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S-Cationoid reagents in organic synthesis
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Abstract. The review is devoted to the methods of preparation,
properties, and applications in organic synthesis of compounds of
divalent, tetravalent, and hexavalent sulfur which may bear a
positive charge on the sulfur atom, such as sulfenium, sulfonium,
and sulfoxonium (oxosulfonium) reagents. The bibliography
includes 178 references.

I. Introduction

During the last 10 - 15 years, the development of the chemistry of
organic compounds of sulfur has been characterised by the
extensive application of S-cationoid reagents, which play the
extremely important role of active intermediates in many
synthetic reactions, such as, for example, the selective oxidation
of alcohols, the transfer of various functional groups, the
introduction of a carbon-carbon double bond, the generation
of radical-cations, ylides, etc. Such intermediates play an
extremely important role in biological methylation processes
occurring in living organisms!-2? and also in processes involving
the cleavage of peptides at the methionine units.

The majority of the S-cationoid reagents are unstable under
the usual conditions, so that they are generated and employed as a
rule in situ during the chemical reaction. Of the S-cationoid
intermediates known at the present time, sulfonium salts have
been the most thoroughly investigated. Convenient preparative
methods of synthesis of the latter have been developed, their
physicochemical properties have been investigated comprehen-
sively, and their synthetic applications have been discovered.
Some of the sulfonium salts, for example dimethylbromosulfon-
ium bromide, dimethylchlorosulfonium chloride, dimethyl(N-
succinyl)sulfonium chloride, etc., have entered the reference
literature on preparative organic chemistry as important
reagents for organic synthesis.

The interest manifested in sulfonium salts induced at the
relevant time the appearance of a series of review publications,! -3
which fully reflected the state of the chemistry of sulfonium salts
during that period, but by now many new S-cationoid reagents
have appeared and will be considered in the present review (the
literature up to 1993 inclusive is considered).
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I1. Cationoid sulfenium reagents

The cationoid sulfenium reagents include complexes having the
general formula RS*Y ™, in which the sulfenium cation RS*™
(R=AlIk, Ar) is stabilised by an anionoid species Y ~ of the type
BF;,*-% SbClg,!0 ClO,,11-13 etc.

RSX + MY —> RS*Y~ + MX

R =Me,Ph; X =C|,Br; M = Ag, Lj;
Y = BF4, C104, SbClﬁ .

According to Cappozzi et al.,'# the problem of the structure of
these complexes still remains unsolved. In connection with the
relatively low stability of cationoid sulfenium reagents, they are
generated in situ in inert organic solvents (methylene chloride,
nitromethane, dichloroethane) at low temperatures (—50 to
—20 °C). Their synthesis is based on an exchange reaction.

The resulting solutions of cationoid sulfenium reagents are
relatively stable in the temperature range indicated and are used
in the synthesis of polyfunctional sulfides. These syntheses are
based on the electrophilic addition of cationoid sulfenium
reagents to alkenes and the subsequent interaction of the
intermediate episulfonium cations with nucleophiles introduced
into the reaction medium in the last stage.>

The use of cationoid sulfenium reagents in reactions with
alkenes makes it possible to carry out the electrophilic addition in
two stages, the stages involving the addition of the electrophile
RS* and the nucleophile Z~ being separated in time and
independent of one another (Scheme 1).

_ —50°C,5min
_ SR
+ VA
VA

R = Me, Ph; Z = OH, MeO, Cl, Br, OAc, (EtCO;),CH, AcNH .

Scheme 1

It is noteworthy that, in the addition of cationoid sulfenium
reagents to alkenes with a branched structure, it is possible to
direct the addition reaction towards the formation of products
with a rearranged skeleton. For example, the episulfonium ion
formed in the reaction of tert-butylethene with the complex
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PhS*BF; reacts at —20 to —10 °C with nucleophiles, affording
polyfunctional sulfides in 60%—90% yields.*

Bu!CH =CH; + PhS*BF; —

7
— Bu'CH——;CH: “0t0 —10°C Bu‘CIHCsz
$BE; SPh
Il’h 60% —90%

Z = OH, OMe, MeCO4, H, (EtCO2),CH, NEt;.

However, if the solution of the episulfonium complex
obtained at —20 °C is maintained at 20 °C for 1.5-2 h, the
main reaction product is 3,4,4-trimethylthiochroman regardless
of the nature of the nucleophile Z#* which is due to the
rearrangement of the episulfonium complex at the higher
temperature to an intermediate carbonium ion, which in fact
participates in the alkylation reaction.

Me;CCH—CH,
e 20°C,1.5-2 h
BF; | ——"" .
Ph

[ Me 1
Mezé—CH—cl:Hz Me Me
M
— BF; S — €

S

L _

It has been shown?®!5 that the stable S-arylepisulfonium
complexes are capable of reacting not only with active
nucleophiles but also with aromatic mn-donors, which greatly
expanded the limits of the applicability of the cationoid sulfenyl
reagents in the synthesis of polyfunctional sulfides. For example,
the interaction of episulfonium complexes with certain aromatic
and heterocyclic compounds takes place in the absence of
catalysts under mild conditions (—20 to 0 °C) in accordance
with the general mechanism of the Friedel~ Crafts reaction and
leads to the formation of aryl(heteroaryl)-substituted sulfides.!

PhOM
SEOMe L MeO CMe:CH,SAr
MeZC—CH2 78%
. ]
SBE; {\
S
Ar - @—CMezCI—bSAr
S
94%
However, one should note that the reactions of the

episulfonium complexes with aromatic compounds do not
take place unambiguously, especially in the case of nonactivated
aromatic compounds. This is due to the ambident nature of the
episulfonium cation, which may react with the aromatic n-donor
with participation of both a carbon atom (to form C-adducts) and
the sulfur atom (to form S-adducts).!®

R R?
R R ? < H (C-adduct)
R‘/\ \NW4 R arH Ar! SAr
SBF;
{ 1 (§-
Ar ArSAr! (S-adduct)

R,RI, R2 = H, Alk.

This disadvantage may be eliminated to some extent by
varying the nature of the substituent at the sulfur atom. Thus in
the reaction of the S-mesitylepisulfonium complex with aromatic
compounds, the yield of the S-adduct does not exceed 5% — 10%.°
In the interaction of asymmetric episulfonium complexes with
aromatic compounds, adducts of the Markovnikov type are
formed exclusively, while in the case of the episulfonium
complexes obtained from cis- or frans-but-2-ene and cyclo-
hexene the stereochemistry of the products corresponds to the
stereospecific anti-opening of the episulfonium ring by the
aromatic n-donor, which indicates, according to Ibragimov
and coworkers,'>16 that the reaction proceeds via the inter-
mediate formation of a bridged carbenium ion and not an open-
chain B-arylthiocarbenium ion.

