bohé, L.; Lusinchi, M.; Lusinchi, X. Tetrahedron 1999, 55, 155.

(86) Shinkai, S.; Yamaguchi, T.; Manabe, O.; Toda, F. J. Chem. Soc.,
Chem. Commun. 1988, 1399.

(87) Tohma, H.; Takizawa, S.; Watanabe, H.; Fukuoka, Y.; Maegawa,
T.; Kita, Y. J. Org. Chem. 1999, 64, 3519.

(88) Tohma, H.; Takizawa, S.; Morioka, H.; Maegawa, T.; Kita, Y. Chem.
Pharm. Bull. 2000, 48, 445.

(89) Dalko, P. I.; Moisan, L. Angew. Chem., Int. Ed. 2001, 40, 3726.

(90) Pitchen, P.; Duiiach, E.; Deshmukh, M. N.; Kagan, H. B. J. Am.
Chem. Soc. 1984, 106, 8188.

(91) Di Furia, F.; Modena, G.; Seraglia, R. Synthesis 1984, 325.

(92) Brunel, J. M.; Kagan, H. B. Synlett 1996, 404.

(93) Zhao, S. H.; Samuel, O.; Kagan, H. B. Tetrahedron 1987, 43, 5135.

(94) Komatsu, N.; Nishibayashi, Y.; Sugita, T.; Uemura, S. Tetrahedron.
Lett. 1992, 33, 5391.

(95) Komatsu, N.; Hashizume, M.; Sugita, T.; Uemura, S. J. Org. Chem.
1993, 58, 4529.

(96) Superchi, S.; Rosini, C. Tetrahedron: Asymmetry 1997, 8, 349.

(97) Donnoli, M. I.; Superchi, S.; Rosini, C. J. Org. Chem. 1998, 63,
9392.

(98) Di Furia, F.; Licini, G.; Modena, G.; Motterle, R.; Nugent, W. A. J.
Org. Chem. 1996, 61, 5175.

(99) Adam, W.; Korb, M. N.; Roschmann, K. J.; Saha-Moller, C. R. J.
Org. Chem. 1998, 63, 3423.

(100) Nakajima, K.; Kojima, M.; Fujita, J. Chem. Lett. 1986, 1483.

(101) Nakajima, K.; Sasaki, C.; Kojima, M.; Aoyama, T.; Ohba, S.; Saito,
Y.; Fujita, J. Chem. Lett. 1987, 2189.

(102) Nakajima, K.; Kojima, M.; Toriumi, K.; Saito, K.; Fujita, J. Bull.
Chem. Soc. Jpn. 1989, 62, 760.

(103) Bolm, C.; Bienewald, F. Angew. Chem., Int. Ed. Engl. 1995, 34, 2640.

(104) Bolm, C.; Bienewald, F. Synlert 1998, 1327.

(105) Vetter, A. H.; Berkessel, A. Tetrahedron Lett. 1998, 39, 1741.

(106) Liu, G.; Cogan, D. A.; Ellman, J. A. J. Am. Chem. Soc. 1997, 119,
9913.

(107) Skarzewski, J.; Ostrycharz, E.; Siedlecka, R. Tetrahedron: Asymmetry
1999, /0, 3457.

(108) Skarzewski, J.; Ostrycharz, E.; Siedlecka, R.; Zielifiska-Blajet, M.;
Pisarski, B. J. Chem. Res. (S) 2001, 263-264. J. Chem. Res. (M)
2001, 743.

(109) Palucki, M.; Hanson, P.; Jacobsen, E. N. Tetrahedron Lett. 1992,
33, 7111.

(110) Noda, K.; Hosoya, N.; Irie, R.; Yamashita, Y.; Katsuki, T. Tetra-
hedron 1994, 50, 9609.

(111) Kokubo, C.; Katsuki, T. Tetrahedron 1996, 52, 13895.

(112) Imagawa, K.; Nagata, T.; Yamada, T.; Mukaiyama, T. Chem. Lett.
1995, 335.

(113) Bonchio, M.; Licini, G.; Di Furia, F.; Mantovani, S.; Modena, G.;
Nugent, W. A. J. Org. Chem. 1999, 64, 1326.

(114) Groves, J. T.; Viski, P. J. Org. Chem. 1990, 55, 3628.

(115) Naruta, Y.; Tani, F.; Maruyama, K. J. Chem. Soc., Chem. Commun.
1990, 1378.

(116) Bunce, S.; Cross, R. J.; Farrugia, L. J.; Kunchandy, S.; Meason, L. L.;
Muir, K. W.; O’Donnell, M.; Peacock, R. D.; Stirling, D.; Teat, S. J.
Polyhedron 1998, 17, 4179.

(117) Gunaratne, H. Q. N.; McKervey, M. A.; Feutren, S.; Finlay, J.; Boyd,
J. Tetrahedron Lett. 1998, 39, 5655.



Enantioselective Synthesis of Sulfoxides

(118) Kelly, P.; Lawrence, S. E.; Maguire, A. R. Eur. J. Org. Chem. 2006,

4500.

(119) Hiroi, K.; Izawa, 1.; Takizawa, T.; Kawai, K. Tetrahedron 2004, 60,
2155.

(120) Hiroi, K.; Suzuki, Y.; Abe, I.; Kawagishi, R. Tetrahedron 2000, 56,
4701.

(121) Mariz, R.; Luan, X.; Gatti, M.; Linden, A.; Dorta, R. J. Am. Chem.
Soc. 2008, 130, 2172.

(122) Biirgi, J. J.; Mariz, R.; Gatti, M.; Drinkel, E.; Luan, X.; Blumentritt,
S.; Linden, A.; Dorta, R. Angew. Chem., Int. Ed. 2009, 48, 2768.

(123) Clayden, J.; Mitjans, D.; Youssef, L. H. J. Am. Chem. Soc. 2002,
124, 5266.

(124) Clayden, J.; Stimson, C. C.; Keenan, M. Synlett 2005, 1716.

(125) Betson, M. S.; Bracegirdle, A.; Clayden, J.; Helliwell, M.; Lund,
A.; Pickworth, M.; Snape, T. J.; Worrall, C. P. Chem. Commun. 2007,
754.

(126) Clayden, J.; Fletcher, S. P.; McDouall, J. J. W.; Rowbottom, S. J. M.
J. Am. Chem. Soc. 2009, 131, 5331.

(127) Clayden, J.; Worrall, C. P.; Moran, W. J.; Helliwell, M. Angew.
Chem., Int. Ed. 2008, 47, 3234.

(128) Clayden, J.; Lemiegre, L.; Morris, G. A.; Pickworth, M.; Snape, T. J.;
Jones, L. H. J. Am. Chem. Soc. 2008, 130, 15193.

(129) Clayden, J.; Pickworth, M.; Jones, L. H. Chem. Commun. 2009, 547.

(130) Clayden, J.; Turner, H. Tetrahedron Lett. 2009, 50, 3216.

(131) Garcia Ruano, J. L.; Carrefio, M. C.; Toledo, M. A.; Aguirre, J. M.;
Aranda, M. T.; Fischer, J. Angew. Chem., Int. Ed. 2000, 39, 2736.

(132) Garcia Ruano, J. L.; Alemadn, J.; Soriano, J. F. Org. Lett. 2003, 5,
677.

(133) Garcia Ruano, J. L.; Aleman, J. Org. Lett. 2003, 5, 4513.

(134) Garcia Ruano, J. L.; Alemdn, J.; Aranda, M. T.; Fernandez-Ibéfiez,
M. A.; Rodriguez-Fernandez, M. M.; Maestro, M. C. Tetrahedron
2004, 60, 10067.

(135) Colobert, F.; Des Mazery, R.; Solladié, G.; Carrefio, M. C. Org. Lett.
2002, 4, 1723.

(136) Carrefio, M. C.; Des Mazery, R.; Urbano, A.; Colobert, F.; Solladié,
G. Org. Lett. 2005, 7, 2039.

(137) Hernandez-Torres, G.; Urbano, A.; Carreiio, M. C.; Colobert, F. Org.
Lett. 2009, 11, 4930.

(138) Solladié, G.; Hutt, J.; Girardin, A. Synthesis 1987, 173.

(139) Hitchcock, P. B.; Rowlands, G. J.; Parmar, R. Chem. Commun. 2005,
4219.

(140) Hitchcock, P. B.; Rowlands, G. J.; Seacome, R. J. Org. Biomol. Chem.
2005, 3, 3873.

(141) Rowlands, G. J.; Seacome, R. J. Beilstein J. Org. Chem. 2009, 5,
No. 9.

(142) Bunya, Y.; Sengoku, T.; Imamura, Y.; Arai, Y. Heterocycles 2008,
76, 833.

(143) Liao, J.; Sun, X.; Cui, X.; Yu, K.; Zhu, J.; Deng, J. Chem.—Eur. J.
2003, 9, 2611.

(144) Wang, P.; Chen, J.; Cun, L.; Deng, J.; Zhu, J.; Liao, J. Org. Biomol.
Chem. 2009, 7, 3741.

(145) Khiar, N.; Alcudia, F.; Espartero, J.-L.; Rodriguez, L.; Fernandez, 1.
J. Am. Chem. Soc. 2000, 122, 7598.

(146) Khiar, N.; Aratyo, C. S.; Alcudia, F.; Fernandez, 1. J. Org. Chem.
2002, 67, 345.

(147) Guerrero de la Rosa, V.; Ordéiiez, M.; Llera, J. M. Tetrahedron:
Asymmetry 2001, 12, 1615.

(148) Gautier, N.; Noiret, N.; Nugier-Chauvin, C.; Patin, H. Tetrahedron:
Asymmetry 1997, 8, 501.

(149) Daligault, F.; Arboré, A.; Nugier-Chauvin, C.; Patin, H. Tetrahedron:
Asymmetry 2004, 15, 917.

(150) Chas, M.; Lemarié, M.; Gulea, M.; Avarvari, N. Chem. Commun.
2008, 220.

