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1 Introduction

This review continues from the previous ones published in
1994,1 1995 2 and 1996.3 It covers new methods for the synthesis
of acyclic thiols and selenols, disulfides and diselenides, sulfides
and selenides, sulfoxides and selenoxides, and sulfones and
selenones. Cyclic systems will be covered elsewhere. A similar
format has been adopted to that of the previous review in that it
is divided into three sections: thiols, selenols, disulfides, diselen-
ides, sulfides and selenides; sulfoxides and selenoxides; and
sulfones and selenones. Each section begins with synthetic
routes to simple systems, and then goes on to consider methods
leading to more complex, polyfunctional molecules. Consider-
able emphasis has been placed on stereo- and enantio-selective
reactions, reflecting the current interest in this area.

A new general introductory text to organosulfur chemistry
has been published,4 as has a monograph containing chapters
on asymmetric sulfoxidation, synthesis of chiral sulfoxides,
conformational studies of cyclic sulfoxides, chiral sulfoxides as
stereocontrolling elements in organic synthesis, the chemistry
of α,β-unsaturated sulfoxides, and the preparation of 3-
sulfolenes.5 A number of general reviews on organosulfur and
organoselenium chemistry have also been published. These
include a discussion of the distribution and properties of
selenocysteine containing enzymes and proteins that have been
discovered to date;6 and Allium chemistry—the natural abun-

dance of organoselenium compounds from garlic, onion and
related plants and in human garlic breath.7

2 Synthesis of thiols and disulfides, selenols and diselenides,
sulfides and selenides

An excellent review on electrophile mediated heteroatom
cyclisation onto carbon–carbon π-bonds includes a section on
organoselenium induced reactions.8 The production and
reactivity of new organoselenium intermediates leading to the
formation of C]O and C]N bonds has also been reviewed 9

as has the use of sulfenyl chlorides in organic synthesis 10 and
recent progress in electrophilic aromatic substitution with
α-thiocarbocations such as those derived from α-chloro sulfides
or sulfoxides.11 A review of arene catalysed lithiation reactions
also includes some examples of sulfide synthesis.12

2.1 Simple alkyl thiols, disulfides, selenols, diselenides, dialkyl
sulfides and selenides
The selective functionalisation of saturated hydrocarbons
is generally very difficult to achieve, however using Gif (IV)
oxidation conditions, moderate yields of alkyl phenyl sulfides
or selenides can be obtained when used in conjunction with
thiols and disulfides or selenols and diselenides (Scheme 1).13

A much more established method for sulfide and selenide
synthesis is the reaction of metal thiolates or selenolates with
alkyl halides, and these have been discussed extensively in pre-
vious reviews.1–3 A recent X-ray crystal structure of a lithium
thiolate tetrahydrofuran complex has been reported and reveals
a trimeric structure at least in the solid state.14 Such intermedi-
ates have been used in the synthesis of interesting thiophene-
triptycene 8-thioethers and the corresponding thiol by sequen-
tial addition of organolithium species to diethyl thiocarbamate,
and quenching the resultant thiolate with either an alkyl halide
or acid respectively (Scheme 2).15

These reactions can be quite basic, so conditions have been
developed which help avoid this such as using weakly basic
cerium-exchanged NaY zeolites as catalysts (Scheme 3) 16 or
a base free method using an organocobalt() intermediate,
generated from CoCl2 which is reduced in situ using zinc to the
CoI species which undergoes oxidative addition with an alkyl
halide. This species then reacts with a disulfide to give alkyl aryl
thioethers (Scheme 4).17

Another mild procedure involves the use of zinc dimethyl-
dithiocarbamate under Mitsunobu conditions (Scheme 5).18

An approach to the stereoselective synthesis of 1,2-dialkyl-
1-phenylcyclopentanes involving an intramolecular carbolithi-
ation of an α-thioalkene, can give thioethers in good yields
and with moderate stereoselectivities (Scheme 6).19 The initial
organolithium intermediate is generated by lithium–selenium
exchange of the appropriate selenide precursor.
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The synthesis of selenides using selenobenzamide and two
equivalents of alkyl halides proceeds in moderate yield (Scheme
7).20 If however just one equivalent of alkyl halide is used then
the corresponding diselenide is the major product. An altern-
ative approach for diselenide synthesis utilises hydrazine
hydrate as reductant for elemental selenium to generate the
diselenide dianion as a dark red solution in water. Subsequent
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reaction with alkyl halides under phase transfer conditions
(PTC) gives the diselenides in good to excellent yields (Scheme
8).21 Note that no organic solvents are required for this process.

Radical reactions can also be used for diselenide synthesis.
Thus N-hydroxythiopyridone derivatives undergo photolysis
in the presence of a selenoester to form an O,Se acetal. Acid
hydrolysis gives the selenol which then undergoes oxidation by
atmospheric oxygen to give the diselenide (Scheme 9).22

New reagent systems have been reported for the oxidation of
thiols to disulfides. These include iodine and morpholine in
THF; 23 methyltrichlorosilane, trifluoroacetic acid and diphenyl
sulfoxide; 24 and N-hydroxy-O-benzenedisulfonimide 1.25 Alter-
natively the palladium catalysed reaction of organostannanes
and sulfenyl halides also leads to efficient disulfide formation
(Scheme 10).26 This paper also describes the synthesis of some
unusual arenesulfenyl chlorides using the corresponding
disulfide and Cl2.

The reduction of sulfoxides can be used as a method for
sulfide synthesis. New methods for this include acetic anhydride,
4-N,N-dimethylaminopyridine, activated zinc (Scheme 11) ;27

and a rhenium catalysed reduction using ReOCl3(PPh3)2 and
PPh3 (Scheme 12).28 In the latter case, the order of reactivity
is the opposite of that observed for the high temperature
reduction of sulfoxides using PPh3, or when activated by other
reagent combinations, and does not follow sulfoxide bond
strengths as aryl sulfoxides typically possess sulfoxide bonds
1–3 kcal mol21 stronger than alkyl sulfoxides.

Finally, an interesting reaction, effectively the sulfur equiv-
alent of epoxidation, by direct transfer of sulfur to cycloalkenes
during the thermolysis of a thiophene endoperoxide has been
reported. Yields can be as high as 95% but are generally much
lower (Scheme 13).29
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2.2 Unsaturated thiols, disulfides, selenols, diselenides, sulfides
and selenides
A review on the synthesis of unsaturated organoselenium com-
pounds has been published.30 New methods for the synthesis
of aromatic thiols have been reported. Phenols are converted
into the corresponding trifluoromethanesulfonates, which then
undergo palladium catalysed displacement with triisopropyl-
silylthiolate to give the silyl thioether which can be deprotected
using fluoride (Scheme 14).31

The Newman–Kwart rearrangement has been previously
used in the conversion of phenols into aromatic thiols.2,3

Related chemistry has now been used to synthesise unsym-
metrical 2,29-disubstituted 1,19-binaphthalene derivatives based
on either the dithiol or naphthalenol thiol (Scheme 15).32 The
reaction of electron rich arenes with phthalimidosulfenyl chlor-
ide leads to monosubstituted phthalimidosulfenyl derivatives
which can then readily be converted into the corresponding
disulfides, thiols or masked thiols (Scheme 16).33

Chiral 2-aryloxazolines containing thiols, thioethers and
selenoethers have been prepared (Scheme 17).34 In the case of
the thiol, the reaction work-up and chromatography is best
performed in an inert atmosphere to prevent oxidation to the
disulfide, but when pure the thiol is only slightly sensitive
towards oxidation.