1
MeCH=CHMe —~ MeCH—CHMe —ri,

. +
¢S S BF;
trans |

Ar

- MeC|IH—CHMe
ArS Ar!

threo (= 95%)
erythro (= 95%)

. SAr
4
O~ Cpems 2

Ar!

trans (= 95%)

The trimethylsilyl ethers of enols proved to be active n-donors
in reactions with episulfonium complexes. It has been shown? 16
that the episulfonium complexes interact with such ethers even at
—30 °C (1-2 h), affording y-carbonyl-substituted sulfides, the
structure of which corresponds to the Markovnikov and trans-
stereospecific opening of the episulfonium ring by the nucleo-
phile.

RRIC=CH, —> RRIG—CH, RCHECRIOSMe,
%BFI
Ar

CH,SAr
— RR'C—CHR2COR?
20% —-90%
R = Me, Ph, H; R! = H, Me; R2=H; RI = Ph;
R2+R3 = —(CH2)4—.

MeCH=CHMe —» MeCH—CHMe -2=CMcOSiMe,

cis § BF;
trans |
Ar

——» MeCH—CHMe
ArS CH,COMe

threo (= 95%)
erythro (= 95%)
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In the interaction of cationoid sulfenium reagents with dienes,
the intermediate episulfonium cation may react with the
n-electron system of the second double bond, giving rise to
cyclic products.®

Me_ Me
CO:Me
7 ? ArS*SbFg
| B
Me
Me, Me
Ar$
COzMC
—20 °C, 10 min
. | —20°C, 10 min_
Me
Me, Me
ArS COMe
e
Me
(50% —60%)
ArS
ArS+BFy
—_—
COM
2e o~ o
COzMe COzMe

It is known! that the addition of sulfenyl chlorides to alkenes
proceeds in accordance with the Adg2 mechanism, in which the
cationic intermediate is the episulfonium cation—a weak
electrophile which does not react with weak nucleophiles.

cl
s+ 58— N\ VAN s N, s
RS —C1 + C=C - C—C _ —C
/ AN 7/ \/N\ /1
cl- RS

The method of the coupled addition of sulfenyl chloride to
alkenes in the presence of a strong electrophile, for example
lithium perchlorate, developed by Zefirov and coworkers,'!~13 is
therefore of special interest. In this case, the sulfenyl chloride
reacts even with acetonitrile, which is a weak nucleophile.

N/
LiCIO =S
1 4 —
RSCl _—Lla—> [RS+CIO4] —_—
Sl N
N/ N\ MeCN
— sco;] — | ¢
| | _¢
R N=CMe

The immonium ion formed under these conditions is
converted into the final products on treatment with various
reagents.

RS (0] RS
N i N
C—C—NHCMe C—C—N=CMe
7 7 '
N3
RS
N
C—C—N—C—R
T
\/
N

R = Ph, 4-MeC¢Hy, 4-CIC¢Hq, 2-NO2CsHa, 2,4-(NO2)2CsHs .

II1. Sulfonium reagents

A characteristic feature of divalent sulfur compounds, for
example sulfides, is their ability to react with electrophiles,
which is due to the presence of a free electron pair at the sulfur
atom by virtue of which the atom can participate in the formation
of a third covalent bond. The positive charge arising at the sulfur
atom is as a rule stabilised by the negative charge of the anion.
The compounds formed under these conditions have the general
name of sulfonium salts and are divided into several types
depending on the nature of the groups surrounding the sulfonium
centre: trialkyl(aryl)sulfonium, halosulfonium, aminosulfonium,
alkoxysulfonium, aryloxysulfonium, acyloxysulfonium, alkyl-
(aryl)thiosulfonium salts, etc.

+

R_S|_R Y-
X

R = Alk, Ar; Y = Cl, Br, BF,, ClO; etc.;
X = Alk, Ar, Cl, Br, L, F, OAc, NRj, OR’, SR’ (R’ = Alk, Ar).

1. Trialkyl(aryl)sulfonium salts

a. Methods of synthesis of trialkyl(aryl)sulfonium salts
Preparation from sulfides. The alkylation (arylation) of sulfides by
aryl halides,'>17-19 alkenes,22° sulfonic acid esters,2"22 alco-
hols,?* and diazonium,? oxonium,? and iodonium 24 salts is very

frequently used to obtain trialkyl(aryl)sulfonium salts
(Scheme 2).
Scheme 2
RX &
. R_?—Rl X- (X = Bl‘, I)
R
PhCH=CH S
2B, R,SCH(Ph)CH;Br Br-
R?SO;R! R.SR! R?SO;5
+
RyS MeOH (HCl) R,SMe Cl1—
hNy BF3 (MeCN)_ g &p pr-
+
_ +
Me,OBFy R,SMe BF;
PhiCsHu BF, R2§C6H13 BFy
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Dialkyl sulfides react with alkyl halides relatively easily,
whereas diarylsulfides, as well as sulfides containing strongly
electron-accepting groups at the sulfur atom, are alkylated by
alkyl halides only in the presence of catalysts (FeCls, AgBFj,
etc). For example, despite the reduced nucleophilicity of the
sulfur atom in aryl trifluoromethyl sulfides, the latter were
methylated by methyl iodide in methylene chloride in the
presence of AgBF4 (Scheme 3).2526

Scheme 3
N
_AgBFs 4-RC6H4?CF3 BF;

4-RCsH4SCF3 + Mel —Agl
Me

R = H, Mg, Cl, NO;.

The same catalyst has been used in the synthesis of cyclo-

propyldiphenylsulfonium tetrafluoroborate.?’ 28
AgBF,
Ph,S + ICH,CH,CH,Cl TAglb

NaH, THF
—» Ph,SCH,CH;CH:Cl BF; —— s

— Ph2§<] BF;

In the synthesis of trialkyl(aryl)sulfonium salts, the complexes
of sulfides with BH; and BF; as well as various systems based on
sulfides are used instead of the sulfides themselves. The reduction
of aromatic carboxylic acids by the borane-—dimethyl sulfide
complex has been described.?® The reduction products then react
with dimethyl sulfide in the presence of boron trifluoride etherate
to form the corresponding sulfonium salts.

Et,O- BF.
4-XCeH,COOH + MesS BH; —22 203,

"
— 4—XC6H4CH25M62
X = MeO, HO, H;N.

I B0

The complex between Me,S and BF; reacts relatively easily
with the anhydrides of perfluorocarboxylic acids to form the
corresponding sulfonium salts.>®

I ] +
R¢{C—O—CR¢ + MesS-BF; — R;COSMe; R{COO~

It has been shown? that the addition of dialkoxyphos-
phonylsulfenyl chlorides to ethene hydrocarbons in the presence
of the MeNO; - LiClO4—~Me,S system leads to sulfonium salts
containing dialkoxythiophosphonyl groups.

(RO);PSCI MeNO; —LiClO;—MezS
2.
Il
——b:

§M62
q Cloy

SP(OR):

(")

.
(RO)ZI|’ISCH2(|3HSMe2 ClOy
O Ar

ArCH=CH 2

R = Me, Pri; Ar = Ph, 4-MeOC¢Ha.