(151) Chas, M.; Riobé, F.; Sancho, R.; Minguillon, C.; Avarvari, N.
Chirality 2009, 21, 818.

(152) Padmanabhan, S.; Lavin, R. C.; Durant, G. J. Tetrahedron: Asymmetry
2000, 71, 3455.

(153) Wang, C.-C.; Li, J. J.; Huang, H.-C.; Lee, L. F.; Reitz, D. B. J. Org.
Chem. 2000, 65, 2711.

(154) Gadepalli, R. S. V. S.; Rimoldi, J. M.; Fronczek, F. R.; Nillos, M.;
Gan, J.; Deng, X.; Rodriguez-Fuentes, G.; Schlenk, D. Chem. Res.
Toxicol. 2007, 20, 257.

(155) Ternois, J.; Guillen, F.; Plaquevent, J.-C.; Coquerel, G. Tetrahedron:
Asymmetry 2007, 18, 2959.

(156) Seenivasaperumal, M.; Federsel, H.-J.; Ertan, A.; Szabd, K. J. Chem.
Commun. 2007, 2187.

(157) Seenivasaperumal, M.; Federsel, H.-J.; Szabo, K. J. Adv. Synth. Catal.
2009, 351, 903.

(158) Song, Z. J.; King, A. O.; Waters, M. S.; Lang, F.; Zewge, D.; Bio,
M.; Leazer, J. L., Jr.; Javadi, G.; Kassim, A.; Tschaen, D. M.; Reamer,
R. A.; Rosner, T.; Chilenski, J. R.; Mathre, D. J.; Volante, R. P.;
Tillyer, R. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5776.

Chemical Reviews, 2010, Vol. 110, No. 7 4351

(159) Maguire, A. R.; Papot, S.; Ford, A.; Touhey, S.; O’Connor, R.;
Clynes, M. Synlett 2001, 41.

(160) Moseley, J. D.; Moss, W. O.; Welham, M. J. Org. Process Res. Dev.
2001, 5, 491.

(161) Hogan, P. J.; Hopes, P. A.; Moss, W. O.; Robinson, G. E.; Patel, I.
Org. Process Res. Dev. 2002, 6, 225.

(162) Bowden, S. A.; Burke, J. N.; Gray, F.; McKown, S.; Moseley, J. D.;
Moss, W. O.; Murray, P. M.; Welham, M. J.; Young, M. J. Org.
Process Res. Dev. 2004, 8, 33.

(163) Khomenko, T. M.; Volcho, K. P.; Komarova, N. 1.; Salakhutdinov,
N. F. Russ. J. Org. Chem. 2008, 44, 124.

(164) Lawecka, J.; Bujnicki, B.; Drabowicz, J.; Rykowski, A. Tetrahedron
Lett. 2008, 49, 719.

(165) Brozda, D.; Gluszyriska, A.; Kosciotowicz, A.; Rozwadowska, M. D.
Tetrahedron: Asymmetry 2005, 16, 953.

(166) Kimura, T.; Hanzawa, M.; Ogawa, S.; Sato, R.; Fujii, T.; Kawai, Y.
Heteroat. Chem. 2003, 14, 88.

(167) Thompson, A.; Garabatos-Perera, J. R.; Gillis, H. M. Can. J. Chem.
2008, 86, 676.

(168) Kissane, M.; Lynch, D.; Chopra, J.; Lawrence, S. E.; Maguire, A. R.
Tetrahedron: Asymmetry 2008, 19, 1256.

(169) Massa, A.; Mazza, V.; Scettri, A. Tetrahedron: Asymmetry 2005,
16, 2271.

(170) Aggarwal, V. K.; Roseblade, S. J.; Barrell, J. K.; Alexander, R. Org.
Lett. 2002, 4, 1227.

(171) Aggarwal, V. K_; Steele, R. M.; Ritmaleni Barrell, J. K.; Grayson, 1.
J. Org. Chem. 2003, 68, 4087.

(172) Caturla, F.; Amat, M.; Reinoso, R. F.; Cérdoba, M.; Warrellow, G.
Bioorg. Med. Chem. Lett. 2006, 16, 3209.

(173) Caturla, F.; Amat, M.; Reinoso, R. F.; Calaf, E.; Warrellow, G.
Bioorg. Med. Chem. Lett. 2006, 16, 3605.

(174) Pescitelli, G.; Di Bari, L.; Salvadori, P. J. Organomet. Chem. 2006,
691, 2311.

(175) Seto, M.; Miyamoto, N.; Aikawa, K.; Aramaki, Y.; Kanzaki, N.;
lizawa, Y.; Baba, M.; Shiraishi, M. Bioorg. Med. Chem. 2005, 13,
363.

(176) Jia, X.; Li, X.; Xu, L.; Li, Y.; Shi, Q.; Au-Yeung, T. T.-L.; Yip,
C. W.; Yao, X.; Chan, A. S. C. Adv. Synth. Catal. 2004, 346, 723.

(177) Nakajima, N.; Enomoto, T.; Watanabe, T.; Matsuura, N.; Ubukata,
M. Biosci. Biotechnol. Biochem. 2003, 67, 2556.

(178) Cardellicchio, C.; Omar, O. H.; Naso, F.; Capozzi, M. A. M.;
Capitelli, F.; Bertolasi, V. Tetrahedron: Asymmetry 2006, 17, 223.

(179) Naso, F.; Cardellicchio, C.; Affortunato, F.; Capozzi, M. A. M.
Tetrahedron: Asymmetry 2006, 17, 3226.

(180) Capozzi, M. A. M.; Cardellicchio, C.; Naso, F.; Rosito, V. J. Org.
Chem. 2002, 67, 7289.

(181) Capozzi, M. A. M.; Cardellicchio, C.; Naso, F. Eur. J. Org. Chem.
2004, 1855.

(182) Karpyshev, N. N.; Yakovleva, O. D.; Talsi, E. P.; Bryliakov, K. P.;
Tolstikova, O. V.; Tolstikov, A. G. J. Mol. Catal. A: Chem. 2000,
157, 91.

(183) Bryliakov, K. P.; Karpyshev, N. N.; Fominsky, S. A.; Tolstikov,
A. G.; Talsi, E. P. J. Mol. Catal. A: Chem. 2001, 171, 73.

(184) Bryliakov, K. P.; Talsi, E. P. Kinet. Catal. 2003, 44, 334.

(185) Blum, S. A.; Bergman, R. G.; Ellman, J. A. J. Org. Chem. 2003, 68,
150.

(186) Balcells, D.; Maseras, F.; Lled6s, A. J. Org. Chem. 2003, 68, 4265.

(187) Balcells, D.; Maseras, F.; Ujaque, G. J. Am. Chem. Soc. 2005, 127,
3624.

(188) Weix, D. J.; Ellman, J. A. Org. Lett. 2003, 5, 1317.

(189) Ellman, J. A.; Owens, T. D.; Tang, T. P. Acc. Chem. Res. 2002, 35,
984.

(190) Skarzewski, J.; Wojaczynska, E.; Turowska-Tyrk, 1. Tetrahedron:
Asymmetry 2002, 13, 369.

(191) Siedlecka, R.; Wojaczyniska, E.; Skarzewski, J. Tetrahedron: Asym-
metry 2004, 15, 1437.

(192) Ostrycharz, E. Ph.D. Thesis, Wroctaw University of Technology,
Wroctaw, 2001.

(193) Majchrzak, A.; Mloston, G.; Ostrycharz, E.; Skarzewski, J.; Weigand,
W. 6th International Conference on Heteroatom Chemistry, L.odZ,
2001, poster 25.

(194) Capozzi, M. A. M.; Cardellicchio, C.; Naso, F.; Spina, G.; Tortorella,
P. J. Org. Chem. 2001, 66, 5933.

(195) Han, Z.; Krishnamurthy, D.; Grover, P.; Fang, Q. K.; Senanayake,
C. H. J. Am. Chem. Soc. 2002, 124, 7880.

(196) Han, Z.; Krishnamurthy, D.; Grover, P.; Wilkinson, H. S.; Fang,
Q. K.; Su, X.; Lu, Z.-H.; Magiera, D.; Senanayake, C. H. Angew.
Chem., Int. Ed. 2003, 42, 2032.

(197) Han, Z.; Krishnamurthy, D.; Grover, P.; Fang, Q. K.; Su, X.;
Wilkinson, H. S.; Lu, Z.-H.; Magiera, D.; Senanayake, C. H.
Tetrahedron 2005, 61, 6386.



4352 Chemical Reviews, 2010, Vol. 110, No. 7

(198) Han, Z.; Song, J. J.; Yee, N. K.; Xu, Y.; Tang, W.; Reeves, J. T.;
Tan, Z.; Wang, X.; Lu, B.; Krishnamurthy, D.; Senanayake, C. H.
Org. Process Res. Dev. 2007, 11, 605.

(199) Wudl, F.; Lee, T. B. K. J. Chem. Soc., Chem. Commun. 1972, 61.

(200) Garcia Ruano, J. L.; Alemparte, C.; Aranda, M. T.; Zarzuelo, M. M.
Org. Lett. 2003, 5, 75.

(201) Lu, B. Z.; Jin, F.; Zhang, Y.; Wu, X.; Wald, S. A.; Senanayake,
C. H. Org. Lett. 2005, 7, 1465.

(202) Evans, D. A.; Faul, M. M.; Colombo, L.; Bisaha, J. J.; Clardy, J.;
Cherry, D. J. Am. Chem. Soc. 1992, 114, 5977.

(203) Clara-Sosa, A.; Pérez, L.; Sanchez, M.; Melgar-Fernandez, R.; Juaristi,
E.; Quintero, L.; Anaya de Parrodi, C. Tetrahedron 2004, 60, 12147.

(204) Maezaki, N.; Yoshigami, R.; Maeda, J.; Tanaka, T. Org. Lett. 2001,
3, 3627.