The palladium catalysed cross coupling reaction of 9-
organothio-9-borabicyclo[3.3.1]nonanes with organic electro-
philes (aryl and vinyl iodides) provides access to a range of aryl
alkyl and aryl vinyl sulfides (Scheme 18).35

Hypervalent iodine reagents facilitate the nucleophilic substi-
tution reaction of para-substituted phenolic ethers by intro-
duction of a phenylthio group using either S-trimethylsilylthio-
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phenol or thiophenol itself as nucleophiles (Scheme 19).36 A
convenient synthesis of trifluoromethyl aryl sulfides utilises the
potassium salt of trifluoroacetic acid as a nucleophilic CF3

equivalent, which after decarboxylation reacts with diaryl
disulfides in low to good yield (Scheme 20).37

Many new procedures have been reported for the synthesis of
vinyl sulfides. A recent review describes the synthesis of vinyl
sulfides and selenides using Tebbe’s reagent on the correspond-
ing thio- and seleno-esters (Scheme 21).38

The fluoral-ene reaction with vinyl sulfides can be catalysed
by chiral Lewis acids such as the complex between binaphthol
and TiCl2(OPri)2 to give α-trifluoromethyl-β-methyl alcohols
containing an adjacent vinyl sulfide group (Scheme 22).39 Good
diastereoselectivities can be achieved with excellent enantio-
meric purity of the major product. In related chemistry, N-
acyliminium ions react with vinyl sulfides in an ene-type process
to give substituted pyrrolidone derivatives with high diastereo-
selectivity (Scheme 23).40

Thionium ions, generated from α-thiostannanes and related
compounds, add to electron rich aromatic rings to give α-
thiostyrene derivatives in good yield (Scheme 24).41

The addition of benzenesulfenyl chloride to alkenes followed
by elimination provides a facile route to vinyl sulfides, and has
recently been applied to the synthesis of fluorinated vinyl
sulfides (Scheme 25).42 Alkyl aryl sulfides can be effectively
dehydrogenated to aryl vinyl sulfides by chlorination and
elimination (Scheme 26).43 The presence of an adjacent carb-
onyl group facilitates this process.

More basic conditions are required for elimination in less
activated systems. Thus use of one equivalent of organolithium
reagent induces elimination of an allylic acetal, whereas two

Scheme 18
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equivalents leads to further substitution of the remaining
alkoxy group with the organolithium reagent (Scheme 27).44

The synthesis of 1-arylthio-1-nitroalkenes can be readily
accomplished by condensation between an aldehyde and
an arylthionitromethane. The intermediate alcohol is best
dehydrated via the derived mesylate (Scheme 28).45 The sulf-
enylation of α-phosphoryl sulfoxides allows access to reagents
which, after condensation with aldehydes, lead to formation of
unsaturated dithioacetal mono-S-oxides (Scheme 29).46 Good
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yields are obtained but control of double bond geometry is
modest.

The palladium mediated coupling of aryl- or alkyl-thio-

Scheme 26
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tributylstannanes with 3-halopropenoates allows access to vinyl
sulfides with retention of double bond geometry (Scheme 30).47

Regio- and stereo-controlled nucleophilic addition reactions to
a phenylthio-substituted cationic cyclohexadiene molybdenum
complex also provide access to a variety of vinyl sulfides
(Scheme 31).48 Complexation and hydride abstraction give an
η4 cationic complex which undergoes nucleophilic addition
with thiolate, sulfinate and various malonate equivalents. Sub-
sequent transformations allow the synthesis of some highly
functionalised vinyl sulfides.

Silyl thioketones exist in tautomeric equilibrium with the
corresponding enethiol form which can undergo alkylation with
a variety of reactive electrophiles (Scheme 32).49 Desilylation
then gives the (Z)-vinyl sulfide in excellent yield and with full
control of double bond geometry. Related chemistry can also
provide an attractive alternative approach to the synthesis of
unsaturated 1,3-dithianes (Scheme 33).50

The interconversion between cyclic dithioacetals and their
ring opened vinyl sulfide forms can be accomplished at elevated
temperatures in the presence of a catalyst, either trifluoroacetic
acid, or La(OTf)3. This can be used to reveal a diene system
which can undergo cycloaddition. Subsequent reclosure of the
vinyl sulfide reforms the cyclic dithioacetal in good overall yield
(Scheme 34).51

The stereoselective synthesis of (E)-vinyl selenides can be
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achieved via hydrozirconation of terminal alkynes, and quench-
ing the intermediate organozirconium species with an aryl
selenyl bromide (Scheme 35).52 Similarly, selenoalkynes, which
can be prepared from ethynylmagnesium bromide and a selenyl
bromide 53 undergo hydrozirconation, and the intermediate
organometallic can be converted into halide functionality
(Scheme 36),54 or can be cross-coupled directly with aryl or
vinyl halides using palladium catalysis to give β-selenostyrenes
or (E,E)-1-aryl selenobutadienes respectively with full control
of double bond geometry (Scheme 36).55,56

Selenoalkynes also undergo stereoselective hydroboration.
The intermediate boranes can then be either transmetallated
and alkylated (Scheme 37) 57 or undergo rearrangement
(Scheme 38),58 although in the latter case, a mixture of double
bond isomers is usually formed.

Other additions to selenoalkynes have also been reported,
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including palladium catalysed hydrostannylation and sub-
sequent iodination (Scheme 39),59 hydrosilylation (Scheme
40),60 or direct addition of hydrogen halides (Scheme 41).61 The
product vinyl halides are useful precursors to organometallic
reagents which allow further functionalisation of the vinyl
selenide.

The photochemically induced selenosulfonation of alkynes
provides a versatile route to the synthesis of sulfone-substituted
vinyl selenides, usually with good stereocontrol (Scheme 42).62

Further structural elaboration is also possible allowing access
to quite complex dienyl selenides (Scheme 43).63

Alternatively, nucleophilic addition of sodium selenides to
conjugated enyne sulfones also provides access to dienyl selen-
ides with good stereocontrol and excellent yields (Scheme 44).64

Vinyl selenides substituted with other heteroatoms have also
been prepared. Condensation of an α-seleno aldehyde with a
primary amine equivalent gives an enamino selenide, which in
this case is not isolated but undergoes intramolecular Diels–
Alder cycloaddition with an adjacent diene (Scheme 45).65

Intramolecular addition of alkoxides to alkynyl selenides gives
the vinyl selenide (Scheme 46).66 Related chemistry can also be
achieved using alkynyl sulfides.

A variety of benzyl selenides can be prepared from benzyl
alcohol using a combination of the selenolate anion and alu-
minium chloride (Scheme 47).67 Good yields can be achieved
but a large excess of AlCl3 and NaBH4 are usually required.
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Organometallic routes have also been developed to allyl
selenides using an allyl (or prop-2-ynyl) bromide and samarium
(Scheme 48),68 or indium (Scheme 49).69,70 Some of the reac-
tions can be carried out in aqueous media with no need for
an inert atmosphere 70 and in all cases, diselenides are used as
electrophiles.

In an extension to previous organometallic chemistry based
on rhenium, diallyl sulfide complexes of chiral iron and
ruthenium Lewis acids have been used to promote ylide gener-
ation and diastereoselective [2,3]-sigmatropic rearrangement to
give thiolate complexes with new carbon stereocentres which
can be converted into free allyl thioethers (Scheme 50).71,72

The [3,3]-sigmatropic rearrangement of allyl xanthates to
dithiocarbonates provides another stereoselective route to allyl
thioethers (Scheme 51).73

An alternative route is the metal catalysed substitution of
allylic cyclic carbonates. Interestingly the regioselectivity of
this process is metal dependent. Using Pd(PPh3)4 and PhSNa
internal substitution is favoured, and proceeds with inversion
of stereochemistry (Scheme 52).74 However using CpRu-
(PPh3)2Cl and PhSH, introduction of the thioether occurs at
the least hindered terminal position.