Preparation from sulfoxides. By virtue of the presence of the
electron-deficient sulfur atom, dialkyl sulfoxides react as
electrophiles with an aromatic ring activated by electron-
donating groups (OH, OR, etc), forming dialkylarylsulfonium
salts.! The reaction is catalysed by a strong inorganic acid (HC],
H,S0,, etc.).

R
+ 0— SMez — @ e

Me—S

e &

Me—S—OH
Me Me

R = OH, OR; X = Cl], HSO,.

Triarylsulfonium salts are formed in the reaction of diphenyl
sulfoxides with arylmagnesium bromides.!-?

— Ph2§Ar 6MgBr 2HBr
—H,0

+ MgBrz

Ph,S=0 + ArMgBr
— thgAr Br—

It has been noted3? that, in the interaction of dimethyl
sulfoxides with 5-R-6-methyl-2,4-diphenyl-3-azapyrylium per-
chlorate in acetic anhydride, the product is a sulfonium salt,
which is converted on heating in alcohol into the salt
PhCH,NHC(Ph)=C(R)COCH,S*Me, CIO;.

b. Applications of trialkyl(aryl)sulfonium salts in organic
synthesis.

Generation of sulfonium radical-cations. One of the characteristic
features of trialkyl(aryl)sulfonium salts is their photolytic
instability. On irradiation with UV light at a certain wave-
length, they are cleaved, affording a mixture of products. The
primary step in the photolytic process is the homolysis of one of
the three C—S bonds with formation of sulfonium radical-
cations, which give rise to secondary photolysis products on
interaction with the solvent or solutes. For example, on pulsed
laser irradiation, the photolytic cleavage of triarylsulfonium salts
begins with the homolysis of the Ar—S§ bond.3?

hv

Ar2§—Ar —_— Ar—S—Ar + Ar’

The diarylsulfonium radical-cations formed in this process are
initiators of the polymerisation of alkenes.33

On irradiation of the sulfonium salt (4-Bu'OCOOC¢H,);S*.
.CF3;80;5 with light at wavelengths of 254 and 266 nm in
acetonitrile or dimethylformamide (DMF), the sulfonium
radical-cation (4-Bu'OCOOC¢H,),S'* and trifluoromethane-
sulfonic acid are formed as the primary reaction products.
Their further reactions lead to the sulfide (4-HOCzH,),S
and the sulfonium ions (4-Bu'OCOOCH,),S*(C¢H,OH-4),
(4-HOCgH,);S*, and (4-HOC¢H,),S*(C¢H,O00COBu'-4).34

The photolysis of the isomeric sulfonium salts
RMeS*PhSbF ¢y (R=1-, 2-, 9-Ci4Hs), which proceeds on UV
irradiation at wavelengths in the range from 260 to 400 nm, has
been described.>® The primary step in the photolysis is the
homolysis of the Me~S bond accompanied by the formation of
the sulfonium radical-cation PhRS"*, the interaction of which
with the solvent leads to acid products.
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Generation of sulfonium ylides. The deprotonation of trialkyl-
sulfonium salts by a base B is one of the commonest methods for
the generation of sulfonium ylides.36

——
-_—

MesS* + B Me,S—CH, + BH*

The mobility of the proton in the alkyl group of the sulfonium
salt depends on many factors and in the first place on its acidity,
the nature of the solvent, and also on the presence of other
substances in the solution. Various combinations of bases and
solvents, such as aqueous solutions of NaOH or KOH in the
presence of tetraalkylammonium halides,3%-37 KOH in dimethyl
sulfoxide (DMSO0),2%3% sodium hydride in tetrahydrofuran
(THF) 2% or in DMSO,% tert-butyllithium in THF,3® potassium
tert-butoxide in THF,>?® and sodium dimethyl sulfoxide in
DMSO or THF 363 are used to increase the mobility. In the
presence of strongly electron-accepting groups in the a-position
in the alkylsulfonium salt, the ylide may be formed even on
treatment with organic bases, such as, for example, 1,5-diaza-
bicyclo[5.4.0Jundec-5-ene #0

In the preparation of an ylide from triarylsulfonium salts, one
aryl group is replaced by an alkyl group (for example, the butyl
group) with its subsequent deprotonation.3¢

THF p -
m—i—* Ph,SBu BF;

4 =
— Ph,S—CHPr

—_—

Ph;S*BF; + BuLi

Sulfonium ylides are also obtained by adding nucleophiles to
vinylsulfonium salts.

—
jr——

+ — + —
R;S—CH=CR} + Nu RIS—CH('3R§

Nu

When R = Me and R! = H, the methylation of the nucleophile via
an Sy2 reaction competes with the addition reaction.

The high nucleophilicity of the carbon atom in the ylide group
and also the tendency of the sulfonium centre to be converted into
the readily eliminated sulfide group, are responsible for the
principal application of sulfonium ylides in organic synthesis,
namely the transfer of alkylidene groups to an electrophilic
double bond via the intermediate formation of a betaine, which
cyclises via direct substitution at the carbon atom .24

R
N v Ne=x = | Ne—=¢”
/7 N/ 2l N\
s
+\
AR
c—c’ + s
/ N/

Depending on the structure of the ylide and the alkene, their
addition to one another may lead to the formation of diastereo-
isomeric or structurally isomeric betaines. The cyclisation of such
betaines gives various combinations of products. For example,
the interaction of dimethylsulfonium methylide with cholestan-
3-one leads to two isomeric products, with the isomer having an
axial disposition of the epoxide substituent predominating.?

. \\

main product
+ =
MeZS-—-CHz

OM s N

The addition of dimethylsulfonium methylide to carvone
leads to two different products, with the epoxide predominating.?

O

O
+ =
MC;S-CH;
—MesS

On the other hand, the addition of the diphenylsulfonium
cyclopropylide to carvone takes place at the C=C bond with
formation of one product.

(o] (o]
+  —
+ PhyS—=X or e PhaS

The addition of dimethylsulfonium ethoxycarbonylmethylide
and diphenylsulfonium dimethylmethylide to cyclohexen-2-one
also takes place at the C=C bond? (Scheme 4).

Scheme 4
o)
Me,S—CHCO,E
€25 HEL
E
[0} " MesS CO,Et
— o)
PhyS—CMe, Me
—Ph,S Me

The introduction of an alkyl group in the 3-position in
cyclohex-2-enone alters the mode of addition.?