(205) Maezaki, N.; Yagi, S.; Yoshigami, R.; Maeda, J.; Suzuki, T.; Ohsawa,
S.; Tsukamoto, K.; Tanaka, T. J. Org. Chem. 2003, 68, 5550.

(206) Maezaki, N.; Yagi, S.; Ohsawa, S.; Ohishi, H.; Tanaka, T. Tetrahe-
dron 2003, 59, 9895.

(207) Maezaki, N.; Sawamoto, H.; Suzuki, T.; Yoshigami, R.; Tanaka, T.
J. Org. Chem. 2004, 69, 8387.

(208) Caupene, C.; Boudou, C.; Perrio, S.; Metzner, P. J. Org. Chem. 2005,

70, 2812.

(209) Maitro, G.; Vogel, S.; Prestat, G.; Madec, D.; Poli, G. Org. Lett.
2006, 8, 5951.

(210) Maitro, G.; Prestat, G.; Madec, D.; Poli, G. J. Org. Chem. 2006, 71,
7449.

(211) O’Donnell, J. S.; Schwan, A. L. Tetrahedron Lett. 2003, 44, 6293.

(212) Sandrinelli, F.; Perrio, S.; Beslin, P. J. Org. Chem. 1997, 62, 8626.

(213) Sandrinelli, F.; Perrio, S.; Averbuch-Pouchot, M.-T. Org. Lett. 2002,
4, 3619.

(214) Sandrinelli, F.; Fontaine, G.; Perrio, S.; Beslin, P. J. Org. Chem.
2004, 69, 6916.

(215) Boudou, C.; Berges, M.; Sagnes, C.; Sopkova-de Oliveira Santos,
J.; Perrio, S.; Metzner, P. J. Org. Chem. 2007, 72, 5403.

(216) Akhatou, A.; Rahimi, M.; Cheboub, K.; Ghosez, L.; Hanquet, G.
Tetrahedron 2007, 63, 6232.

(217) Schoumacker, S.; Hamelin, O.; Téti, S.; Pécaut, J.; Fontecave, M. J.
Org. Chem. 2005, 70, 301.

(218) del Rio, R. E.; Wang, B.; Achab, S.; Bohé, L. Org. Lett. 2007, 9,
2265.

(219) Bethell, D.; Page, P. C. B.; Vahedi, H. J. Org. Chem. 2000, 65, 6756.

(220) Gluszyriska, A.; Mackowska, I.; Rozwadowska, M. D.; Sienniak, W.
Tetrahedron: Asymmetry 2004, 15, 2499.

(221) Lattanzi, A.; Iannece, P.; Scettri, A. Tetrahedron: Asymmetry 2004,
15, 413.

(222) Lattanzi, A.; lannece, P.; Scettri, A. Tetrahedron: Asymmetry 2004,
15, 1779.

(223) Lattanzi, A.; Piccirillo, S.; Scettri, A. Eur. J. Org. Chem. 2006, 713.

(224) Lattanzi, A.; Scettri, A. J. Organomet. Chem. 2006, 691, 2072.

(225) Lattanzi, A.; Piccirillo, S.; Scettri, A. Adv. Synth. Catal. 2007, 349,
357.

(226) Aoki, M.; Seebach, D. Helv. Chim. Acta 2001, 84, 187.

(227) Kienle, M.; Argyrakis, W.; Baro, A.; Laschat, S. Tetrahedron Lett.
2008, 49, 1971.

(228) Zhdankin, V. V.; Smart, J. T.; Zhao, P.; Kiprof, P. Tetrahedron Lett.
2000, 41, 5299.

(229) Dieva, S. A.; Eliseenkova, R. M.; Efremov, Y. Y.; Sharafutdinova,
D. R.; Bredikhin, A. A. Russ. J. Org. Chem. 2006, 42, 12.

(230) Mayr, A.; Montanari, F.; Tramontini, M. Gazz. Chim. Ital. 1960,

90, 739.

(231) Balenovié, K.; Bregant, N.; Franceti¢, D. Tetrahedron Lett. 1960,
(6), 20.

(232) Mislow, K.; Green, M. M.; Raban, M. J. Am. Chem. Soc. 1965, 87,
2761.

(233) Sato, Y.; Kunieda, N.; Kinoshita, M. Chem. Lett. 1976, 563.

(234) Lattanzi, A.; Bonadies, F.; Senatore, A.; Soriente, A.; Scettri, A.
Tetrahedron: Asymmetry 1997, 8, 2473.

(235) Massa, A.; Palombi, L.; Scettri, A. Tetrahedron Lett. 2001, 42, 4577.

(236) Massa, A.; Lattanzi, A.; Siniscalchi, F. R.; Scettri, A. Tetrahedron:
Asymmetry 2001, 12, 2775.

(237) Massa, A.; Siniscalchi, F. R.; Bugatti, V.; Lattanzi, A.; Scettri, A.
Tetrahedron: Asymmetry 2002, 13, 1277.

(238) Martyn, L. J. P.; Pandiaraju, S.; Yudin, A. K. J. Organomet. Chem.
2000, 603, 98.

(239) Chen, Y.; Yekta, S.; Martyn, L. J. P.; Zheng, J.; Yudin, A. K. Org.
Lett. 2000, 2, 3433.

(240) Yekta, S.; Krasnova, L. B.; Mariampillai, B.; Picard, C. J.; Chen,
G.; Pandiaraju, S.; Yudin, A. K. J. Fluorine Chem. 2004, 125, 517.

(241) Della Sala, G.; Lattanzi, A.; Severino, T.; Scettri, A. J. Mol. Catal.
A: Chem. 2001, 170, 219.

(242) Donnoli, M. L; Scafato, P.; Superchi, S.; Rosini, C. Chirality 2001,
13, 258.

Wojaczynska and Wojaczyniski

(243) Superchi, S.; Scafato, P.; Restaino, L.; Rosini, C. Chirality 2008,

20, 592.

(244) Jiang, B.; Zhao, X.-L.; Dong, J.-J.; Wang, W.-1. Eur. J. Org. Chem.
2009, 987.

(245) Zeng, Q.-L.; Tang, H.-Y.; Zhang, S.; Liu, J.-C. Chin. J. Chem. 2008,
26, 1435.

(246) Sun, J.; Yang, M.; Dai, Z.; Zhu, C.; Hu, H. Synthesis 2008, 2513.

(247) Saito, B.; Katsuki, T. Tetrahedron Lett. 2001, 42, 3873.

(248) Saito, B.; Katsuki, T. Tetrahedron Lett. 2001, 42, 8333.

(249) Tanaka, T.; Saito, B.; Katsuki, T. Tetrahedron Lett. 2002, 43, 3259.

(250) Saito, B.; Katsuki, T. Chirality 2003, 15, 24.

(251) Sawada, Y.; Matsumoto, K.; Kondo, S.; Watanabe, H.; Ozawa, T.;
Suzuki, K.; Saito, B.; Katsuki, T. Angew. Chem., Int. Ed. 2006, 45,
3478.

(252) Sawada, Y.; Matsumoto, K.; Katsuki, T. Angew. Chem., Int. Ed. 2007,
46, 4559.

(253) Egami, H.; Katsuki, T. J. Am. Chem. Soc. 2007, 129, 8940.

(254) Egami, H.; Katsuki, T. Synletr 2008, 1543.

(255) Yamaguchi, T.; Matsumoto, K.; Saito, B.; Katsuki, T. Angew. Chem.,
Int. Ed. 2007, 46, 4729.

(256) Matsumoto, K.; Yamaguchi, T.; Katsuki, T. Chem. Commun. 2008,
1704.

(257) Matsumoto, K.; Yamaguchi, T.; Fujisaki, J.; Saito, B.; Katsuki, T.
Chem.—Asian J. 2008, 3, 351.

(258) Matsumoto, K.; Yamaguchi, T.; Katsuki, T. Heterocycles 2008, 76,
191.

(259) Bryliakov, K. P.; Talsi, E. P. Eur. J. Org. Chem. 2008, 3369.

(260) Bryliakov, K. P.; Talsi, E. P. J. Mol. Catal. A: Chem. 2007, 264,
280.

(261) Flores-Lopez, L. Z.; Iglesias, A. L.; Gama, A, Aguirre, G.; Parra-
Hake, M.; Somanathan, R. J. Mex. Chem. Soc. 2007, 51, 175.

(262) Peng, Y. G.; Feng, X. M.; Cui, X.; Jiang, Y. Z.; Choi, M. C. K;
Chan, A. S. C. Synth. Commun. 2003, 33, 2793.

(263) Delamare, M.; Belot, S.; Caille, J.-C.; Martinet, F.; Kagan, H. B.;
Henryon, V. Tetrahedron Lett. 2009, 50, 1702.

(264) Peng, Y. G.; Feng, X. M.; Cui, X.; Jiang, Y. Z.; Chan, A. S. C.
Synth. Commun. 2001, 31, 2287.

(265) Axe, P.; Bull, S. D.; Davidson, M. G.; Jones, M. D.; Robinson,
D. E. J. E.; Mitchell, W. L.; Warren, J. E. Dalton Trans. 2009, 10169.

(266) Gluszynska, A.; Krajewska, K.; Rozwadowska, M. D. Pol. J. Chem.
2003, 77, 1703.

(267) Pelotier, B.; Anson, M. S.; Campbell, I. B.; Macdonald, S. J. F.;
Priem, G.; Jackson, R. F. W. Synlert 2002, 1055.

(268) Hinch, M.; Jacques, O.; Drago, C.; Caggiano, L.; Jackson, R. F. W.;
Dexter, C.; Anson, M. S.; Macdonald, S. J. F. J. Mol. Catal. A: Chem.
2006, 251, 123.

(269) Gama, A.; Flores-Lopez, L. Z.; Aguirre, G.; Parra-Hake, M.; Hellberg,
L. H.; Somanathan, R. ARKIVOC 2003, xi, 4.

(270) Gao, A.; Wang, M.; Wang, D.; Zhang, L.; Liu, H.; Tian, W.; Sun,
L. Chin. J. Catal. 2006, 27, 743.