Thionium ions, generated from α-thiostannanes under Lewis
acidic conditions, react efficiently with allyl silanes to give
allylic sulfides, as described earlier (Scheme 24).41 Homoallylic
sulfides and selenides can be accessed using tris(phenylchalco-
geno)methanes which undergo Lewis acid mediated cleavage

Scheme 41
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in the presence of allyl trimethylsilane (Scheme 53).75 Alter-
natively, zinc mediated coupling of chloro(phenylthio)methane
and allyl bromides also provides a route to substituted
homoallylic sulfides (Scheme 54).76

Finally, an interesting paper describes a method for stereo-
chemical control during the preparation of alkynyl sulfides
(Scheme 40).60 Unfortunately, after introduction of the alkynyl
sulfide moiety, the unwanted isomer predominated, with the
relatively sterically undemanding alkyne group introduced
axial, rather than in the desired equatorial position. Formation
of the Co2(CO)6 alkyne complex and acid catalysed equili-
bration gave a much more favourable stereoisomeric ratio due
to the increased steric demand of the alkyne complex, which
was subsequently deprotected in excellent yield.
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2.3 Substituted thiols and disulfides, selenols and diselenides,
sulfides and selenides
The synthesis of a series of camphor-derived bis-sulfides has
been reported which may have application as ligands in asym-
metric metal catalysed processes (Scheme 55).77

New methods for the α-fluorination of sulfides have been
reported. Sulfoxide formation and treatment with diethyl-
aminosulfur trifluoride (DAST) allows access to the mono
α-fluoro sulfide (Scheme 56).78 Alternatively, bis-α-chlorination
of a sulfide and treatment with fluoride leads to selective
exchange of one chlorine atom for fluorine. The use of polymer
supported dihydrogen trifluoride in CCl4 gives best yields.
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The addition of ammonium hydrosulfide to α,β-unsaturated
trifluoromethyl ketones leads to the formation of unusual
strained hemithioacetals (Scheme 57).79 Further work on the
asymmetric Pummerer rearrangement 1–3 as a route to optically
active acyclic O,S-acetals has been reported. A series of ethoxy-
vinyl esters were investigated to induce reaction, with ethoxy-
vinyl acetate generally working best (Scheme 58).80

In an interesting extension of this reaction, the additive
Pummerer-type reaction of chiral non-racemic vinyl sulfoxides
initiated by silyl ketene acetals also results in overall addition
of the enolate equivalent to the vinyl sulfoxide (Scheme 59).81

Aspects of the sila-Pummerer rearrangement are also included
in a review on novel strategies for natural product elaboration
and the development of new synthetic methodology.82

During the attempted reduction of a dithioacetal mono-
S-oxide, an interesting α-thioepoxide was formed as the major
product (Scheme 60).83 A method for the synthesis of O,Se-
acetals has been reported which relies on the addition of
selenols to enol ethers (Scheme 61).84 Good yields are obtained
for a variety of substrates.

The synthesis of β-hydroxy sulfides can be carried out by a
number of methods. A recent review includes the sulfur trioxide
mediated addition of sulfenamides to alkenes. Initial insertion
of SO3 into the S]N bond is followed by addition of this
reactive species to an alkene leading to formation of a β-
hydroxy sulfide derivative (Scheme 62).85
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One of the most established methods for the synthesis of
β-hydroxy sulfides is the opening of an epoxide by thiolate.
This has been used in the preparation of enantiomerically pure
C2-symmetric β-hydroxy sulfides using a dithiol, two equiv-
alents of an enantiomerically pure epoxide, and tetra-n-
butylammonium fluoride as catalyst (Scheme 63).86 Similar
conditions have been developed for the ring opening of
epoxides using isothiocyanate, thiocarbonyl and trimethylsilyl-
thioether nucleophiles (Scheme 64).87

In an alternative approach, carbanions stabilised by sulfur
and other adjacent substituents react with epoxides to form
γ-hydroxy sulfides (Scheme 65).88 Subsequent deprotection
liberates the corresponding γ-hydroxy thiol.

In an interesting extension of previous work based on the
Lewis acid induced rearrangement of 2,3-epoxy sulfides to the
corresponding 3-alkoxy-1,2-thiiranium ion, the reactive inter-
mediates have been trapped using alkyl- or vinyl-aluminium
reagents to give the corresponding β- or γ-hydroxy sulfide
depending on regioselectivity (Scheme 66).89 In the case of
trimethylaluminium, the reaction probably proceeds via an
alkoxyaluminium ate complex. This delivers a methyl group
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intramolecularly resulting in ring opening of the thiiranium ion
at the more substituted centre. Note that overall retention of
stereochemistry is observed at the reacting centre, indicative of
the intermediacy of a thiiranium ion. Further work on the add-
ition of nucleophiles to 3-trimethylsilyloxy-1,2-thiiranium ions,
including precursors to amino acids and nucleic acids, has also
been published (Scheme 67).90,91

A new approach to the synthesis of α-thiocarbonyl com-
pounds utilises N-phenylthiocaprolactam as an electrophilic
sulfenylating agent for reaction with ketone enolates (Scheme
68).92 Similar compounds can also be accessed using the
reaction between phenylthiomethylbenzotriazole derivative 2
and an aldehyde (Scheme 69).93–96 An initially formed epoxide
undergoes rearrangement on thermolysis in the presence of zinc
bromide to give α-thio ketones in moderate to good yield.

α-Thio carbonyl compounds can also be prepared by the add-
ition of sulfenyl chlorides to silyl enol ethers (Schemes 70 and
71).97,98 Subsequent addition of enolate anions, Grignard
reagents, or trimethylsilylketene acetals with Lewis acid
catalysis, leads to β-hydroxy sulfide formation with excellent
stereocontrol in some cases.

A related protocol using an α-seleno aldehyde intermediate
has also been applied to the synthesis of peptide-derived β-
hydroxy selenides (Scheme 72).99 In an interesting extension to
this work, synthesis of a 4-C9-selenated deoxyribonucleoside
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was achieved with high stereoselection by addition of benzene-
selenenyl chloride to an aldehyde (Scheme 73).100 Unfortun-
ately the major product was the undesired stereoisomer.
Reduction of the aldehyde and protection gave a β-acetoxy
selenide, which underwent photolytically induced radical epi-
merisation in the presence of diphenyl diselenide to give the
desired stereoisomer as the major component at equilibrium.

Chiral β-hydroxy sulfides have been resolved using enzymatic
procedures. β-Thiotrifluoromethyl alcohols have been resolved
by enantioselective acylation using a lipase and vinyl acetate
(Scheme 74).101

Good yields and optical purities of either enantiomeric series
could be obtained. Lipases have also been used to resolve
precursors to chiral 2,29-bis(phenylthiomethyl)dihydropyrans,
which themselves are useful protecting and resolving agents
for 1,2-diols (Scheme 75),102,103 and chiral ferrocenyl sulfides,
which can act as precursors to chiral sulfoxides (Scheme 76).104

Scheme 70

OTMS

SBn

H

O

OAr

OLi

SBn

OH

CO2Ar

SBn

OH

OH

BnSCl

CH2Cl2

78%

3:1 anti:syn

i) Separate

ii) LiAlH4, 87%

Scheme 71

H

SR

O

SR

OH

OEt

OEt
Br

R2

H

O

SBut

OMe

TMSO OTMS

R2 CO2Me

OH

SBut

O

PrnMgBr

80–94% ee

5 steps

30–73%

80–97% ee

51–88%

88–95% de

TiCl4, CH2Cl2, –78 °C

76–88%

>95% de, 91–94% ee

Scheme 72

OMe

NHCbz
NHCbz

CHO

SePh

OTMS

OMe

CbzN

PhSe

OH

CO2Me

PhSeCl

CH2Cl2, –78 °C

65%

CH2Cl2, –78 °C

35–40%

H

BF3•OEt2

Optically active sulfur-containing secondary alcohols have
been prepared by Pichia farinosa catalysed reduction of suitable
carbonyl precursors (Scheme 77).105 High enantioselectivities
and chemical yields can be achieved.

Benzeneselenenyl sulfate has been reported to be a useful
electrophilic selenenylating agent (Scheme 78).106,107 The use
of organoselenium derived radical translocation reactions has
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also been reported. Selenides undergo homolytic cleavage on
photolysis to generate a carbon radical. This adds to an
adjacent double bond to generate a new radical which is
trapped by the selenium species generated in the first step
(Scheme 79).108,109

In a related process, alkoxycarbonyl radicals, generated by
photolysis of a xanthate ester, add to an adjacent alkene. The
resulting radical then recombines with the xanthate radical
generated in the first step to give the product as a single dia-
stereoisomer (Scheme 80).110

The stereoselective methoxyselenation of allylic alcohol
derivatives provides a route to 2-seleno-1,3-diols with good
stereocontrol (Scheme 81).111 A similar degree of stereoselectiv-
ity is obtained with a variety of protected alcohol derivatives,
and this can be rationalised by a stabilising interaction between
the positive selenium and allylic oxygen atoms in the intermedi-
ate episelenonium ion, and non-bonding steric interactions.