0 0—CMe;
h +
— —_—
+ PhaS—CMe, Ph,S
Me Me

As a result of the diversity and ready availability of aldehydes
and ketones, their condensation with sulfur ylides has become the
most important synthetic method for the preparation of oxiranes
with a wide variety of structures.2-36.42.43

0O

VAN

PhCHO + Me,S—CH,

—Me,S

O
AN

- MezS

(0]
+ —
@ZO + Me>S—CHa m‘

PhCHO + Me,S—CHCH=CH,
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T ~
MeC—C—OEt + Me,S—CHCO,Et —»

0
Me
— COAEt
EtOC
0
+ —
But \M+ Me,S—CHCOH —ps>

O

COH
—
Bu*

In the presence of a mobile hydrogen atom in the substrate
molecule, the oxirane ring formed may be opened with
subsequent formation of a five-membered ring, which is used
in the synthesis of furans from dimethylsulfonium methylide and
unsaturated ketones.?®

0O H o H
4+ -
Me,S—CH

R/“\(\\SBu e, RZ/LSBu —_—
—MesS

R R’
0 !
HgSO4 R R
R SBu - BuSH [
R o

The availability of unsaturated compounds with a wide
variety of structures makes it possible to employ the ylides
for the synthesis of cyclopropanes (Scheme 5).

Scheme 5

RICH=CHCOR? + Me,S—CHCOAr ———»

—MesS
RI
—_—
ArCO COR?
+ u—
CH,=CHCHO + Me;S—CHCO;Et W
—Me:z

A__
OHC CO-Et

+ = A
‘O + Ph,S—CH(CH,);,Me —mb

CHzCHzMe

e

It has been suggested* that the Dbiosynthesis of the
cyclopropane ring in many natural products proceeds via the
copper-catalysed transfer of the methylene group from the
sulfonium methylide formed from S-adenosylmethionine.

—_—

Diphenylsulfonium cyclopropylide, formed when cyclo-
propyldiphenylsulfonium tetrafluoroborate is treated with
sodium dimethyl sulfoxide in THF, is widely used in the transfer
of the cyclopropylidene group in preparative organic chemistry.?®
The interaction of this reagent with aldehydes and ketones and
also with o,B-unsaturated ketones affords spirocycloalkanones
and cyclic ketones.27-28,44,45

(o
;O?

Me
Me
(0}
H,C M

HC Me

+
ths—<] —

Oxaspiropentanes are intermediates in some of these
reactions. They have been isolated by treating the carbonyl
compounds with cyclopropyldiphenylsulfonium tetrafluoro-
borate.*6-47

R ~N
C=0 (KOH, DMSO)
R

.
(>—sph2 BF; — 0
Phc’

A
OA
A%
OR

The tendency of sulfonium ylides to undergo rearrangements
is frequently employed in the syntheses of various sulfides.
For example, in the presence of strong bases, benzylsulfonium
ylides undergo the [2,3]-sigmatropic rearrangement and also
1,2-shift rearrangements with formation of the corresponding
sulfides,2-15.48,49
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Me + M
fMe MeOCH,CH=CHCH,SMe, —aooNa .
CHPh B
= R T CH,=CHCHCH,SMe
+ S7 CH;0Me
Ph(_IH—?CHzPh “Me z
Me e PhCH=CHCH,SCH,COR E_
PhCHCH;Ph e —FSiMe;
CH,SiMe;
.
The [2,3]-sigmatropic rearrangement of the benzylsulfonium — PhCH=CHCH2?CH2C02R —

ylide, formed as a result of the desilylation of a a-trimethyl-
silylbenzylsulfonium salt by the fluoride anion, has been
described.>®

—
—_—

.
PhCH—SMe; —F
—FSiMes
SiMe;

CH>SMe
PhCHz?CHz —_— @E

The 1,2-shift rearrangement of benzylsulfonium ylides
constitutes the basis of the synthesis of cyclophanes.3%:5!

PhCHSMCz

—
—

%3

NaH

—Me BF;
.
(Me0),CH BFy

+
BF; Me,S
BuLi

+
SMe, BF4 — 78 °C

—

5]

The [2,3]-sigmatropic rearrangements of allylsulfonium
ylides, which take place on heating or on treatment with basic
reagents, are used in the syntheses of but-3-enyl sulfides.52-54

Me2§CH2-?=C(C02Et)2 EtONa
Me
Et
. CH\z CO>
—» Me—S§ C—Me —» MeSCH,C—CMe=CH;
H,C~  C(COEt); CO3Et

“CH2

—» CH,=CHCH(Ph)CH,SCH,CO;R
Thus the [2,3]-sigmatropic rearrangement of the sulfonium
ylide generated from S-methyl-S, S-di(a,a-dimethylallyl)-sulf-

onium tetrafluoroborate in the presence of an optically active
base led to an optically active sulfide.’*

/K/\g /\)\ Ph(CF;)CHOLl
I
N PO UN

Me

The synthesis of squalene has been achieved with the aid of
the [2,3]-sigmatropic rearrangement of the corresponding
allylsulfonium ylide (Scheme 6).2

-t ol O

R
PhS A\ R
R + R X
. .
R

R =Me,C=CHCH,CH,C(Me)=CHCH,CH; .

Scheme 6

_Li(NH;)

Ylides and sulfonium salts containing triple bonds and

heteroatoms can also participate in similar rearrangements
(Scheme 7).36:55

Scheme 7
C=CMe /Me
HO CH CH HO CH=C=C
+ 2
\s<M e CHSMe
e
(o]
Ph—t M H0
NEON
CH Me
(o]
il CH»
= Ph'—C\C /S\Me — PhC=CH;
OCH,SMe
CH;—C=CH e
< oy > Rs—cH—C=CH

CH=C=CH,
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The transfer of alkyl and acyl groups. The high lability of the C-S
bond in sulfonium salts makes possible their use as alkyl group
transfer reagents, which has found application in biological
methylation reactions 5 and in the biomimetic transalkylation of
alkenes.’” It has been suggested! that methylation in living
organisms takes place with participation of the adenosyl-
sulfonium salt of methionine.

NH:
Uk
I\ Z N _CH
| OH OH
CH—(llH—CH—CH——CHz—+?—CH;—CH;—(llH—COO—
O Me NH2

The transfer of an alkyl groups to the sulfur atom of a thiolate
anion36:3%% or sulfides!’?460 is used in the syntheses of
asymmetric sulfides.

—_

4-c1c6H4—+?—c6H..0Me-4 SbF; + 4-NO,CsHSNa

Me
— 4-NO;CgHsSMe + 4-CIC¢H4SCsHsOMe-4

.
Me;SCsHys BF; + Me;S —» MeSCeHis + MesS BFj

& - Me,S
Me,S + Me;CHBr  —» Me;S—CHMe; Br= ———»

+
—» MeCHSMe + MesS Br—

+ +
Me,S + Me;3SiCH;SMe; [ — Me;SiCH;SMe + Me;S 1-

An example of the intramolecular transfer of an alkyl group
from the sulfonium centre to an oxygen atom is provided by the
isomerisation of dialkylsulfonium salts containing the triphenyl-
phosphonium group, which takes place at 190230 °C under an
argon atmosphere.5! This leads to the preferential formation of
the (E)-isomer of the corresponding o,pB-disubstituted styryl-
triphenylphosphonium tetrafluoroborate.