(271) Liu, H.; Wang, M.; Wang, Y.; Yin, R.; Tian, W.; Sun, L. Appl
Organomet. Chem. 2008, 22, 253.

(272) Zeng, Q.; Wang, H.; Weng, W.; Lin, W.; Gao, Y.; Huang, X.; Zhao,
Y. New J. Chem. 2005, 29, 1125.

(273) Zeng, Q.; Wang, H.; Wang, T.; Cai, Y.; Weng, W.; Zhao, Y. Adv.
Synth. Catal. 2005, 347, 1933.

(274) Drago, C.; Caggiano, L.; Jackson, R. F. W. Angew. Chem., Int. Ed.
2005, 44, 7221.

(275) Mohammadpoor-Baltork, I.; Hill, M.; Caggiano, L.; Jackson, R. F. W.
Synlett 2006, 3540.

(276) Wu, Y.; Liu, J.; Li, X.; Chan, A. S. C. Eur. J. Org. Chem. 2009,
2607.

(277) Kelly, P.; Lawrence, S. E.; Maguire, A. R. Synlett 2006, 1569.

(278) Ohta, C.; Shimizu, H.; Kondo, A.; Katsuki, T. Synlett 2002, 161.

(279) Jeong, Y.-C.; Choi, S.; Hwang, Y. D.; Ahn, K.-H. Tetrahedron Lett.
2004, 45, 9249.

(280) Jeong, Y.-C.; Huang, Y. D.; Choi, S.; Ahn, K.-H. Tetrahedron:
Asymmetry 2005, 16, 3497.

(281) Ando, R.; Inden, H.; Sugina, M.; Ono, H.; Sakaeda, D.; Yagyu, T.;
Maeda, M. Inorg. Chim. Acta 2004, 357, 1337.

(282) Kwiatkowski, E.; Romanowski, G.; Nowicki, W.; Kwiatkowski, M.;
Suwiriska, K. Polyhedron 2007, 26, 2559.

(283) Romanowski, G.; Kwiatkowski, E.; Nowicki, W.; Kwiatkowski, M.;
Lis, T. Polyhedron 2008, 27, 1601.

(284) Hsieh, S.-H.; Kuo, Y.-P.; Gau, H.-M. Dalton Trans. 2007, 97.

(285) Cucciolito, M. E.; Del Litto, R.; Roviello, G.; Ruffo, F. J. Mol. Catal.
A: Chem. 2005, 236, 176.

(286) Lippold, I.; Becher, J.; Klemm, D.; Plass, W. J. Mol. Catal. A: Chem.
2009, 299, 12.

(287) Khomenko, T. M.; Salomatina, O. V.; Kurbakova, S. Y.; II'ina, I. V.;
Volcho, K. P.; Komarova, N. I.; Korchagina, D. V.; Salakhutdinov,
N. F.; Tolstikov, A. G. Russ. J. Org. Chem. 2006, 42, 1653.



Enantioselective Synthesis of Sulfoxides

(288) Koneva, E. A.; Volcho, K. P.; Korchagina, D. V.; Komarova, N. L.;
Kochnev, A. I.; Salakhutdinov, N. F.; Tolstikov, A. G. Russ. Chem.
Bull. 2008, 57, 108.

(289) Koneva, E. A.; Volcho, K. P.; Korchagina, D. V.; Salakhutdinov,
N. F.; Tolstikov, A. G. Russ. J. Org. Chem. 2009, 45, 815.

(290) Ashikhmina, E. V.; Rubtsova, S. A.; Dvornikova, I. A.; Kuchin, A. V.
Russ. J. Org. Chem. 2009, 45, 1509.

(291) Lippold, 1.; Vlay, K.; Gorls, H.; Plass, W. J. Inorg. Biochem. 2009,
103, 480.

(292) Liu, H.; Wang, M.; Wang, Y.; Wang, Y.; Sun, H.; Sun, L. Catal.
Commun. 2009, 11, 294.

(293) Suresh, P.; Srimurugan, S.; Babu, B.; Pati, H. N. Tetrahedron:
Asymmetry 2007, 18, 2820.

(294) Sun, J.; Zhu, C.; Dai, Z.; Yang, M.; Pan, Y.; Hu, H. J. Org. Chem.
2004, 69, 8500-8503.

(295) Adao, P.; Costa Pessoa, J.; Henriques, R. T.; Kuznetsov, M. L.;
Avecilla, F.; Maurya, M. R.; Kumar, U.; Correia, 1. Inorg. Chem.
2009, 48, 3542.

(296) Smith, T. S., II; Pecoraro, V. L. Inorg. Chem. 2002, 41, 6754.

(297) Rehder, D.; Santoni, G.; Licini, G. M.; Schulzke, C.; Meier, B. Coord.
Chem. Rev. 2003, 237, 53.

(298) Santoni, G.; Licini, G.; Rehder, D. Chem.—Eur. J. 2003, 9, 4700.

(299) Wikete, C.; Wu, P.; Zampella, G.; De Gioia, L.; Licini, G.; Rehder,
D. Inorg. Chem. 2007, 46, 196.

(300) Basak, A.; Barlan, A. U.; Yamamoto, H. Tetrahedron: Asymmetry
2006, 17, 508.

(301) Lovat, S.; Mba, M.; Abbenhuis, H. C. L.; Vogt, D.; Zonta, C.; Licini,
G. Inorg. Chem. 2009, 48, 4724.

(302) Cavazzini, M.; Pozzi, G.; Quici, S.; Shepperson, L. J. Mol. Catal. A:
Chem. 2003, 204—205, 433.

(303) Hirotsu, M.; Ohno, N.; Nakajima, T.; Ueno, K. Chem. Lett. 2005,
34, 848.

(304) Gao, A.; Wang, M.; Shi, J.; Wang, D.; Tian, W.; Sun, L. Appl
Organometal. Chem. 2006, 20, 830.

(305) Choi, J. Y.; Hwang, G.-S.; Senapati, B. K.; Ryu, D. H. Bull. Korean
Chem. Soc. 2008, 29, 1879.

(306) Schoumacker, S.; Hamelin, O.; Pécault, J.; Fontecave, M. Inorg.
Chem. 2003, 42, 8110.

(307) Alcon, M. 1.; Iglesias, M.; Sanchez, F. Inorg. Chim. Acta 2002, 333,
83.

(308) Brinksma, J.; La Crois, R.; Feringa, B. L.; Donnoli, M. I.; Rosini,
C. Tetrahedron Lett. 2001, 42, 4049.

(309) Lee, S. J.; Cho, S.-H.; Mulfort, K. L.; Tiede, D. M.; Hupp, J. T.;
Nguyen, S. T. J. Am. Chem. Soc. 2008, 130, 16828.

(310) Legros, J.; Bolm, C. Angew. Chem., Int. Ed. 2003, 42, 5487.

(311) Legros, J.; Bolm, C. Angew. Chem., Int. Ed. 2004, 43, 4225.

(312) Legros, J.; Bolm, C. Chem.—Eur. J. 2005, 11, 1086.

(313) Korte, A.; Legros, J.; Bolm, C. Synlett 2004, 2397.

(314) Bryliakov, K. P.; Talsi, E. P. Angew. Chem., Int. Ed. 2004, 43, 5228.

(315) Bryliakov, K. P.; Talsi, E. P. Chem.—Eur. J. 2007, 13, 8045.

(316) Mekmouche, Y.; Hummel, H.; Ho, R. Y. N.; Que, L., Jr.; Schiin-
emann, V.; Thomas, F.; Trautwein, A. X.; Lebrun, C.; Gorgy, K.;
Leprétre, J.-C.; Collomb, M. N.; Deronzier, A.; Fontecave, M.;
Meénage, S. Chem.—Eur. J. 2002, 8, 1196.

(317) Duboc-Toia, C.; Ménage, S.; Ho, R. Y. N.; Que, L., Jr.; Lambeaux,
C.; Fontecave, M. Inorg. Chem. 1999, 38, 1261.

(318) Kelly, P.; Lawrence, S. E.; Maguire, A. R. Synlett 2007, 1501.

(319) Zhu, H.-B.; Dai, Z.-Y.; Huang, W.; Cui, K.; Gou, S.-H.; Zhu, C.-J.
Polyhedron 2004, 23, 1131.

(320) Sakuraba, H.; Maekawa, H. J. Inclusion Phenom. Macrocyclic Chem.
2006, 54, 41.

(321) Pontes da Costa, A.; Reis, P. M.; Gamelas, C.; Romao, C. C.; Royo,
B. Inorg. Chim. Acta 2008, 361, 1915.

(322) Barlan, A. U.; Zhang, W.; Yamamoto, H. Tetrahedron 2007, 63, 6075.

(323) Jahier, C.; Cantuel, M.; McClenaghan, N. D.; Buffeteau, T.; Cavagnat,
D.; Agbossou, F.; Carraro, M.; Bonchio, M.; Nlate, S. Chem.—Eur.
J. 2009, 15, 8703.

(324) Miyazaki, T.; Katsuki, T. Synlett 2003, 1046.

(325) Scarso, A.; Strukul, G. Adv. Synth. Catal. 2005, 347, 1227.

(326) Chavarot, M.; Ménage, S.; Hamelin, O.; Charnay, F.; Pécaut, J.;
Fontecave, M. Inorg. Chem. 2003, 42, 4810.

(327) Khiar, N. Tetrahedron Lett. 2000, 41, 9059.

(328) Monn, J. A.; Massey, S. M.; Valli, M. J.; Henry, S. S.; Stephenson,
G. A.; Bures, M.; Hérin, M.; Catlow, J.; Giera, D.; Wright, R. A;
Johnson, B. G.; Andis, S. L.; Kingston, A.; Schoepp, D. D. J. Med.
Chem. 2007, 50, 233.

(329) Singh, S.; Kumar, S.; Chimni, S. S. Tetrahedron: Asymmetry 2001,
12, 2457.