New camphor based electrophilic asymmetric organoselen-
ium reagents have been reported, and in some cases give excel-
lent stereocontrol in oxyselenenylation reactions (Scheme 82).112

Further details on related asymmetric oxyselenenylations using
optically active selenium reagents containing a tertiary amino
group have also been published (Scheme 83).113 Very variable
selectivities are obtained depending on substrate structure,
additives and selenenylating agent.

New methods for the synthesis of β-thio- and β-seleno-
carbonyl derivatives have been reported. Nucleophilic ring
opening of resolved (90% ee) β-butyrolactone by a lithium
thiolate gives the carboxylic acid with clean inversion of stereo-
chemistry (Scheme 84).114 Reaction of α-chloro-α-phenylseleno
esters with a variety of silyl enol ethers under Lewis acidic
conditions gives β-seleno ketones (Scheme 85).115

A more conventional approach to these types of molecule
is the conjugate addition of thiolate or selenolate to α,β-
unsaturated carbonyl compounds. This has recently been
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applied to the synthesis of nucleoside derivatives (Scheme
86).116 High stereoselectivity is observed, and in the case of the
lithium thiolate, the involvement of a coordinated intermediate
helps explain delivery of thiolate to the most sterically hindered

Scheme 82

O

Se

I

SeCl

H

O

N
H

O

CO2H

Se

H

O

N
H

O

O O
*

85%, 93:7 dr

)2

i) NaBH4, 

ii) TMSCN, ZnI2

iii) LiAlH4

iv) (Imid)2CO

v) MCPBA, then NH2NH2

vi) SO2Cl2

Scheme 83

Se

N

O

O

O

O
Ph

Ph

Ph
Me

OMe

Ar*Se Ph

Me

Ar*Se = 

75%, 97% de

Ar*SeBr, AgPF6, MeOH

4 Å ms, CH2Cl2, –78 °C

Scheme 84

S SLiS

O

SS

O

HO

SS

O

O O

50–60% yield 
from thiophene

–20 °C

i) BunLi, THF, –20 °C

ii) S8, –30 °C

O

Scheme 85

Cl CO2Et

SePh
OSiMe3 O

CO2Et

SePh

+ ZnBr2

42–81%

CH2Cl2



J. Chem. Soc., Perkin Trans. 1, 1998 1985

β-face. Interestingly, a reversal of stereoselectivity is observed
when using the potassium thiolate. Other sulfur containing
nucleoside analogues have been synthesised for the preparation
of non-ionic analogues of RNA and DNA. A variety of
methods for sulfide synthesis have been used based on con-
ventional procedures (Scheme 87).117–120 The synthesis of selen-
ium containing sugars as potential glucosidase inhibitors has
also been described (Scheme 88).121

New methods for the synthesis of N,S-acetals have been
reported. The enantioselective Pummerer-type rearrangement
of β-enamino sulfoxides gives chiral non-racemic α,α-N,S-
disubstituted ketals of β-fluoropyruvaldehydes (Scheme 89).122

Alternatively, an unusual cleavage of β-lactam rings induced by
Lewis acids in the presence of a nitrile also allows access to
acyclic N,S-acetals with moderate diastereoselectivity (Scheme
90).123 Similar cleavage can be achieved using trimethylsilyl
azide and a Lewis acid giving related products.

The synthesis of β-amino sulfide derivatives can be accom-
plished by the ring opening of aziridines by thiolate nucleo-
philes. For example, the preparation of enantiomerically pure
C2-symmetric β-amino sulfides by reacting a dithiol with an N-
methylaziridine has been reported (Scheme 63).86,124 An altern-
ative approach to the asymmetric synthesis of β-amino sulfides
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is by the nucleophilic ring opening of prochiral N-acylaziridines
by thiols, catalysed by chiral dialkyl tartrate–diethylzinc
complexes (Scheme 91).125 Only low enantioselectivities are
observed with alkylthiol nucleophiles, however thiophenols give
up to 93% ee.

Addition of a sulfenamide to alkenes mediated by SO3 has
also been reported to lead to β-amino sulfide formation
after aqueous base hydrolysis (Scheme 62).85 The addition
of α-lithiosulfoxides to electron deficient N-acylimines and
subsequent sulfoxide reduction provides a route to β-amino
sulfides. Good yields can be obtained; however stereoselectivity
is poor (Scheme 92).126

The stereoselective synthesis of protected mercaptoaspartic
acid derivatives by sulfenylation of a β-aspartyl enolate has
been reported (Scheme 93).127,128 Note the use of the sulfenyl-
ating agent derived from 2,4-dimethoxyphenylmethanethiol
to allow ready deprotection to the thiol at a later stage in the
synthesis. The preparation of novel selenocysteine derivatives
by reaction of a β-chloro-α-amino acid with alkane- or arene-
selenolate nucleophiles has been reported (Scheme 94).129 Mod-
erate yields are obtained in most cases. The synthesis of related
cysteine-derived thioethers under mild, base free conditions,
has been reported using chemistry previously used to synthesise
simpler thioethers (Scheme 4).17

The free radical azidoselenenylation of alkenes induced by
hypervalent iodine (Scheme 95) 130 is an interesting alternative
to previously reported aminoselenenylation reactions. The
latter has recently been applied to the synthesis of selenoaze-
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tidines and other cyclic amines,131,132 and to the stereocontrolled
synthesis of nucleoside analogues (Scheme 96) 133 and azido-
sugars (Scheme 97).134

2.4 Thiols, disulfides, selenols, diselenides, sulfides and selenides
as mediators of asymmetric transformations
There have been a number of reports of the use of organo-
sulfur and -selenium compounds for asymmetric induction,
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including reviews on high symmetry chiral auxiliaries contain-
ing heteroatoms,135 transition metal Lewis acid catalysed
asymmetric reactions with chiral organosulfur functionality,136

chiral ferrocenyl dichalcogenides and their applications to
asymmetric reactions,137 and synthetic and mechanistic aspects
of asymmetric reactions of organoselenium compounds.138

Further reports on chiral optically active selenium reagents for
asymmetric selenylation reactions have appeared (Schemes 82
and 83).112,113 Routes to new chiral sulfur and selenium contain-
ing compounds with possible applications in asymmetric metal
catalysed processes have been described, including camphor-
derived bis-thiols and -thioethers (Scheme 55),77 2-aryl-
oxazolines (Scheme 17),34 2,29-disubstituted 1,19-binaphthalene
derivatives (Scheme 15),32 and β-hydroxy sulfides and β-amino
sulfides (Scheme 63).86 The enantioselective catalytic reduction
of dihydroisoquinoline derivatives using borane with a zinc
β-amino thiol catalyst gives low to good enantioselectivities,124

and magnesium based Lewis acids modified by chiral β-hydroxy
sulfoxides catalyse Diels–Alder cycloadditions with excellent
enantio- and diastereo-selectivities (Scheme 98).139 Further
progress on the enantioselective synthesis of epoxides using
chiral sulfur ylides has been reported 140,141 as has the use of
chiral 2,29-bis(phenylthiomethyl)dihydropyrans as new protect-
ing and resolving agent for 1,2-diols (Scheme 75).102

3 Synthesis of sulfoxides and selenoxides

3.1 Oxidation of sulfides and selenides
The preparation of sulfoxides and selenoxides by oxidation of
the corresponding sulfides and selenides, respectively, continues
to be an important area of research and has been reviewed.142

This section is divided into three parts. The first is concerned
with new methods of oxidation where chirality at sulfur is not
addressed. The second part is concerned with diastereoselective
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processes, whereas the final part concentrates on new methods
for enantioselective oxidation.