+ +
Ph;P —ICl—SRR'
Ph—C—O~

+
190--230 °C,argon  PhsP —ﬁ—SR
_190-230 °C, argon

BF; ,
Ph—C—OR

BF{

The Claisen thio-rearrangement of sulfonium salts, used in
the syntheses of certain alkaloids, is also of the type involving the
intramolecular transfer of an alkylallyl group.

Bu'OK
—_—

R!

It has been noted %2 that sulfonium salts containing a nitro-
group at a carbon atom adjoining the sulfonium centre are
capable of being cleaved also in the presence of electrophiles. The
cleavage then takes place at the S— C(NO,) bond with transfer of
the nitroalkyl fragment to the electrophilic part of the reagent.

. _
RiS—CNOZ A~ + Y—X —» YC(NO,),Z + RoSX A~

Y—X = Cl-Cl, C1-N(COR),, CI—-S0:Cl, C1-RS.
Z = COR,H.

It has been shown 63~ 65 that the dimethylacylsulfonium salts
RCOS*Me,BF; (R =Me, Bu!, CF;) act as acylating agents in
reactions with alkenes, dienes, and ethynes, which is used in the
synthesis of a,B-unsaturated ketones.

+
- p— ’
RCOSMe; BF; + CH,=CHR TBF4>

—» RCOCH=CHR’ + Me,S

R = Me, But; R’ = Ph, CH;=CMe.

Elimination of the sulfonium group. The sulfonium centre
activates the B-hydrogen atoms in alkyl groups; the sulfonium
group can also be the leaving nucleophile in elimination
reactions. These factors have in fact determined the use of
sulfonium salt in the syntheses of unsaturated compounds.®6

H<—:B

+ |
MC2SOCH2—(|:_R Tﬁ? CH;=CHR + Me,S

The conversion of a sulfide functional group into a sulfonium
group and the elimination of the latter are used as a method for
the introduction of a carbon - carbon double bond, for example
in the conversion of saturated ketones into o,B-unsaturated
ketones. 6668

MeSSMe
PhCH;CH,COMe — NP
CF380;CH>CO;Et
— PhCHz(llHCOMe CESOCH.COEL
SMe
base
PhCHACHCOMe - 07  “MeSCH:COET

Me—SCH2CO-Et
+

0
[
— PhCH=CHCMe

One of the methods for protecting the carboxyl group
involves its conversion into an alkylthiomethyl ester group
—CO,CH,SR, which is resistant to the action of weak alkalis
and reductants. This is frequently employed in peptide and
phosphatide syntheses.5 In order to remove the alkylthiomethyl
group, it is initially converted into a sulfonium group by
treatment with methyl iodide and is then cleaved with a weak
solution of alkali.

The intramolecular displacement of the sulfonium group by
other nucleophilic groups with formation of cyclic products has
come to be widely employed in organic synthesis. For example, a
method has been developed for the specific cleavage of peptides
in the methionine units, involving the intramolecular displace-
ment of the sulfonium group by the oxygen atom of a
neighbouring amide group.%®
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1 Hal R?
R—NH—CH(CH,CH;SMe)—CO—NHR'! ———
methionine units of the peptide
/CH;-——CH—NHR
— C\I;I.z ﬁ——NHR1 s
/S\Hal— O
Me R?
NHR NHR
H;O
NR! —RI!NH; 0]
(o] (0]

HalR? = BrCN, ICH,CONH;.

The intramolecular displacement of the sulfonium group is
also used in the synthesis of oxiranes, lactones,® and other
heterocyclic compounds.5®

OH
; [ Me;OBF;
RRC=0 BSCH:Li_ b R'CCH,SPh et
—MeO
OH h o]
, | + _ R/
— RRC—CHS( BFi —ygm™ >Z(l
Me R
+ ~ H>0, 100 °C CHa)so
PhaS(CHz)10COOH BF] —ppc'—rme _)
0—C
[l
o}
+ _ NaOH
BzNHC(Ph)=C(R)COCH:SMez CI0} —c= b
o R
l
:171: :Ph
Bz

The reduction of the sulfonium group by samarium diiodide
in THF at 20 °C in the presence of 2 equiv. of methanol leads to
the formation of the corresponding hydrocarbons and sulfides in
quantitative yields.”

SmlI,, THF, MeOH
————————————

Ph%—CHzR o, PhSMe + MeR

Me
R = CN, 4-BrCsH4CO.

2. Halosulfonium salts

a. Methods for the generation of halosulfonium salts
Generation from sulfides. The interaction of sulfides with the
halogens is one of the commonest methods for the generation of
halosulfonium salts. The reaction is carried out at low tem-
peratures (—50 to —25 °C) in anhydrous inert solvents (CCly,
CH2C]2, CHC13, th.).28’71’72

—25°C, N2
—_

+
MesS + X, MeSX X—

X =Cl,Br

The solutions of the halosulfonium salts obtained may be
stored in the dark without access of moisture for several
weeks. At higher temperatures (0—20 °C), the halogenation of
alkyl sulfides by the halogens leads to the formation of
a-haloalkyl sulfides, 7 halosulfonium salts being formed as
intermediates in this process.

Cl; (0-20 °C)
—_—

RSCH:R

+
R R Cl—
SICHz Cl il

Cl

== |R§—CHR = R$=CHR | —> RSCHCIR

Cl Cl

Apart from the halogens, tert-butyl hypochlorite,74-78
sulfuryl chloride,” and sulfonic acid N-chloroamides’¢ 803!
are also used as halogenating agents.

+
R:S + C1—Z — RS—Cl Z~
Z = BuO, SO,Cl, ArSO;NH.

When aryl trifluoromethyl sulfides are treated with the
complexes F;SYBF; and F;S8tSbF;, arylfluoro(trifluoro-
methyl)sulfonium salts are formed.5?

+ +
FsS"BF, 4-RC5H4S|—F BF;

4-RC¢HSCF3; — CFs

F1S* SbF +
£ 4-RC6H4SI}—F SbFj

CF3

Generation from sulfoxides. Arylfluoro(trifluoromethyl)-sulfo-
nium salts are also formed when aryl trifluoromethyl
sulfoxides are treated with the complexes F;S*BF; and
F3STSbF .82

.

+Bpt/ ¢ + .oy
@B_FC. 4-RC6H4?—F BF; e
+RCHLSCF; — CFs
F3S* SbF} +
—i—S—OT:l—G—h 4-RC6H4S|_F SbFs_

CF;

Generation from disulfides. It has been noted®? that, when
disulfides interact with the complexes FXe"MF; (M = As,
Sb), the S—S and C-S bonds are cleaved with formation of
fluorosulfonium salts.

RS—SR + XeF *MF; — < R——%—R MF;
F

R = Me, CF3,Ph; M = As, Sb.