(330) Timshina, A. V.; Rubtsowa, S. A.; Kodess, M. I.; Matochkina, E. G.;
Slepukhin, P. A.; Kuchin, A. V. Russ. J. Org. Chem. 2008, 44, 1043.

(331) Terauchi, T.; Asai, N.; Doko, T.; Taguchi, R.; Takenaka, O.; Sakurai,
H.; Yonaga, M.; Kimura, T.; Kajiwara, A.; Niidome, T.; Kume, T.;
Akaike, A.; Sugimoto, H. Bioorg. Med. Chem. 2007, 15, 7098.

Chemical Reviews, 2010, Vol. 110, No. 7 4353

(332) Li, W.; Hwang, D. J.; Cremer, D.; Joo, H.; Kraka, E.; Kim, J.; Ross,
C. R, II; Nguyen, V. Q.; Dalton, J. T.; Miller, D. D. Chirality 2009,
21, 576.

(333) Ikemoto, T.; Nishiguchi, A.; Ito, T.; Tawada, H. Tetrahedron 2005,
61, 5043.

(334) Fugmann, B.; Arnold, S.; Steglich, W.; Fleischhauer, J.; Repges, C.;
Koslowski, A.; Raabe, G. Eur. J. Org. Chem. 2001, 3097.

(335) Cardellicchio, C.; Naso, F.; Capozzi, M. A. M. Tetrahedron:
Asymmetry 2004, 15, 1471.

(336) Betson, M. S.; Clayden, J.; Helliwell, M.; Mitjans, D. Org. Biomol.
Chem. 2005, 3, 3898.

(337) Gonzélez-Rodriguez, D.; Torres, T. Tetrahedron Lett. 2009, 50, 860.

(338) Lohier, J.-F.; Foucoin, F.; Jaffres, P.-A.; Garcia, J. I.; Sopkova-de
Oliveira Santos, J.; Perrio, S.; Metzner, P. Org. Lett. 2008, 10, 1271.

(339) Della Sala, G.; Labano, S.; Lattanzi, A.; Scettri, A. Tetrahedron 2002,
58, 6679.

(340) Della Sala, G.; Labano, S.; Lattanzi, A.; Tedesco, C.; Scettri, A.
Synthesis 2002, 505.

(341) Russo, A.; Lattanzi, A. Adv. Synth. Catal. 2009, 351, 521.

(342) Hutton, C. A.; Jaber, R.; Otaegui, M.; Turner, J. J.; Turner, P.; White,
J. M.; Bacskay, G. B. J. Chem. Soc., Perkin Trans. 2 2002, 1066.

(343) Patonay, T.; Adam, W.; Lévai, A.; Kovér, P.; Németh, M.; Peters,
E.-M.; Peters, K. J. Org. Chem. 2001, 66, 2275.

(344) Otto, M.; Boone, B. J.; Arif, A. M.; Gladysz, J. A. J. Chem. Soc.,
Dalton Trans. 2001, 1218.

(345) Sathicq, A. G.; Romanelli, G. P.; Palermo, V.; Vizquez, P. G.;
Thomas, H. J. Tetrahedron Lett. 2008, 49, 1441.

(346) Thakur, V. V.; Sudalai, A. Tetrahedron: Asymmetry 2003, 14, 407.

(347) Zhang, Y.; Sun, J. T.; Zhu, C. J. Chin. Chem. Lett. 2006, 17, 1173.

(348) Fan, Q.-H.; Li, Y.-M.; Chan, A. S. C. Chem. Rev. 2002, 102, 3385.

(349) Fraile, J. M.; Garcia, J. 1.; Mayoral, J. A. Chem. Rev. 2009, 109,
360.

(350) Gao, Y.; Lam, Y. Adv. Synth. Catal. 2008, 350, 2937.

(351) Lakshmi Kantam, M.; Prakash, B. V.; Bharathi, B.; Reddy, C. V. J.
Mol. Catal. A: Chem. 2005, 226, 119.

(352) Sahoo, S.; Kumar, P.; Lefebvre, F.; Halligudi, S. B. J. Catal. 2009,
262, 111.

(353) Khedher, I.; Ghorbel, A.; Fraile, J. M.; Mayoral, J. A. J. Chem. Res.
2008, 604.

(354) van de Velde, F.; Arends, I. W. C. E.; Sheldon, R. A. J. Inorg.
Biochem. 2000, 80, 81.

(355) Alcon, M. J.; Corma, A.; Iglesias, M.; Sanchez, F. J. Mol. Catal. A:
Chem. 2002, 178, 253.

(356) Alcon, M. J.; Corma, A.; Iglesias, M.; Sanchez, F. J. Mol. Catal. A:
Chem. 2003, 194, 137.

(357) Fuerte, A.; Iglesias, M.; Sanchez, F.; Corma, A. J. Mol. Catal. A:
Chem. 2004, 211, 227.

(358) Ayala, V.; Corma, A.; Iglesias, M.; Sanchez, F. J. Mol. Catal. A:
Chem. 2004, 221, 201.

(359) Iwamoto, M.; Tanaka, Y.; Hirosumi, J.; Kita, N. Chem. Lett. 2001,
226.

(360) Iwamoto, M.; Tanaka, Y. Catal. Surv. Jpn. 2001, 5, 25.

(361) Iwamoto, M.; Tanaka, Y.; Hirosumi, J.; Kita, N.; Triwahyono, S.
Microporous Mesoporous Mater. 2001, 48, 271.

(362) Garcia, R. A.; van Grieken, R.; Iglesias, J.; Morales, V.; Gordillo,
D. Chem. Mater. 2008, 20, 2964.

(363) Wu, P.; Santoni, G.; Froba, M.; Rehder, D. Chem. Biodiversity 2008,
5, 1913.

(364) Wu, P.; Celik, C.; Santoni, G.; Dallery, J.; Rehder, D. Eur. J. Inorg.
Chem. 2008, 5203.

(365) Green, S. D.; Monti, C.; Jackson, R. F. W.; Anson, M. S.; Macdonald,
S. J. E. Chem. Commun. 2001, 2594.

(366) Ando, R.; Yagyu, T.; Maeda, M. Inorg. Chim. Acta 2004, 357, 2237.

(367) Barbarini, A.; Maggi, R.; Muratori, M.; Sartori, G.; Sartorio, R.
Tetrahedron: Asymmetry 2004, 15, 2467.

(368) Lipshutz, B. H.; Shin, Y.-J. Tetrahedron Lett. 2000, 41, 9515.

(369) Gao, J.; Guo, H.; Liu, S.; Wang, M. Tetrahedron Lett. 2007, 48,
8453.

(370) Ferrand, Y.; Daviaud, R.; Le Maux, P.; Simonneaux, G. Tetrahedron:
Asymmetry 2006, 17, 952.

(371) Wang, X.; Wang, X.; Guo, H.; Wang, Z.; Ding, K. Chem.—Eur. J.
2005, 11, 4078.

(372) Ding, K.; Wang, Z.; Shi, L. Pure Appl. Chem. 2007, 79, 1531.

(373) Ding, K.; Wang, Z.; Wang, X.; Liang, Y.; Wang, X. Chem.—Eur. J.
2006, 12, 5188.

(374) Dybtsev, D. N.; Nuzhdin, A. L.; Chun, H.; Bryliakov, K. P.; Talsi,
E. P.; Fedin, V. P.; Kim, K. Angew. Chem., Int. Ed. 2006, 45, 916.

(375) Nuzhdin, A. L.; Dybtsev, D. N.; Bryliakov, K. P.; Talsi, E. P.; Fedin,
V. P.J. Am. Chem. Soc. 2007, 129, 12958.

(376) Colombo, A.; Albericio, F.; Forns, P. Tetrahedron: Asymmetry 2006,
17, 3327.

(377) Khiar, N.; Mallouk, S.; Valdivia, V.; Bougrin, K.; Soufiaoui, M.;
Fernandez, 1. Org. Lett. 2007, 9, 1255.



4354 Chemical Reviews, 2010, Vol. 110, No. 7

(378) Adam, W.; Heckel, F.; Saha-Mdller, C. R.; Schreier, P. J. Organomet.
Chem. 2002, 661, 17.

(379) Burton, S. G. Trends Biotechnol. 2003, 21, 543.

(380) Thomas, C. M.; Ward, T. R. Chem. Soc. Rev. 2005, 34, 337.

(381) Stalford, S. A.; Fascione, M. A.; Sasindran, S. J.; Chatterjee, D.;
Dhandayuthapani, S.; Turnbull, W. B. Chem. Commun. 2009, 110.

(382) Suzumura, A.; Paul, D.; Sugimoto, H.; Shinoda, S.; Julian, R. R.;
Beauchamp, J. L.; Teraoka, J.; Tsukube, H. Inorg. Chem. 2005, 44,
904.

(383) Kietbasinski, P.; Rachwalski, M.; Mikotajczyk, M.; Szyrej, M.;
Wieczorek, M. W.; Wijtmans, R.; Rutjes, F. P. J. T. Adv. Synth.
Catal. 2007, 349, 1387.

(384) Rachwalski, M.; Kwiatkowska, M.; Drabowicz, J.; Ktos, M.; Wiec-
zorek, W. M.; Szyrej, M.; Sierof, L.; Kietbasiiski, P. Tetrahedron:
Asymmetry 2008, 19, 2096.

(385) Holland, H. L.; Brown, F. M.; Johnson, D. V.; Kerridge, A.; Mayne,
B.; Turner, C. D.; van Vliet, A. J. J. Mol. Catal. B: Enzym. 2002,
17, 249.

(386) Lavado, R.; Rimoldi, J. M.; Schlenk, D. Toxicol. Appl. Pharmacol.
2009, 235, 143.

(387) van de Velde, F.; van Rantwijk, F.; Sheldon, R. A. Trends Biotechnol.
2001, 79, 73.

(388) Colonna, S.; Del Sordo, S.; Gaggero, N.; Carrea, G.; Pasta, P.
Heteroat. Chem. 2002, 13, 467.