3.1.1 Non-stereoselective oxidation
A review of oxidation reactions using peroxyacetals includes a
section on sulfur oxidation.143 The synthesis and reactivity of
polyfluorinated oxaziridines has also been reviewed,144 as has
the use of hydrogen peroxide in catalytic oxidations.145 New
methods for the oxidation of simple sulfides and selenides to
sulfoxides and selenoxides respectively have been reported.
These include N-hydroxy-O-benzenedisulfonimide 1 in the
presence of acetic acid; 25 tetrabutylammonium peroxydisul-
fate; 146 tert-butyl hydroperoxide, catalysed by camphorsulfonic
acid;147 salts between selenoxides and sulfonic acids; 148 hydro-
gen peroxide with either sodium tungstate under phase transfer
conditions; 149 a zeolite catalyst,150 methyltrioxorhenium,151,152

or ammonium molybdate supported on a strongly basic anion
exchange resin; 153 peroxynitrite; 154–156 sodium chlorite catalysed
by Mn(acac)3 and moist alumina; 157 2-methylpropanal and
oxygen; 158 and trifluoromethanesulfonic anhydride, although
more sensitive substrates can give side reactions.159 Mechanistic
studies have also been published on oxidation using vanadium
catalysis,160 bis(2-ethyl-2-hydroxybutyrato)oxochromate(),161

pyridinium fluorochromate,162 pyridinium bromide perbrom-
ide 163 and singlet oxygen.164

3.1.2 Stereoselective oxidation
There have been a limited number of studies on the diastereo-
selective oxidation of sulfides to sulfoxides. Oxidation of β-
amino sulfides using sodium hypochlorite with 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) catalyst gives up to
80% de of the syn β-amino sulfoxide diastereoisomer (Scheme
99).165 Use of MCPBA or NaIO4 as oxidants gave almost no
diastereoselectivity with the same substrates.

The diastereoselective oxidation of esters of protected cys-
teine derived α-amino acids has been studied. Use of MEM
esters and the acetamide group for N-protection gave highest
selectivities (Scheme 100).166 Attempted oxidations of related
methionine derivatives 167 or unsaturated sulfides 168 gave little
or no significant diastereoselectivities. The chemoselective
oxidation of penicillins and cephalosporins using a cobalt()
catalyst, oxygen and an aldehyde has also been reported
(Scheme 101).169 High yields and excellent stereoselectivities are
observed.

Finally, the oxidation of homochiral sulfides using asym-
metric oxidising agents provides considerable potential for
stereochemical control and the formation of diastereomerically
enriched products. In an approach to the synthesis of Ustilo-
toxins A and B (Scheme 102), use of TBHP–Ti(OPri)4 with
(R)-BINOL as the chiral ligand gives the sulfoxide product
with >50 :1 diastereomeric ratio. Using (S)-BINOL instead
gave the opposite diastereomer as the major product, but with

Scheme 98

S
Me

O

S

O

Ph

OH

Ph

Br

O

O
S

O

O

O

O

O

Me
i) LDA, THF, –78 °C

ii) 

ii) Ph2CO

i) Mg, toluene, 0 °C

65%

reduced diastereomer selectivity (16 :1) indicative of matched/
mismatched pairings.170 Use of either enantiomer of diethyl
tartrate as the chiral ligand gave only very poor diastereo-
selectivities (up to 1.2 :1).

3.1.3 Enantioselective oxidation
The enantioselective oxidation of sulfides to sulfoxides con-
tinues to be a popular and important area of organosulfur
chemistry, and has been included in a recent review.142 The two
main approaches are using chemical and biochemical processes
which are best considered separately.

Further developments in the area of titanium catalysed
asymmetric sulfur oxidation have been reported. The use of
10 mol% of a catalyst prepared from Ti(OPri)4, diethyl tartrate
and propan-2-ol in the ratio 1 :4 :4, gives enantioselectivities
up to 96% ee for the oxidation of dialkyl and alkyl aryl
sulfides using cumene hydroperoxide as stoichiometric oxidant
(Scheme 103).171,172 Oxidation of methyl aryl sulfides using
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TBHP and 5 mol% of a catalyst derived from Ti(OPri)4, (S,S)-
1,2-diphenylethane-1,2-diol and water, gives sulfoxides of up to
80% ee (Scheme 104).173

Optically pure sugar hydroperoxides have been shown to oxi-
dise methyl aryl sulfides in the presence of Ti(OPri)4 with up to
26% ee (Scheme 105).174 Chiral hypervalent iodine reagents 3
and 4 also have been shown to oxidise sulfides to sulfoxides
although enantioselectivities are low (up to 13%).175,176 Poor
enantioselectivities have also been observed using sodium
chlorite as oxidant with chiral MnIII catalysts in the presence
of alumina.177

The use of biocatalysts for asymmetric sulfur oxidation con-
tinues to be an active area of research. A recent review on the
structural studies and synthetic applications of Baeyer–Villiger
monooxygenases includes a section on sulfur oxidation.178

The use of bacterial cyclohexanone monooxygenases for the
oxidation of a variety of sulfur-containing functionality
has also been reviewed.179 An active site model for oxidation
using cyclohexanone monooxygenase from Acinetobacter
NCIMB9871 has been published,180 and this and related
enzymes have been shown to give moderate to excellent enantio-
selectivities for the oxidation of dialkyl sulfides (Scheme
106) 181 and alkyl aryl sulfides.182,183 Use of a tert-butanol–water
(1 :1) mixed solvent system prevents background racemic
oxidation which can be observed when water alone is used.182

Enantioselective oxidations by the diketocamphane monooxy-
genase isozymes from Pseudomonas putida gave >55% ee for
the oxidation of aryl alkyl sulfides,184 and a series of (S)-para-
substituted phenyl methyl sulfoxides have been prepared by
sulfide oxidation using Helminthosporium sp. NRRL4671.185

Whole cell cultures of Acinetobacter calcoaceticus NCIMB9871
have been used in a preparative scale synthesis of 1,3-dithiane
1-oxide, giving the (R)-enantiomer with 98% ee in 76% yield.
The stereoselectivity observed is in agreement with a previously
published active site model of the cyclohexanone monooxygen-
ase enzyme isolated from such cells. The opposite enantiomer
can be accessed using Pseudomonas sp. NCIMB9872, however
lower enantioselectivity is observed (57% ee).186
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Finally, asymmetric deoxygenation of racemic alkyl aryl
sulfoxides by Rhodobacter sphaeroides f. sp. denitrificans IL106
gives resolved sulfoxides in excellent enantiomeric excess, along
with the reduced sulfide by-product (Scheme 107).187

3.2 Non-oxidative sulfoxide and selenoxide synthesis

3.2.1 General methods for sulfoxide and selenoxide synthesis
Several recent reviews in this area have been published includ-
ing one on the use of the diarylhydroxymethyl group in syn-
thesis, which includes a section on the asymmetric synthesis
of sulfoxides from cyclic sulfites; 188 the use of oxiranyl and aziri-
dinyl anions which includes sections on sulfinyl stabilised
anions; 189 and reactions of hypervalent species, including lig-
and coupling reactions of sulfoxides.190,191 α-Methoxyarylacetic
acids 5 and 6 have been reported to be effective chiral shift
reagents for enantiomeric excess determination of sulfoxides.192

Best resolution was observed in C6D6 solvent.

A one pot synthesis of aryl sulfoxides utilises a sulfinic acid
as an electrophilic sulfurising agent, adding to aromatic rings to
give the sulfoxides in modest to excellent yields (Scheme 108).193

Sulfonium salts are formed under more forcing conditions.
Arenesulfinates can also be converted into aryl benzyl sulfox-
ides by reaction with N-(arylacetyl)benzotriazoles, the reaction
proceeding via an aryl ketene intermediate (Scheme 109).194

The enantioselective synthesis of sulfur-containing ferro-
cenes has been reported. Lithiation of ferrocene and reaction
with a menthyl toluene-p-sulfinate (the Andersen procedure)
gives moderate yields of the optically active sulfinyl ferrocenes
(Scheme 110).195 Subsequent attemps at lithiation using tert-
butyllithium were unsuccessful and led to formation of tert-
butyl p-tolyl sulfoxide and some racemisation. In an alternative
approach tert-butylsulfinylferrocene was prepared in high
enantiomeric excess by asymmetric oxidation. This allowed
for lithiation of the ferrocene (rather than the cleavage reaction
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observed previously) and subsequent quenching with para-
formaldehyde gave the desired optically pure disubstituted
sulfinyl ferrocene.

Methylene bridged derivatives of estradiol have been pre-
pared by methylenation of unsaturated sulfoxides using tri-
methylsulfoxonium iodide and base. Good stereoselectivity can
be observed and is dependent on the chirality of the sulfoxide
moiety (Scheme 111).196

Finally, whilst strictly outside the scope of this chapter, it is
of interest to note that the well known β-elimination reactions
of sulfoxides and selenoxides have been promoted by either
microwave irradiation 197 or catalytic antibodies 198 respectively.