The interaction of the complex FXe*SbF; with hydrogen
sulfide at —78 °C leads to the formation of the fluorosulfonium
salt H,STFSbFj .83

b. The use of halosulfoninm salts in organic synthesis
Oxidation of alcohols. Chlorodimethylsulfonium chloride is
widely used in organic synthesis as a mild oxidant which
oxidises primary and secondary alcohols to carbonyl com-
pounds.?®
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Me;SCl Cl- + RCH;OH RCH,08Me; CI- ——»

—_—
—HCl —HCl
//O
— RC\ + Me,S
H

Chloro(methyl)phenylsulfonium chloride is used as a mild
oxidant for the conversion of hydroxylactones into aldehydro-
lactones.28

[0} O
0 Ph 0
>§—c1 a-
Me
RO
RO" H CH,0H g CHO

R = 4-PhCsH4CO.

Preparation of alkyl bromides. Bromodimethylsulfonium bro-
mide is widely used for the replacement of the OH group in an
alcohol by bromine.?® For this purpose, the sulfonium salt is
treated with an excess of the alcohol for 4-5h at 80 °C. The
reaction takes place with inversion of the configuration.

4
Me,S+Br Br— + ROH W Me,SOR Br—~ —»

— RBr + Me;S=0

Synthesis of sulfimides (sulfilimines). N-Arenesulfonylsulf-
imides 80.81.84-89 are obtained by the reaction of sulfimides
with sulfonic acid N-chloroamides via the intermediate formation
of the chlorosulfonium cation R»S*Cl and the sulfonamide anion
ArSO,N-X (X=H, Cl).

RS + ArSO,NCIX  —» RoSCl + ArSO,NX —»
—> R;S=NSOAr + XCl

Arylfluoro(trifluoromethyl)sulfonium salts give rise relatively
easily to N-arenesulfimides on interaction with sulfonic acid
amides.?6.90

+
p~ClC6H4|S_F SbFg + NH>S80,CsHsR —>
CF;

— p-ClC6H4?=NSOzC6H4R
CF3
R = H, 4-Me.

3. Aminosulfonium salts

a. Methods for the generation of aminosulfonium salts
Generation from sulfides. Several variants of the generation of
aminosulfonium salts from sulfides have been developed.
According to one of them, the sulfides are converted into
sulfonium salts by treatment with halogenating agents. The
interaction of the sulfonium salts with amines leads to amino-
sulfonium salts,80.91-98

+ R'NH, +
RsS + CI—Z — R;S—Z CI- ———>» R,S—NHR’ Cl-
Z = Cl, ButO, SO, (], etc.

Another method is based on the reaction of sulfides
with N-halo-compounds such as N-chloramine,”® N-bromo-
acetamide, %  N-chlorourethane,!9%:101  N_chloramidines,'%2
N-chloroguanidines,'®? N-chlorourea and its derivatives,!03 104
N-chlorosuccinimide,?® N-chlorobenzotriazine,!® and imino-
sulfonic acid N-chloroamides.!06

RsS + XNHZ —» R,SNHZ X-

X =}, Br; Z = H, MeCO, EtOCO, PhC|=NH, NHzNH(':I—— »

NHsC—, NHz—('EH— .
OMe

(0] o]
+
Me,S + CIN — Me,S—N \Cl‘
O O

R,S RI
+ —_—
2 N/N

|
Cl

. N,
RoS—N" SN CI= pi\ee
—_—_—

AgBF4

R;

+ /

—_— RzS—N\
Rz

BF;
.
MezS +Ar(NR2)ﬁ=NC1 — Mezs—N=ﬁ(NR2)Ar cl-

One of the modifications of these two variants for the
generation of aminosulfonium salts involves the halogenation of
sulfides in the presence of amines by halogenating agents such as
N-chlorosuccinimide 197198 and fert-butyl hypochiorite.!%?

CIZ (CH,Cl, —50 °C)_

+
f —_
iz R>SNHR' Cl

R:S + R'NH;

(o]
R = Alk; R’ = Ar, Het; Z = Bu'O, N.

o

The third method for the generation of aminosulfonium salts
from sulfides involves the interaction of the latter with certain
derivatives of hydroxylamine, for example with hydroxyamino-
sulfonic acid,’® N-arenesulfonyl-O-(p-nitrobenzenesulfonyl)-
hydroxylamine,®®  N-e¢thoxycarbonyl-O-(p-nitrobenzenesulf-
onyl)hydroxylamine.?® O-mesitylenesulfonylhydroxylamine,!®
and (+)-0-(o-bromocamphorsulfonyl)hydroxylamine.!!!

+
R3S + XNHOY — RLSNH(X) OY~

R = Alk; X = H, ArSO;, EtOCO;

Y = HSO3, 2,4,6-MB3C6H2502, 4-N02C6H4502.

Generation from sulfenamides. The formation of aminosulfonium
salts as intermediates in the reactions of sulfenamides with
chlorine,12- 116 N_chloro- and N-dichloro-amides,!'7- 119 N.halo-
succinimides,2%:12! N-chlorobenzotriazine,'?2 and other halo-
genating agents has been noted.




S-Cationoid reagents in organic synthesis

151

+ -
ArSN(XR + Cl, —> Ar?N(X)R )
cl
Ar = Ph, 4 MeCgHy, 2-NO,CeH,, 4-NO,CoH;
R = But,PhSOz; X = H, Na.

PhSN=CR, + Cl, —» Ph$N=CR2 a

Cl
R = Ph, CFs.

AISNRR! + CINXR? —» ArSNRR! NXR?

Cl
R = H, Alk; R! = Alk, Ar, ArSOy;
X = H, Cl; R?2 = ArCO, ArSO;.
[0}
R
+ u—
ArSNRY + XN — ArS—N/ X
Yy
N

Ar = Ph, 2-N02C5H4;
R = Me, PhSO,; Y = Me, Na; X = Cl, Br.

0] N+—-S + Il
NI A (IN/N
&

PhNHMe

_—  »

—170 °C, CH,Cl,

/\ /T \ N

— 0 N—S—N oc 4+ }11
/| N
Ph—N—Me I

H

Generation from sulfimides. On heating in acetic anhydride,
N-acyl-S,S-dimethylsulfimides enter into the Pummerer reaction,
which proceeds via an intermediate stage involving the
generation of aminosulfonium salts.1??

Me;S=NAc + Ac,0 —2=B3°C,

Me2§—NAcz QAc— —»
—» [Me;S=CH, + NAc, + HOAc | —»

—» MeSCH;0Ac + HNAc;

N-Acetyl-S,S-dimethylsulfimide is converted into an amino-
sulfonium salt on interaction with gaseous hydrogen chloride.!24

Me;S=NCOMe + HCl —> MengHCOMc CI~

Sulfimides unsubstituted at the nitrogen atom give rise to
aminosulfonium salts on interaction with strong inorganic acids,
for example with sulfuric acid.?>

+
R,S=NH + H,S04 —> R,S—NH; HSOj

Unstable aminosulfonium salts have been obtained by the
interaction of N-arenesulfilimides with alkylating or acylating
agents.80.81,126

Me;S=NAr + RX —» Me,§1~|1—Ar X~
R

R = Me,X = Cl; R = EtOCO, X = Cl;
R = MeCO, X = MeOCO; Ar = p-NOCsHa, p-CICeHs.