(389) Colonna, S.; Gaggero, N.; Carrea, G.; Pasta, P. J. Chem. Soc., Chem.
Commun. 1992, 357.

(390) Tuynman, A.; Schoemaker, H. E.; Wever, R. Monatsh. Chem. 2000,
131, 687.

(391) Ozaki, S.; Ortiz de Montellano, P. R. J. Am. Chem. Soc. 1994, 116,
4487.

(392) Ozaki, S.; Ortiz de Montellano, P. R. J. Am. Chem. Soc. 1995, 117,
7056.

(393) Baciocchi, E.; Gerini, M. F.; Harvey, P. J.; Lanzalunga, O.;
Mancinelli, S. Eur. J. Biochem. 2000, 267, 2705.

(394) Celik, A.; Cullis, P. M.; Sutcliffe, M. J.; Sangar, R.; Raven, E. L.
Eur. J. Biochem. 2001, 268, 78.

(395) Littlechild, J. Curr. Opin. Chem. Biol. 1999, 3, 28.

(396) Dembitsky, V. M. Tetrahedron 2003, 59, 4701.

(397) Colonna, S.; Gaggero, N.; Carrea, G.; Pasta, P. J. Chem. Soc., Chem.
Commun. 1997, 439.

(398) Colonna, S.; Gaggero, N.; Richelmi, C.; Pasta, P. Trends Biotechnol.
1999, 17, 163.

(399) Holland, H. L.; Brown, F. M.; Lozada, D.; Mayne, B.; Szerminski,
W. R.; van Vliet, A. J. Can. J. Chem. 2002, 80, 633.

(400) ten Brink, H. B.; Dekker, H. L.; Schoemaker, H. E.; Wever, R.
J. Inorg. Biochem. 2000, 80, 91.

(401) ten Brink, H. B.; Tuynman, A.; Dekker, H. L.; Hemrika, W.; Izumi,
Y.; Oshiro, T.; Schoemaker, H. E.; Wever, R. Inorg. Chem. 1998,
37, 6780.

(402) ten Brink, H. B.; Schoemaker, H. E.; Wever, R. Eur. J. Biochem.
2001, 268, 132.

(403) Andersson, M.; Willetts, A.; Allenmark, S. J. Org. Chem. 1997, 62,
8455.

(404) Andersson, M. A.; Allenmark, S. G. Tetrahedron 1998, 54, 15293.

(405) Andersson, M.; Allenmark, S. Biocatal. Biotransform. 2000, 18, 79.

(406) Manoj, K. M.; Hager, L. P. Biochim. Biophys. Acta 2001, 1547, 408.

(407) Seelbach, K.; van Duerzen, M. P. J.; van Rantwijk, F.; Sheldon, R. A.;
Kragl, U. Biotechnol. Bioeng. 1997, 55, 283.

(408) van de Velde, F.; Lourenco, N. D.; Bakker, M.; van Rantwijk, F.;
Sheldon, R. A. Biotechnol. Bioeng. 2000, 69, 286.

(409) Okrasa, K.; Guibé-Jampel, E.; Therisod, M. J. Chem. Soc., Perkin
Trans. 1 2000, 1077.

(410) Okrasa, K.; Falcimaigne, A.; Guibé-Jampel, E.; Therisod, M.
Tetrahedron: Asymmetry 2002, 13, 519.

(411) Okrasa, K.; Guibé-Jampel, E.; Therisod, M. Tetrahedron: Asymmetry
2003, 74, 2487.

(412) Pezzotti, F.; Okrasa, K.; Therisod, M. Tetrahedron: Asymmetry 2005,
16, 2681.

(413) Pezzotti, F.; Therisod, M. Tetrahedron: Asymmetry 2007, 18, 701.

(414) Liitz, S.; Steckhan, E.; Liese, A. Electrochem. Commun. 2004, 6,
583.

(415) Kohlmann, C.; Liitz, S. Eng. Life Sci. 2006, 6, 170.

(416) Liitz, S.; Vuorilehto, K.; Liese, A. Biotechnol. Bioeng. 2007, 98, 525.

(417) Karmee, S. K.; Roosen, C.; Kohlmann, C.; Liitz, S.; Greiner, L.;
Leitner, W. Green Chem. 2009, 11, 1052.

(418) Perez, D. I.; Mifsud Grau, M.; Arends, I. W. C. E.; Hollmann, F.
Chem. Commun. 2009, 6848.

(419) Walsh, C. T.; Chen, Y.-C. J. Angew. Chem., Int. Ed. Engl. 1988, 27,
333.

(420) Zambianchi, F.; Pasta, P.; Carrea, G.; Colonna, S.; Gaggero, N.;
Woodley, J. M. Biotechnol. Bioeng. 2002, 78, 489.

(421) de Gonzalo, G.; Ottolina, G.; Carrea, G.; Fraaije, M. W. Chem.
Commun. 2005, 3724.

Wojaczynska and Wojaczyniski

(422) Hollmann, F.; Schmid, A.; Steckhan, E. Angew. Chem., Int. Ed. 2001,
40, 169.

(423) Hollmann, F.; Schmid, A. J. Inorg. Biochem. 2009, 103, 313.

(424) van Berkel, W. J. H.; Kamerbeek, N. M.; Fraaije, M. W. J. Biotechnol.
2006, 124, 670.

(425) Alphand, V.; Carrea, G.; Wohlgemuth, R.; Furstoss, R.; Woodley,
J. M. Trends Biotechnol. 2003, 21, 318.

(426) Kamerbeek, N. M.; Janssen, D. B.; van Berkel, W. J. H.; Fraaije,
M. W. Adv. Synth. Catal. 2003, 345, 667.

(427) Mihovilovic, M. D.; Miiller, B.; Stanetty, P. Eur. J. Org. Chem. 2002,
3711.

(428) Carrea, G.; Redigolo, B.; Riva, S.; Colonna, S.; Gaggero, N.; Battistel,
E.; Bianchi, D. Tetrahedron: Asymmetry 1992, 3, 1063.

(429) Colonna, S.; Gaggero, N.; Pasta, P.; Ottolina, G. Chem. Commun.
1996, 2303.

(430) Colonna, S.; Gaggero, N.; Carrea, G.; Pasta, P.; Alphand, V.; Furstoss,
R. Chirality 2001, 13, 40.

(431) Doig, S. D.; O’Sullivan, L. M.; Patel, S.; Ward, J. M.; Woodley,
J. M. Enzyme Microb. Technol. 2001, 28, 265.

(432) Kamerbeek, N. M.; Moonen, M. J. H.; van der Ven, J. G. M.; van
Berkel, W. J. H.; Fraaije, M. W.; Janssen, D. B. Eur. J. Biochem.
2001, 268, 2547.

(433) Kamerbeek, N. M.; Olsthoorn, A. J. J.; Fraaije, M. W.; Janssen, D. B.
Appl. Environ. Microbiol. 2003, 69, 419.

(434) de Gonzalo, G.; Torres Pazmifio, D. E.; Ottolina, G.; Fraaije, M. W.;
Carrea, G. Tetrahedron: Asymmetry 2006, 17, 130.

(435) Fraaije, M. W.; Kamerbeek, N. M.; Heidekamp, A. J.; Fortin, R.;
Janssen, D. B. J. Biol. Chem. 2004, 279, 3354.

(436) Fraaije, M. W.; Wu, J.; Heuts, D. P. H. M.; van Hellemond, E. W.;
Lutje Spelberg, J. H.; Janssen, D. B. Appl. Microbiol. Biotechnol.
2005, 66, 393.

(437) de Gonzalo, G.; Ottolina, G.; Zambianchi, F.; Fraaije, M. W.; Carrea,
G. J. Mol. Catal. B: Enzym. 2006, 39, 91.

(438) de Gonzalo, G.; Torres Pazmiio, D. E.; Ottolina, G.; Fraaije, M. W.;
Carrea, G. Tetrahedron: Asymmetry 2005, 16, 3077.

(439) Torres Pazmifio, D. E.; Snajdrova, R.; Rial, D. V.; Mihovilovic,
M. D.; Fraaije, M. W. Adv. Synth. Catal. 2007, 349, 1361.

(440) Malito, E.; Alfieri, A.; Fraaije, M. W.; Mattevi, A. Proc. Natl. Acad.
Sci. U.S.A. 2004, 101, 13157.

(441) Elfarra, A. A.; Krause, R. J. Biochim. Biophys. Acta 2005, 1703,
183.

(442) Furnes, B.; Schlenk, D. Toxicol. Sci. 2004, 78, 196.

(443) Schlenk, D.; Yeung, C.; Rettie, A. Mar. Environ. Res. 2004, 58, 499.

(444) Hamman, M. A.; Haehner-Daniels, B. D.; Wrighton, S. A.; Rettie,
A. E.; Hall, S. D. Biochem. Pharmacol. 2000, 60, 7.

(445) Virkel, G.; Lifschitz, A.; Sallovitz, J.; Pis, A.; Lanusse, C. Drug
Metab. Dispos. 2004, 32, 536.

(446) Capece, B. P. S.; Alfonso, S. M. S.; Lazdro, R.; Harun, M.; Godoy,
C.; Castells, G.; Cristofol, C. Res. Vet. Sci. 2009, 86, 498, and
references therein.

(447) Capece, B. P. S.; Virkel, G. L.; Lanusse, C. E. Ver. J. 2009, 181,
241, and references therein.

(448) Feingersch, R.; Shainsky, J.; Wood, T. K.; Fishman, A. Appl. Environ.
Microbiol. 2008, 74, 1555.

(449) Casella, L.; Granata, A.; Monzani, E.; Pievo, R.; Pattarello, L.;
Bubacco, L. Micron 2004, 35, 141.

(450) Pievo, R.; Gullotti, M.; Monzani, E.; Casella, L. Biochemistry 2008,
47, 3493.

(451) Dzyuba, S. V.; Klibanov, A. M. Tetrahedron: Asymmetry 2004, 15,
2771.