3.2.2 Functionalised sulfoxides
Applications of sulfoxides in the synthesis of biologically active
compounds have been reviewed.199 The condensation between
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an α-metallo sulfoxide and a carbonyl compound is a well estab-
lished route to β-hydroxy sulfoxides. This reaction has recently
been exploited for formation of a crucial C]C bond in a syn-
thesis of (2)-maytansinol, although a mixture of diastereo-
meric products was formed (Scheme 112).200 A similar reaction
has been used to prepare optically active β-hydroxy sulfoxides
which, when complexed with MgI2, form Lewis acid complexes
which are efficient and highly selective asymmetric Diels–Alder
catalysts (Scheme 98).139 Sulfoxide anions can also undergo
conjugate addition reactions. In the example shown (Scheme
113), which is the key step in an asymmetric synthesis of (2)-
podophyllotoxin, the enolate intermediate initially formed after
conjugate addition, is reacted with an aldehyde to further
increase the complexity of the product.201

β-Keto sulfoxides have been prepared by the addition of vinyl-
ogous ester enolates to sulfinate esters or their equivalent. The
original menthyl sulfinate esters can suffer from low reactivity,
and recently developed sulfinamide derivatives give greatly
increased yields and products of high enantiomeric purity
(Scheme 114).202 Higher yields of β-keto esters and reduced
racemisation can be obtained if anions derived from N,N-
dimethylhydrazones are reacted with sulfinate esters, rather
than enolates of the parent ketone (Scheme 115).203

The stereoselective reduction of β-keto sulfoxides is a well
established method for the synthesis of optically active alco-
hols, and has recently been exploited in the synthesis of a
precursor to mannostatin A (Scheme 114),202 haminol-1, an
alarm pheromone (Scheme 116),204 (2)-(5S,7R)-tarchonanthus
lactone (Scheme 117),205 (1)-monomorine (Scheme 118) 206 and
(1)-isobretonin-A (Scheme 119).207 A similar approach has also
been used for the stereoselective synthesis of thienyl
carbinols.208

The addition of lithium ester enolates to cyclic β-keto sulfox-
ides has been shown to proceed with remarkably high stereo-
selectivity (Scheme 120).209 A tricoordinate lithium species,
which involves the enolate, sulfinyl and carbonyl oxygens was
invoked to explain the stereoselectivity.

Good levels of selectivity are reported for the addition of
diazomethane to β-keto sulfoxides (Scheme 121).210 Modest
yields of epoxides are obtained, but they can be improved at
the expense of stereoselectivity by using other solvents. The
products can be further converted into useful synthetic inter-
mediates by a range of subsequent transformations. Related
chemistry has been used for the synthesis of arylsulfinyl
epoxides as their Cr(CO)3 complexes, by addition of dimethyl-
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sulfonium methylide to a ketone, with high levels of stereo-
control (Scheme 122).211

In an approach to the synthesis of enantiomerically pure
3-fluoromethylthreonines, (S)-1-fluoro-3-p-tolylsulfinylacetone
undergoes an aldol reaction with methyl isocyanoacetate to give
a mixture of oxazoline products, which can be separated and
hydrolysed to the desired 3-fluoromethylthreonine analogues in
near quantitative yield (Scheme 123).212 Difluoroallylic alcohols
react with benzenesulfenyl chloride to give a sulfenate ester
which undergoes rapid [2,3]-rearrangement to give the α,α-
difluoro sulfoxide in good yield (Scheme 124).213 It would
appear that there is a strong preference for the CF2 centre to be
in the sp3 hybridisation state as attempts to reverse the reaction
using triethyl phosphite were unsuccessful.

The synthesis of β-amino sulfoxides can be achieved by a
number of methods. Addition of an α-lithio sulfoxide to an
imine proceeds in good yield but with low stereoselectivity
(Scheme 92).126 α-Lithio sulfoxides react with oxaziridines
to form β-amino sulfoxide derivatives, although again, only
moderate stereoselectivity is observed (Scheme 125).214

Hydrocyanation of α-trifluoromethyl-β-sulfinylenamines
proceeds mainly to give the syn diastereoisomer in high yield
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but modest stereoselectivity (Scheme 126),215 and condensation
of α-lithio sulfoxides with acetimidoyl chlorides gives a β-imino
sulfoxide which can undergo subsequent stereoselective reduc-
tion to the β-amino sulfoxide (Scheme 127).216 The β-imino sulf-
oxide intermediates can also be prepared using an aza-Wittig
reaction between a β-keto sulfoxide and an iminophosphorane.

Finally, an interesting extension to the Swern oxidation pro-
cedure has been developed which allows the use of solid sup-
ported sulfoxides in place of dimethyl sulfoxide. The sulfoxide
is attached to a Merrifield resin via an ester linkage (Scheme
128),217 and when used in conjunction with oxalyl chloride,
gives yields typically >90% in Swern oxidations of alcohols.
Work-up is particularly easy, and no foul smelling by-products
(cf. Me2S) are formed. The sulfoxide can be regenerated using
NaIO4.
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3.2.3 Unsaturated sulfoxides and selenoxides
New methods for the synthesis of unsaturated sulfoxides have
been reported. Condensation of the anion derived from an
optically active 1,1-bis-sulfoxide with a carbonyl compound
generates a β-hydroxy bis-sulfoxide which readily undergoes
dehydration (Scheme 129).218 Similarly, anions of β-keto sulfox-
ides react with aldehydes to give the corresponding unsaturated
sulfoxide, which can be used as a precursor to 1,4-dihydro-
pyridines containing a chiral sulfinyl group (Scheme 130).219

An alternative route to similar dihydropyridines utilises
Andersen sulfinate methodology on the Grignard reagent

Scheme 118

S
p-Tol

O OOO
S

p-Tol

OH OOO

N

Bun

H

THF
95%, >95% de

(+)-Monomorine

DIBAL-H, ZnCl2

Scheme 119

MPMO S
p-Tol

O O

MPMO S
p-Tol

OH O

O O

OH

O

HO

61%, >98% de

(+)-Isobretonin A

DIBAL-H, THF

Scheme 120

O

S
p-Tol

O
H

O OLi
OH

S
p-Tol

O

H

O O

THF, 88%

Scheme 121

p-Tol
S Cl

OO

p-Tol
S Cl

O O Cl

O

H

O

p-Tol
S Cl

O OH

NHBnp-Tol
S Cl

O OH

Bun

CH2N2, 0 °C

solvent

Et2O, 36%, 17:1 dr
MeOH, 88%, 4.2:1 dr

i) TFAA, sym-collidine
MeCN, –10 °C

ii) HgCl2, K2CO3

MeCN, 0 °C

BnNH2

THF, rt, 88%

Bun
2CuLi

THF, -20 °C

derived from 3-bromopyridine (Scheme 131).220 Sulfinyl-
substituted benzoquinone imines have also been prepared using
related methodology although yields were low, and a synthesis
of the racemate proved to be much more efficient (Scheme
132).221

The synthesis of α,β-unsaturated sulfoxides has been
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achieved using a vinyl Grignard reagent and a menthyl sulf-
inate 222 however mixtures of geometrical isomers can result.
Alternatively, reduction of alkynyl sulfoxides using LiAlH4 or
H2–RhCl(PPh3)3 gives either the (E)- or (Z)-α,β-unsaturated
sulfoxides respectively with high stereoselectivity (Scheme
133).222
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1,5-Benzodithiepan-3-one 1,5-dioxide has been reported to

be a novel chiral auxiliary for asymmetric desymmetrisation
of meso-1,2-diols by base induced elimination to the α,β-
unsaturated sulfoxide (Scheme 134).223 Further work on related
systems has also been reported, although lower diastereo-
selectivities are observed.224 Elimination of β-hydroxy selenides
has been used in the synthesis of unsaturated sulfoxides
(Scheme 135).225
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The SN29 displacement of allylic mesylates or epoxides allows
for the stereoselective synthesis of α,β-unsaturated sulfoxides
(Schemes 136 and 137).226,227 In the case of allylic mesylates,
the stereochemical outcome of the reaction appears to be con-
trolled by the configuration of the mesylate group, whereas in
the case of the allylic epoxides, the effect of the sulfinyl group is
predominant.