Further reactions of these salts are determined by the nature
of the substituents in the benzene ring of the aryl group and by the
basicity of X~. In the case of strongly electron-accepting
substituents (for example, NO;) and highly basic X—, X~
attacks the positively charged sulfur atom with subsequent
dissociation of the S—N bond.

+ —
NOZ—QITI—SMQ I —
R
— | Me,)IS+ +N02©—NR

In the case of weakly electron-accepting or electron-donating
substituents, the anion X~ abstracts a proton from the MeS
group, giving rise to an intermediate ylide. The ylide then
undergoes an intramolecular sigmatropic rearrangement, which
leads to unstable cyclohexadiene derivatives and these are
converted into the more stable benzene derivatives.

The replacement of one methyl group at the sulfur atom by
the ethyl or propyl group does not alter the mode of abstraction
of a proton — it is abstracted from the Me group as before, while
on replacement of the methyl group by the benzyl group it is
abstracted only from the latter, which is correlated with the
decrease in acidity in the sequence PhCH,S > MeS > AlkCH,S.

+

—_—
—~HX
R
~ O
R Me
NR NHR
H
— — CH,SMe
CH>SMe
Cl Cl

N-Arenesulfonylsulfimides give rise to aminosulfonium salts
only on interaction with highly active acylating and alkylating
agents such as oxonium salts,®%#! methyl fluorosulfonate,'?” and
complexes of carboxylic acid chlorides with SbCls.!2” The
aminosulfonium salts formed in this case are relatively stable
and undergo further reactions only on treatment with inorganic
and organic bases (Scheme 8).

Scheme 8
R 5 Et;OBE;
\NTS OH-, H,0
R
. $ Et |  OH-,H,0
= \N/ Phasteia Rkl
\
Ts

R
\% —O0
R = Bu*.

(continued over)
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. Scheme 8 (continued) As an oxidant, the Corey—-Kim reagent exhibits a high
R B Et:N R . selectivity. For example, in contrast to primary and secondary
S—N—Ts FSO; CH,Cl,/MeCN, — 50 °C R S?H_ITITS aliphatic alcohols, allyl and benzyl alcohols are not oxidised by
RCH, Me R Me this reagent but are converted into the corresponding chlorides.
In the case of diphenylmethanol, the yield of diphenylmethyl
T chloride reaches 95% in this reaction.2®
FSO;Me
R! lo)
>S=NTS
RCH - CH,Cly, —25 °C
CHz . MeS—N | ™ + Ph,CHOH ——
lmco SbClg
R! R‘S—CllH—O—-(|Z=NTs o —HN
>§—IIITS sbcly 2uN R R? 0
RCH;
CH Core RIS—CH—NTs N ~
[ — Me;SOCHPh, C1 ~ — Ph;CHCI + Me,S=0
R COR?

R = H,R! = R? = Mg; R = H,R! = Me, R? = Et;
R = Ph,R! = Et,R? = Me;
R = H,R! = Me, R? = Ph; R = H,R! = Et,R? = Me.

It has been shown 1?2 that the reaction of fluorocarbonylsulfimide
with arsenic pentafluoride proceeds with abstraction of a fluoride

anion and the formation of an aminosulfonium salt.

R R+
S=NCOF + AsFs S—NCO AsFg
N o/
R = F:R' = CF3, NMey; R = CF;; R’ = NMe,.

—

Other generation methods. Among other methods, mention
should be made of the interaction of sulfoxides with
N-sulfinyldialkylimmonium salts 27
R. Et
N$=0 + E;NSO BF; —» R>§—N:
R! Ry Et

BF,,

the reaction of sulfur dichloride with dialkylcyanamide!3¢

SCl; + R;N—CN —» (R2NC|=N)2§C1 ar,

and the interaction of disulfides with carboxylic acid N-chloro-
amides; 13!

ArSSAr + RCONHCI —» ArS(NHCOR), CI™.

b. The use of aminosulfonium salts in organic synthesis
Dimethyl-N-succinylsulfonium chloride (the Corey—Kim
reagent) has found extensive application in organic synthesis
as a mild oxidant for alcohols,?® which is superior in this respect
to chlorodimethylsulfonium chloride.

o

—_—-

- —_ g » 1
ClI” + R—CH—R o

I
OH
fo) —HN

+
MezS'—N

0
H
= _ EtN
—» R—C—0OSMe; Cl E—
&

R

>c=o +Me,S + ENH Cl™
R/

Under the same conditions, cyclohex-1-en-3-ol is converted
into 3-chlorocyclohexene in a yield exceeding 95%. The con-
version of (Z)-3-methylpent-2-ene-1,5-diol into the allyl mono-
chloride in 87% yield can also serve as a clear example of the
selectivity of the Corey —Kim reagent.?®

[0}

Me§—N l Cl~, CH,Cl, —20-0 °C

Me H
\C_C/ 0 _
777N 0o
HOCH,CH, CH,OH
—HN |, -MesS=0
0
Me\ /H
— c=C
s N

HOCH-CH, CH,CI

87%

The Corey—Kim reagent is also used in an improved
synthesis of prostaglandins for the conversion of a hydroxy-
group into a keto-group in a yield exceeding 90%.2%

(o}

OH Mezg—Ni::l o
— COOH 0
Z CsHn
RO H RO H
0O
— COOH
—
= CsHu
RO" H Rro” H

Generation of sulfur ylides. In the presence of bases, dialkyla-
minosulfonium salts may undergo C-deprotonation with
formation of aminosulfonium ylides, which is also used in
organic synthesis. For example, the conversion of dialkylami-
nosulfonium salts into aminosulfonium ylides with subsequent
rearrangement of the latter is employed in the orthoalkylation or
anilines'*2 and in the synthesis of indoles (Scheme 9).133
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/Me MeON NH__ .
& - cUNa S—Me
QNHS\ & g B
Me CH;
e’/
I\|/Ie
M Me
an |~ _MeONa @,N\g/
ITI_S\ c —HCI N
Me M CH:
+ —  MeONa +
— NH—
@—NH S| — g Q-) S,

N

—_—

Scheme 9

Raney Ni Q'NH?
Me

CH,SMe

NHMe

— QNHMe . @Me
CH,SMe

Raney Ni
—_—

NH
—
%
gyl
N
H

2
l

SR
& PRy Et:N + - ' Raney Ni
NHS—CH,COR' CI"  —per> NHSCHCOR' | —~ —_— |
, / R! N~ R’
R R H

It is worth noting that, in the case of aminosulfonium salts
containing a hydrogen atom at the nitrogen atom, the formation
of sulfur ylides may be accompanied by a side reaction— the
formation of sulfimides. The rearrangement of aminosulfonium
salts in the presence of bases, which results in the formation of
sulfides,'34 also proceeds via a sulfonium ylide generation stage.
The formation of sulfur ylides has also likewise been observed in
the interaction of Corey—Kim reagents with CH acids in the
presence of triethylamine.!3%

(0]
X
AN + _ EtaN
/CHz + MeS—N Cl ~Ha
Y (¢}
O
X
/
— Mezs=C\ + HN
Y
(@)
X = Br, Ac, CN;
Y = Br, Ac, COEt, CO,Me, Ph.
(0]
X\
CNaSAr + BrN —_
/ —~NaBr
Y
(0]
[0}
X\
— CNa—SI——N Br mr—b
Y Ar
0
[0}
X
Yoo
Ar O
X = MeCO, Y = EtOCO, Ar = 2-NO;CsH4;
X = PhSO3, Y = Ph, Ar = 4-NO,CcH,4.