(452) Ozaki, S.; Matsui, T.; Watanabe, Y. J. Am. Chem. Soc. 1996, 118,
9784.

(453) Ozaki, S.; Matsui, T.; Watanabe, Y. J. Am. Chem. Soc. 1997, 119,
6666.

(454) Watanabe, Y.; Ueno, T. Bull. Chem. Soc. Jpn. 2003, 76, 1309.

(455) Ozaki, S.; Yang, H.-J.; Matsui, T.; Goto, Y.; Watanabe, Y. Tetra-
hedron: Asymmetry 1999, 10, 183.

(456) Matsui, T.; Ozaki, S.; Watanabe, Y. J. Am. Chem. Soc. 1999, 121,
9952.

(457) Kato, S.; Yang, H.-J.; Ueno, T.; Ozaki, S.; Phillips, G. N., Jr.;
Fukuzumi, S.; Watanabe, Y. J. Am. Chem. Soc. 2002, 124, 8506.

(458) Yang, H.-J.; Matsui, T.; Ozaki, S.; Kato, S.; Ueno, T.; Phillips, G. N.,
Jr.; Fukuzumi, S.; Watanabe, Y. Biochemistry 2003, 42, 10174.

(459) Witting, P. K.; Mauk, A. G.; Lay, P. A. Biochemistry 2002, 41, 11495.

(460) Roncone, R.; Monzani, E.; Nicolis, S.; Casella, L. Eur. J. Inorg.
Chem. 2004, 2203.

(461) Pironti, V.; Nicolis, S.; Monzani, E.; Colonna, S.; Casella, L.
Tetrahedron 2004, 60, 8153.

(462) Sugimoto, T.; Kokubo, T.; Miyazaki, J.; Tanimoto, S.; Okano, M.
J. Chem. Soc., Chem. Commun. 1979, 402.

(463) Ogura, K.; Fujita, M.; lida, H. Tetrahedron Lett. 1980, 21, 2233.

(464) Colonna, S.; Banfi, S.; Fontana, F.; Sommaruga, M. J. Org. Chem.
1985, 50, 769.



Enantioselective Synthesis of Sulfoxides

(465) Das, P. K.; Caaveiro, J. M. M.; Luque, S.; Klibanov, A. M.
Biotechnol. Bioeng. 2002, 78, 104.

(466) Dzyuba, S. V.; Klibanov, A. M. Biotechnol. Lett. 2003, 25, 1961.

(467) Duetz, W. A.; van Beilen, J. B.; Witholt, B. Curr. Opin. Biotechnol.
2001, 72, 419.

(468) Boyd, D. R.; Sharma, N. D.; Gunaratne, N.; Haughey, S. A.; Kennedy,
M. A.; Malone, J. F.; Allen, C. C. R.; Dalton, H. Org. Biomol. Chem.
2003, 7, 984.

(469) Boyd, D. R.; Sharma, N. D.; Byrne, B. E.; Haughey, S. A.; Kennedy,
M. A.; Allen, C. C. R. Org. Biomol. Chem. 2004, 2, 2530.

(470) Piovan, L.; Kagohara, E.; Ricci, L. C.; Keppler, A. F.; Capelari, M.;
Andrade, L. H.; Comasseto, J. V.; Porto, A. L. M. Tetrahedron:
Asymmetry 2008, 19, 2385.

(471) Giri, A.; Dhingra, V.; Giri, C. C.; Singh, A.; Ward, O. P.; Narasu,
M. L. Biotechnol. Adv. 2001, 19, 175.

(472) Daligault, F.; Nugier-Chauvin, C.; Patin, H. Org. Biomol. Chem. 2006,
4, 1474.

(473) Holland, H. L.; Brown, F. M.; Kerridge, A.; Pienkos, P.; Arensdor,
J. J. Mol. Catal. B: Enzym. 2003, 22, 219.

(474) French, J. B.; Holland, G.; Holland, H. L.; Gordon, H. L. J. Mol.
Catal. B: Enzym. 2004, 31, 87.

(475) Zhao, H.; Kayser, M. M.; Wang, Y.; Palkovits, R.; Schiith, F.
Microporous Mesoporous Mater. 2008, 116, 196.

(476) Boyd, D. R.; Sharma, N. D.; Allen, C. C. R. Curr. Opin. Biotechnol.
2001, 72, 564.

(477) Allen, C. C. R.; Boyd, D. R.; Dalton, H.; Sharma, N. D.; Haughey,
S. A.; McMordie, R. A. S.; McMurray, B. T.; Sheldrake, G. N.;
Sproule, K. J. Chem. Soc., Chem. Commun. 1995, 119.

(478) Lee, K.; Brand, J. M.; Gibson, D. T. Biochem. Biophys. Res. Commun.
1995, 272, 9.

(479) Boyd, D. R.; Sharma, N. D.; Haughey, S. A.; Kennedy, M. A.;
McMurray, B. T.; Sheldrake, G. N.; Allen, C. C. R.; Dalton, H.;
Sproule, K. J. Chem. Soc., Perkin Trans. 1 1998, 1929.

(480) Boyd, D. R.; Sharma, N. D.; Haughey, S. A.; Malone, J. F.; King,
A. W. T.; McMurray, B. T.; Alves-Areias, A.; Allen, C. C. R.; Holt,
R.; Dalton, H. J. Chem. Soc., Perkin Trans. 1 2001, 3288.

(481) Boyd, D. R.; Sharma, N. D.; Ljubez, V.; Byrne, B. E.; Shepherd,
S. D.; Allen, C. C. R.; Kulakov, L. A.; Larkin, M. J.; Dalton, H.
Chem. Commun. 2002, 1914.

(482) Finn, A. J.; Pavlyuk, O.; Hudlicky, T. Collect. Czech. Chem. Commun.
2005, 70, 1709.

(483) Boyd, D. R.; Sharma, N. D.; Haughey, S. A.; Kennedy, M. A;
Malone, J. F.; Shepherd, S. D.; Allen, C. C. R.; Dalton, H.
Tetrahedron 2004, 60, 549.

(484) Shanklin, J.; Cahoon, E. B. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 1998, 49, 611.

(485) Buist, P. H. Tetrahedron: Asymmetry 2004, 15, 2779.

(486) Buist, P. H.; Marecak, D. M. J. Am. Chem. Soc. 1992, 114, 5073.

(487) Fauconnot, L.; Buist, P. H. J. Org. Chem. 2001, 66, 1210.

(488) Lao, K. Y. Y.; Hodgson, D. J.; Dawson, B.; Buist, P. H. Bioorg.
Med. Chem. Lett. 2005, 15, 2799.

(489) Hodgson, D. J.; Lao, K. Y. Y.; Dawson, B.; Buist, P. H. Helv. Chim.
Acta 2003, 86, 3688.

(490) Hodgson, D.; Buist, P. H. Tetrahedron: Asymmetry 2003, 14, 641.

(491) Nugier-Chauvin, C.; Fauconnot, L.; Daligault, F.; Patin, H. J. Mol.
Catal. B: Enzym. 2001, 11, 1007.

(492) Adam, W.; Heckel, F.; Saha-Moller, C. R.; Taupp, M.; Schreier, P.
Tetrahedron: Asymmetry 2004, 15, 983.

(493) Adam, W.; Heckel, F.; Saha-Moller, C. R.; Taupp, M.; Meyer, J.-
M.; Schreier, P. Appl. Environ. Microbiol. 2005, 71, 2199.

(494) Li, A.-T.; Zhang, J.-D.; Xu, J.-H.; Lu, W.-Y.; Lin, G.-Q. Appl
Environ. Microbiol. 2009, 75, 551.

(495) Yoshida, T.; Kito, M.; Tsujii, M.; Nagasawa, T. Biotechnol. Lett.
2001, 23, 1217.

(496) Ricci, L. C.; Comasseto, J. V.; Andrade, L. H.; Capelari, M.; Cass,
Q. B.; Porto, A. L. M. Enzyme Microb. Technol. 2005, 36, 937.

(497) Porto, A. L. M.; Cassiola, F.; Dias, S. L. P.; Joekes, I.; Gushikem,
Y.; Rodrigues, J. A. R.; Moran, P. J. S.; Manfio, G. P.; Marsaioli,
A.J. J. Mol. Catal. B: Enzym. 2002, 19—20, 327.

(498) Pinedo-Rivilla, C.; Aleu, J.; Collado, I. G. J. Mol. Catal. B: Enzym.
2007, 49, 18.

(499) Olivo, H. F.; Osorio-Lozada, A.; Peeples, T. L. Tetrahedron:
Asymmetry 2005, 16, 3507.

(500) Borges, K. B.; Borges, W. D. S.; Pupo, M. T.; Bonato, P. S. Appl.
Microbiol. Biotechnol. 2007, 77, 669.

(501) Borges, K. B.; Borges, W. D. S.; Pupo, M. T.; Bonato, P. S. J. Pharm.
Biomed. Anal. 2008, 46, 945.

(502) Holland, H. L.; Thasz, N.; Lounsbery, B. J. Can. J. Chem. 2002, 80,
640.

(503) Holland, H. L.; Brown, F. M.; Barrett, F.; French, J.; Johnson, D. V.
J. Ind. Microbiol. Biotechnol. 2003, 30, 292.

(504) Dai, L.; Klibanov, A. M. Biotechnol. Bioeng. 2000, 70, 353.

(505) Carrea, G.; Riva, S. Angew. Chem., Int. Ed. 2000, 39, 2226.

Chemical Reviews, 2010, Vol. 110, No. 7 4355

(506) Salleh, A. B.; Basri, M.; Taib, M.; Jasmani, H.; Rahman, R. N. Z. A.;
Rahman, M. B. A.; Razak, C. N. A. Appl. Biochem. Biotechnol. 2002,
103, 349.

(507) Klibanov, A. M. Curr. Opin. Biotechnol. 2003, 14, 427.