α-Phosphoryl sulfoxides have also been used as precursors to
a variety of substituted unsaturated sulfoxides, including optic-
ally active ketene dithioacetal mono-S-oxides (Scheme 138),228

and optically active α-chlorovinyl sulfoxides (Scheme 139).229

These kinds of reaction are also reported to be accelerated by
sonication.230
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The use of unsaturated sulfoxides as dienophiles, dienes and
dipolarophiles in cycloaddition reactions has continued to be
an important area of research, and the use of the sulfinyl group
as a chiral inductor in asymmetric Diels–Alder reactions has
been reviewed.231 Whilst it is beyond the scope of this review
to give a detailed account of this area of chemistry, a brief
discussion of the kinds of systems which have been investigated
will be included. Syntheses of many of these compounds have
been reported previously; any important new synthetic routes
have been discussed above.

(2)-E-1,4-Benzodithiine-S,S9-dioxide 9, obtained in an
almost enantiomerically pure form by asymmetric Modena
oxidation gives high endo/exo ratios and yields for cycloaddi-
tion with cyclopentadiene with AlEt2Cl catalysis.232 Optically
active 1,1-bis(ethoxycarbonyl)-2,2-bis(p-tolylsulfinyl) ethene
8 218 has also been synthesised and investigated as a Diels–Alder
dienophile, but was found to be unexpectedly unreactive
requiring high pressures (13 kbar) for reaction with cyclopent-
adiene. Sulfinyl-substituted quinones 10 233 and 11 234 and
benzoquinone-4-imines 12 (Scheme 132) 221 also undergo effi-
cient selective cycloaddition reactions. Sulfinyl groups have
been used to induce diastereoselectivity in cycloadditions of
substrates containing remote double bonds, such as 13.235

Dienes containing sulfinyl groups at either positions 1 (14) 236

or 2 (15),237 undergo efficient Diels–Alder reactions, in some
cases with good levels of stereoselectivity. 1-Sulfinyl dienes
show high facial selectivity for complexation with Fe(CO)5

(Scheme 140).238 The complexes thus formed can undergo
highly diastereoselective reactions prior to decomplexation.

The synthesis of γ,δ-unsaturated sulfoxides using α-sulfinyl
radicals is included in a review.239 Alternatively, similar pro-
ducts can be obtained by Claisen rearrangement with a high
degree of stereochemical control induced by an adjacent sulf-
inyl group (Scheme 141).240

4 Synthesis of sulfones and selenones

Although this section in principle includes methods for the
synthesis of selenones as well as sulfones, very little literature
has been published on them, and they have found only limited
synthetic utility and so will not be discussed in any detail here.

4.1 Oxidation of sulfides and sulfoxides
The formation of sulfones by oxidation of sulfides and sulfox-
ides is now well established and relatively little new work in the
area has been published. Oxone efficiently oxidises methionine
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derivatives to the corresponding sulfones, which on treatment
with base undergo cyclisation to give thiopyran S,S-dioxides
(Scheme 142).167 Interestingly, cyclisation of the corresponding
sulfoxide causes racemisation.

Interesting new nucleotide derivatives where the phosphate
linkage has been replaced by a sulfone or other sulfur function-
ality have been synthesised. Again Oxone is the reagent
of choice for oxidation of the thioether precursors (Scheme
87).118–120

Mechanistic studies have been published on the formation of
sulfones by singlet oxygen oxidation of sulfides,241 and by oxid-
ation using tetramethylammonium peroxynitrite.242
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4.2 Non-oxidative sulfone synthesis
4.2.1 General methods for sulfone synthesis
Little new work has been published on the synthesis of simple
sulfones. A review of the chemistry of oxiranyl and aziridinyl
anions includes a section on sulfonyl stabilised anions.189

Methylene bridged derivatives of estradiol have been prepared
by methylenation of unsaturated sulfones using trimethyl-
sulfoxonium iodide and base, although poor stereoselectivity
is observed compared with unsaturated sulfoxides (Scheme
111).196

4.2.2 Functionalised sulfones
An interesting new route to β-keto sulfones utilises the
ruthenium catalysed addition of silyl enol ethers to sulfonyl
chlorides (Scheme 143).243 Good yields are obtained using a
variety of aromatic enol ethers and alkyl and aryl sulfonyl
chlorides.

The palladium or platinum catalysed hydrosulfination of α,β-
unsaturated ketones leads to formation of γ-keto sulfones
in moderate to excellent yield (Scheme 144).244 Initial hydro-
sulfination of the more electron rich olefin yields a sulfinic
acid intermediate which then undergoes subsequent conjugate
addition to an electron deficient alkene to give the product.
Palladium catalysis usually gives better yields than platinum.
γ-Keto sulfones can also be prepared by rearrangement of 2-
alkenyl-2-methoxycyclopropyl phenyl sulfones (Scheme 145).245

An asymmetric synthesis of β-hydroxy sulfones utilises the
diastereoselective reduction of β-keto sulfones derived from
optically pure α-methylbenzylamine (Scheme 146).246

The other main route to β-hydroxy sulfones is by addition of
an α-sulfonyl anion to a carbonyl compound. This has been
exploited in one of the key C]C bond forming reactions in a
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synthesis of the C10–C22 fragment of FK-506 (Scheme 147),247

and (1)-lanomycin (Scheme 148).248 In the second example,
BF3?Et2O is required for efficient condensation, presumably due
to the lower reactivity of the ketone. The initial products
formed in this reaction are usually converted to alkenes as part
of a Julia–Lythgoe alkene synthesis. Increased yields of β-
hydroxy sulfones can be achieved if DME is used as solvent
rather than THF (Scheme 149), although this increase can be
marginal in some cases.249 An alternative to the Julia–Lythgoe
reaction has been recently introduced which does not involve
isolation of an intermediate β-hydroxy sulfone.250–252
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α-Lithiated sulfones have also been alkylated with other
electrophiles as key steps in the synthesis of natural products,
including the use of alkyl halides (Scheme 150),253 epoxides
(Scheme 151)254 and α,β-unsaturated ketones (Scheme 152).255

Lithiated cyclopentane β-ketoxime sulfones also undergo
conventional alkylation reactions with alkyl halides, and
palladium catalysed allylations with allylic carbonates
(Scheme 153).256
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2-Methylprop-2-enyl methyl sulfones can be regioselectively
alkylated at the more acidic allylic position on treatment with
base and an alkyl halide. Addition of a further equivalent of
base allows regioselective deprotonation of the methyl group
which can also undergo alkylation (Scheme 154).257 Conjugate
addition of a lithiated allyl sulfone to an α,β-unsaturated ketone
and subsequent cyclisation of the initial enolate intermediate
onto the vinyl sulfone provides an efficient route to bicyclo[2.2.2]-
octan-2-one derivatives (Scheme 155).258,259 In some cases the
reaction is best carried out in one pot. Other stereoselective
additions of carbon nucleophiles to functionalised α,β-
unsaturated sulfones have been reported (Scheme 40).60

Epoxidation of α,β-unsaturated sulfones has been reported
using either MCPBA/NaHCO3 (Scheme 25),42 TBHP with KF/
Al2O3 catalysis,260 or the lithium salt of TBHP (Schemes 156,
157 and 158), in some cases with excellent stereocontrol.261–263

The products of these reactions can undergo deprotonation to
form sulfone stabilised oxiranyl anions which undergo efficient
alkylation with alkyl triflates (Scheme 156) 261 and iodides
(Scheme 157).262

β-Aminoalkyl sulfones can be prepared by addition of
amines to α,β-unsaturated sulfones (Scheme 159).264 They can
then undergo subsequent deprotonation α to the sulfonyl group
and the anions thus formed, alkylated with a variety of electro-
philes to give mainly the anti-diastereoisomers. In a related
reaction, primary or secondary amines add to α,β-unsaturated
sulfones in the presence of base and CCl4 to give β-amino-α,α-
dichloro sulfones directly (Scheme 160).265
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Tosyl methyl isocyanate (TosMIC) derivatives are valuable
reagents but substituted derivatives can be difficult to prepare.
Sequential treatment of an alkyl or aryl aldehyde with form-
amide, a sulfinic acid and POCl3 gives good overall yields for a
variety of substitution patterns (Scheme 161).266

A Michael route to acetal and dithioacetal derivatives of

Scheme 157

p-Tol
S OBn

O O
O

I
O

O

p-Tol
S

OBn

O

O

O
O

O

OBn

i) BunLi, THF, –100 °C

ii)

50%

i) p-TolSO2Na, I2

THF, H2O

ii) NEt3, C6H6

iii) ButOOLi

59%
THF, –20 °C

Scheme 158

Et
S

p-Tol

OH

Bun

O

Et
S

p-Tol

OH

Bun

O

O

Et
S

p-Tol

OH

Bun

O

O

O

Prn S
O

TBSO

Ph

Prn S
O

TBSO

Ph

O

ButOOLi (4 equiv.)

75%, 98:2 dr

prolonged

Et2O, 0 °C

reaction times

73%

THF, –20 °C

ButOONa (4 equiv.)

80%, 97:3

Scheme 159

p-Tol
S

R

O O

p-Tol
S

RO O

NHBn

Li

p-Tol
S

RO O

NHBn

E

i) BnNH2

E+

E+
  = RX, R1R2CO, D2O

ii) BunLi, –78 °C

30–76%

Scheme 160

Ph
S

O O

Ph
S

O O

NR1R2

Cl Cl

R1R2NH
NaH, CCl4

THF, rt

62–90%



J. Chem. Soc., Perkin Trans. 1, 1998 1997

2-sulfonylacetaldehyde has been developed (Scheme 162).267

Treatment of a 1,2-bis(sulfonyl)ethene or a 1-chloro-2-sulf-
onylethene with a 1,2-diol or -dithiol and base gives the corre-
sponding acetal or dithioacetal with loss of a sulfonyl or chlor-
ide group respectively. The same products can also be obtained
by a double Michael addition of a 1,2-diol or -dithiol to an
acetylenic sulfone.

4.2.3 Unsaturated sulfones
The regioselective methanesulfonylation of toluene by meth-
anesulfonic anhydride has been reported to give high para-
selectivity when catalysed by cation exchanged zeolite β
(Scheme 163).268 A one pot vicarious nucleophilic substitution
of hydrogen using phenylsulfonyl stabilised anions provides a
route to substituted benzyl sulfones (Scheme 164).269,270

Tandem enyne allene radical cyclisations also provide a route
to various benzylic sulfones. The initial propynyl sulfones
undergo base induced conversion to the allene which sub-
sequently undergo the radical cyclisation (Scheme 165).271

Related reactions have also been exploited by sulfone-
containing DNA cleaving agents based on enediynes.272–276

Iron tricarbonyl complexes of butadienyl sulfones undergo
hydride abstraction to give a dienylium iron complex which can
be reacted with a wide variety of carbon and heteroatom-based
nucleophiles (Scheme 166).277 Decomplexation of the metal
regenerates the substituted dienyl sulfone, which in some cases
can be aromatised using DDQ to give a substituted aromatic
sulfone.
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A novel one pot synthesis of substituted buta-1,3-diene-1-
sulfonyl chlorides from 3-sulfolenes relies on ring opening of a
lithiated sulfolene and quenching the intermediate sulfinate
anion with N-chlorosuccinimide (Scheme 167).278 Sulfolene,
when treated with an aromatic diazonium salt in the presence of
a palladium catalyst also provides access to either vinyl or allyl
sulfones via a Heck-like coupling reaction (Scheme 168).279 A
variety of substituted aromatic diazonium salts can be used
with moderate to excellent efficiency.

A simple and efficient synthesis of (E)-1-phenylsulfonyl-2-
(trimethylsilyl)ethylene utilises the iodosulfonation of trimeth-
ylsilylethene followed by base induced elimination (Scheme
169).280 Quantitative yields of the product as an 8 :1 mixture of
(E)- and (Z)-isomers can be obtained, or alternatively, the pure
(E)-isomer can be obtained in 72% overall yield. Oxidation of
silicon-substituted vinyl sulfides followed by desilylation also
provides access to unsaturated sulfones with excellent control
over double bond geometry (Scheme 32).49
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Iodosulfonations of alkynes lead to formation of 1-p-tolyl-
sulfonyl-2-iodoalkenes which can undergo further reaction to
form sulfone-containing cyclic enol ethers (Scheme 170).281

Bromosulfonation (Scheme 171) 282 and selenosulfonation
(Schemes 43 and 44) 63,64 have also both been used as routes to
substituted unsaturated sulfones.

Nucleophilic addition of organocopper reagents to acetyl-
enic sulfones gives good yields of the corresponding vinylic
sulfones with excellent control of double bond geometry
(Scheme 172).283 Addition of hydrogen iodide to acetylenic sulf-
ones also proceeds with high stereoselectivity (Scheme 173).284

The vinyl iodide products can undergo subsequent palladium
catalysed coupling with vinyl stannanes to give dienyl sulfones
again with good stereocontrol.

Toluene-p-sulfonyl fluoride has been reported as an electro-
phile for sulfonation of organometallic anions (Scheme 174).285

In this case the initial lithiation reaction is aided by N-
carboxylation of an indole moiety. Transmetallation of a vinyl
tin reagent with BunLi, quenching with phenyl thiophenyl-
sulfonate, and oxidation with dimethyldioxirane (DMDO) has
also been used for vinyl sulfone formation (Scheme 175).286,287
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Addition of sodium benzene sulfinate to alkynylselenonium
salts gives vinyl sulfones (Scheme 176) 288 whereas copper sulf-
inates and alkynyl halides react under sonochemical initiation
to form alkynyl sulfones (Scheme 177).289–291

Reaction of sulfonyl phosphonates with aldehydes allows
formation of α,β-unsaturated sulfones, which can undergo base
catalysed isomerisation to the corresponding β,γ-unsaturated
sulfones (Scheme 178).292 Subsequent lithiation and quenching
with electrophiles allows further functionalisation of the allyl
sulfone moiety.

The synthesis of γ-oxygenated α,β-unsaturated sulfones can
be carried out directly by condensation of an aldehyde with
a sulfinyl sulfone (Scheme 179).293 The reaction proceeds by
initial addition of the sulfur stabilised anion to an aldehyde.
Subsequent 2,3-sigmatropic sulfoxide–sulfenate rearrangement
then gives the γ-hydroxy α,β-unsaturated sulfone in excellent
overall yield. Related sugar-derived α,β-unsaturated sulfones
have also been synthesised by elimination of a glycosyl sulfone
(Scheme 180).294
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The palladium catalysed allylic sulfonation of allylic acetates
gives allyl sulfones in good yield and with up to 93% enantio-
meric excess (Scheme 181).295 Related chemistry has also been
used for the desymmetrisation of allylic dibenzoates to give
allyl sulfones of high enantiomeric excess (Scheme 182).296

Palladium catalysis has also been used for the carbo-
palladation–sulfonylation of allene for the preparation of 2-
vinyl or 2-aryl allyl sulfones (Scheme 183); 297 the addition of
terminal alkynes to electron deficient alkynes, to give sulfone-
substituted enynes (Scheme 184); 298 and [3 1 2]-cycloaddition
reactions of sulfonyl activated carbohydrate derivatives
(Scheme 185).299

The alkylation of sulfonyl stabilised anions with electrophiles
provides a powerful protocol for the further functionalisation
of unsaturated sulfones (Schemes 186 and 187).300–302 With
delocalised allyl anions, alkylation occurs exclusively adjacent
to the sulfone moiety.

Lewis acid induced rearrangement of sulfonyl cyclopropanes
gives α,β-unsaturated sulfones in moderate yield (Scheme
188),303 whereas lithiated episulfones undergo ring opening to
give sulfinate anions which can be trapped with a variety of
electrophiles leading to the formation of vinyl sulfones in
moderate to good yields and with excellent control of double
bond geometry (Scheme 189).304

The use of unsaturated sulfones in Diels–Alder reactions
continues to be investigated and has been reviewed.305,306
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5 Conclusion

Organo-sulfur and -selenium chemistry continues to play a
crucial role in organic synthesis, particularly with new stereo-
selective and asymmetric processes being developed. We hope
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this review will encourage the further development and exploit-
ation of these methods in the future.
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