(508) Xie, Y.; Das, P. K.; Caaveiro, J. M. M.; Klibanov, A. M. Biotechnol.
Bioeng. 2002, 79, 105.

(509) Yu, J.-H.; Klibanov, A. M. Biotechnol. Lett. 2006, 28, 555.

(510) Yuchun, X.; Das., P. K.; Klibanov, A. M. Biotechnol. Lett. 2001,
23, 1451.

(511) Das, P. K.; Caaveiro, J. M. M.; Luque, S.; Klibanov, A. M. J. Am.
Chem. Soc. 2002, 124, 782.

(512) Spreti, N.; Germani, R.; Incani, A.; Savelli, G. Biotechnol. Prog.
2004, 20, 96.

(513) Chiappe, C.; Neri, L.; Pieraccini, D. Tetrahedron Lett. 2006, 47, 5089.

(514) van de Velde, F.; Bakker, M.; van Rantwijk, F.; Rai, G. P.; Hager,
L. P.; Sheldon, R. A. J. Mol. Catal. B: Enzym. 2001, 11, 765.

(515) Fishman, A.; Levy, I.; Cogan, U.; Shoseyov, O. J. Mol. Catal. B:
Enzym. 2002, 18, 121.

(516) van Unen, D.-J.; Engbersen, J. F. J.; Reinhoudt, D. N. Biotechnol.
Bioeng. 2001, 75, 154.

(517) Han, Y.-J.; Watson, J. T.; Stucky, G. D.; Butler, A. J. Mol. Catal.
B: Enzym. 2002, 17, 1.

(518) Ferrer, M. L.; Levy, D.; Gomez-Lor, B.; Iglesias, M. J. Mol. Catal.
B: Enzym. 2004, 27, 107.

(519) Kadnikova, E. N.; Kosti¢, N. M. J. Non-Cryst. Solids 2001, 283, 63.

(520) Kadnikova, E. N.; Kostié¢, N. M. J. Org. Chem. 2003, 68, 2600.

(521) Trevisan, V.; Signoretto, M.; Colonna, S.; Pironti, V.; Strukul, G.
Angew. Chem., Int. Ed. 2004, 43, 4097.

(522) de Hoog, H. M.; Nallani, M.; Cornelissen, J. J. L. M.; Rowan, A. E.;
Nolte, R. J. M.; Arends, I. W. C. E. Org. Biomol. Chem. 2009, 7,
4604.

(523) Wang, W.; Xu, Y.; Wang, D. I. C.; Li, Z. J. Am. Chem. Soc. 2009,
131, 12892.

(524) Luetz, S.; Giver, L.; Lalonde, J. Biotechnol. Bioeng. 2008, 101, 647.

(525) Morley, K. L.; Kazlauskas, R. J. Trends Biotechnol. 2005, 23, 231.

(526) Reetz, M. T.; Zonta, A.; Schimossek, K.; Liebeton, K.; Jaeger, K.-
E. Angew. Chem., Int. Ed. Engl. 1997, 36, 2830.

(527) Directed Enzyme Euvolution. Screening and Selection Methods;
Arnold, F. H., Georgiou, G., Eds.; Humana Press: Totowa, NJ, 2003.

(528) Cherry, J. R.; Fidantsef, A. L. Curr. Opin. Biotechnol. 2003, 14,
438.

(529) Rai, G. P.; Sakai, S.; Florez, A. M.; Mogollon, L.; Hager, L. P. Adv.
Synth. Catal. 2001, 343, 638.

(530) Clouthier, C. M.; Kayser, M. M.; Reetz, M. T. J. Org. Chem. 2006,
71, 8431.

(531) Polyzos, A. A. Directed evolution of a sulfoxidation biocatalyst, Ph.D.
Thesis, University of Florida, 2003.

(532) Reetz, M. T.; Daligault, F.; Brunner, B.; Hinrichs, H.; Deege, A.
Angew. Chem., Int. Ed. 2004, 43, 4078.

(533) Qi, D.; Tann, C.-M.; Haring, D.; Distefano, M. D. Chem. Rev. 2001,
101, 3081.

(534) Lu, Y. Curr. Opin. Chem. Biol. 2005, 9, 118.

(535) Letondor, C.; Ward, T. R. ChemBioChem 2006, 7, 1845.

(536) Steinreiber, J.; Ward, T. R. Coord. Chem. Rev. 2008, 252, 751.

(537) Ueno, T.; Abe, S.; Yokoi, N.; Watanabe, Y. Coord. Chem. Rev. 2007,
251, 2717.

(538) Yamamura, K.; Kaiser, E. T. J. Chem. Soc., Chem. Commun. 1976,
830.

(539) Wilson, M. E.; Whitesides, G. M. J. Am. Chem. Soc. 1978, 100,
306.

(540) van de Velde, F.; Konemann, L.; van Rantwijk, F.; Sheldon, R. A.
Biotechnol. Bioeng. 2000, 67, 87.

(541) van de Velde, F.; Arends, I. W. C. E.; Sheldon, R. A. Top. Catal.
2000, 73, 259.

(542) Correia, 1.; Aksu, S.; Adao, P.; Costa Pessoa, J.; Sheldon, R. A.;
Arends, I. W. C. E. J. Inorg. Biochem. 2008, 102, 318.

(543) Tanaka, N.; Dumay, V.; Liao, Q.; Lange, A. J.; Wever, R. Eur.
J. Biochem. 2002, 269, 2162.

(544) Bakker, M.; van Rantwijk, F.; Sheldon, R. A. Can. J. Chem. 2002,
80, 622.

(545) Pordea, A.; Creus, M.; Panek, J.; Duboc, C.; Mathis, D.; Novic, M.;
Ward, T. R. J. Am. Chem. Soc. 2008, 130, 8085.

(546) Pordea, A.; Mathis, D.; Ward, T. R. J. Organomet. Chem. 2009, 694,
930.

(547) Mahammed, A.; Gross, Z. J. Am. Chem. Soc. 2005, 127, 2883.

(548) Rousselot-Pailley, P.; Bochot, C.; Marchi-Delapierre, C.; Jorge-Robin,
A.; Martin, L.; Fontecilla-Camps, J. C.; Cavazza, C.; Ménage, S.
ChemBioChem 2009, 10, 545.

(549) Hayashi, T.; Matsuda, T.; Hisaeda, Y. Chem. Lett. 2003, 32, 496.

(550) Hayashi, T.; Murata, D.; Makino, M.; Sugimoto, H.; Matsuo, T.;
Sato, H.; Shiro, Y.; Hisaeda, Y. Inorg. Chem. 2006, 45, 10530.

(551) Ohashi, M.; Koshiyama, T.; Ueno, T.; Yanase, M.; Fujii, H.;
Watanabe, Y. Angew. Chem., Int. Ed. 2003, 42, 1005.



4356 Chemical Reviews, 2010, Vol. 110, No. 7

(552) Ueno, T.; Ohashi, M.; Kono, M.; Kondo, K.; Suzuki, A.; Yamane,
T.; Watanabe, Y. Inorg. Chem. 2004, 43, 2852.

(553) Ueno, T.; Koshiyama, T.; Ohashi, M.; Kondo, K.; Kono, M.; Suzuki,
A.; Yamane, T.; Watanabe, Y. J. Am. Chem. Soc. 2005, 127, 6556.

(554) Ueno, T.; Koshiyama, T.; Abe, S.; Yokoi, N.; Ohashi, M.; Nakajima,
H.; Watanabe, Y. J. Organomet. Chem. 2007, 692, 142.

(555) Carey, J. R.; Ma, S. K.; Pfister, T. D.; Garner, D. K.; Kim, H. K.;
Abramite, J. A.; Wang, Z.; Guo, Z.; Lu, Y. J. Am. Chem. Soc. 2004,
126, 10812.

(556) Zhang, J.-L.; Garner, D. K.; Liang, L.; Chen, Q.; Lu, Y. Chem.
Commun. 2008, 1665.

(557) Zhang, J.-L.; Garner, D. K.; Liang, L.; Barrios, D. A.; Lu, Y.
Chem.—Eur. J. 2009, 15, 7481.

(558) Ricoux, R.; Raffy, Q.; Mahy, J.-P. C. R. Chim. 2007, 10, 684.

(559) Nimri, S.; Keinan, E. J. Am. Chem. Soc. 1999, 121, 8978.

(560) Ricoux, R.; Lukowska, E.; Pezzotti, F.; Mahy, J.-P. Eur. J. Biochem.
2004, 271, 1277.

(561) Raffy, Q.; Ricoux, R.; Mahy, J.-P. Tetrahedron Lett. 2008, 49, 1865.

Wojaczynska and Wojaczyniski

(562) Ricoux, R.; Allard, M.; Dubuc, R.; Dupont, C.; Maréchal, J.-D.;
Mabhy, J.-P. Org. Biomol. Chem. 2009, 7, 3208.

(563) Reetz, M. T.; Rentzsch, M.; Pletsch, A.; Maywald, M.; Maiwald,
P.; Peyralans, J. J.-P.; Maichele, A.; Fu, Y.; Jiao, N.; Hollmann, F.;
Mondiere, R.; Taglieber, A. Tetrahedron 2007, 63, 6404.

(564) Reetz, M. T.; Rentzsch, M.; Pletsch, A.; Taglieber, A.; Hollmann,
F.; Mondiere, R. J. G.; Dickmann, N.; Hocker, B.; Cerrone, S.;
Haeger, M. C.; Sterner, R. ChemBioChem 2008, 9, 552.

(565) Creus, M.; Ward, T. R. Org. Biomol. Chem. 2007, 5, 1835.

(566) Baltzer, L.; Nilsson, J. Curr. Opin. Biotechnol. 2001, 12, 355.

(567) Bolon, D. N.; Voigt, C. A.; Mayo, S. L. Curr. Opin. Chem. Biol.
2002, 6, 125.

(568) Blaser, H.-U.; Spindler, F.; Studer, M. Appl. Catal., A 2001, 221,
119.

CR900147H