It has been suggested 13¢ that the interaction of sodium salts of
arylthio-CH acids with N-bromosuccinimide, which results in the
formation of stable S-aryl-S-succinimidosulfonium methylides,
proceeds via a stage involving the formation of aminosulfonium
salts.

Synthesis of sulfimides. The N-deprotonation of aminosulfonium
salts containing a hydrogen atom at the nitrogen atom is one of
the commonest methods of synthesis of sulfimides.?%-31 Both
organic and inorganic bases (EtsN, NaOH, etc.) are used as the
deprotonating agents.

base

+ —
R,SNHZ X X

R,;S=NZ

R = Alk, Ar, Het, X = Cl, Br; Z = H, MeCO, EtOCO, etc.

base
—_—

+ —
R:SNHX OY —=

R,S=NX

R = Alk, Ar; X = H, ArSO,, EtOCO;
Y = HSO}, 4—N02C6H4802, 2,4,6-M63C6H2502.

Synthesis of derivatives of iminosulfinic acids. The amino-
sulfonium salts formed on chlorination of N-substituted
sulfenamides!'? or their sodium salts!’? are readily converted
into iminosulfinic acid chlorides as a result of the elimination of
HCI or NaCl

.
ArSNXR ClI- ——> ArS(=NR)Cl

XCl1
Cl
R = But, PhSO,, ArCO; X = Na, H.

(CF3)2C=N$Ar cl- — (CF;)z(f—N=S|—Ar
Cl Cl al

The dehydrochlorination of the aminosulfonium salts formed
on interaction of N-chloroamides with sulfenamides!!® and
disulfides 13! leads to the amides of iminosulfinic acids.
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NCOR
+ P base /
ArSNRR' NHCOR —_—HCl—b ArS
(I:I NRR’
R = H, Alk; R’ = Alk, Ar, RCO
NCOR
+ - base i
ArS(NHCOR), Cl ——_H—Cl—> ArS
NHCOR

One cannot rule out the possibility that the chlorination of
the sodium salts of N-arenesulfonylarenesulfenamides in the
presence of various nucleophiles, which results in the formation
of the amides!?” and esters!3%:13° of iminosulfinic acids, also
proceeds via a stage involving the formation of aminosulfonium
salts.

—_—

ArSNNaSO,Ph + Cl,

N NSO,Ph
2.
TR
NacL _HC ATS
R>
—_— Ar%NNaSOzPh a- —
NSO,Ph
cl R'ONa AN
ArS
ZINaCl NI
OR

Al’ = 2-N02C5H4, 4-N02C6H4;
R = Et, Bu, CsH;;; R’ = Me, Et, Pr, Bu', Bu®

4. Alkoxy-, aryloxy-, and acyloxy-sulfonium salts

a. Methods for the generation of alkoxy-, aryloxy-, and acyloxy-
sulfonium salts

Generation from sulfoxides. The commonest method for the
generation of alkoxysulfonium salts involves the interaction of
sulfoxides with alkyl halides.!»2

+
R;S=0 + R — R,SOR'I ™

The alkyl esters of sulfonic acids,?® triethyloxonium tetra-
fluoroborate,? alcohols (in the presence of the anhydride of
methanesulfonic acid),? and epoxides (in the presence of strong
acids)? are used as other alkylating agents.2

ArSOsR! +
siac] —» R,SOR! ArSO}

Et;0* BF. +
2 2 » R,SOEt BFy

1R 2
R'R'CHOH, (Me30210,. R,SOCHRIR? MeSO}

R,S=0
o]

A

> Me,SOCHR?—CHR*OH X -

R = Alk, R! = Alk, At = 4-MeCsHa, 4-NO,CeHa;
R? = Alk; R3 = H, Alk, Ph; R* = H, Al;
X = 2,4,6-(NO3)3CeH2S03.

The synthesis of a phenoxysulfonium salt by the reaction of
sulfoxides with phenol in the presence of sulfuryl chloride has
been described.!4?

R’ R’
SO,Cl:
>s=o + PhOH 2Cla

N—oph a1~
—§0,, —HCI -

rR”

R

The interaction of the sulfoxides with carboxylic acid
anhydrides > 141142 of halides?® leads to the formation of acyl-
oxysulfonium salts.

4 il
(RCOO_ p,§0CR’ RCOO™

RoS=0 — (I)I
|RCOC . R,80CR’ CI™

R = Me, Ph, CH,=CH, etc.; R’ = Me, CF;.

Generation from sulfides. Two alternative methods for the
generation of alkoxysulfonium salts from sulfides have been
developed. In the first method, the sulfide is converted into halo-
or amino-sulfonium salts, which are subsequently treated with
alcohols.28

ROH

—HBr

0 0
+
MesS + CIN —  MeS—N lcr _RoH
o o
0

+
—» Me:SOR CI- + HN

.
MesS + Bry —» Me,SBr Br- Me,SOR Br ~

O

The second method involves the interaction of sulfides with alkyl
hypochlorites.105

RS + (CF;);(IIOCI — R2§O(|3(CF3)2 -
Ph Ph

Generation from sulfenic and sulfinic acid esters. Alkoxy-
sulfonium salts are formed on interaction of the alkyl esters
of sulfenic acids with chlorine in acetic acid.?

Cly
—_—

HOAc

Cl0;

e

+ _
AISOR ArSOR C Ar%OR cio;

Cl Cl

It has been noted 4% 144 that the oxidation of O-methyl-N, N-di-
methylaminosulfenates by tert-butyl hypochlorite to amino-
sulfinates proceeds via a stage involving the formation of
alkoxysulfonium salts.

+ —
EtzN)SerMe Bu'O~ and EGNSOMe CI
a OBut

Evidently the oxidative imination of these compounds by the
sodium derivatives of sulfonic acid chloramides 45 also proceeds
via a stage in which alkoxysulfonium salts are generated.

Et;NSOMe + PhSO,NHCI —
McO\
S==NSO,;Ph

—» |Et;NSOMe + PhSO,NH )
EtLN

Cl

—
—~HCl

The formation of a dimethoxysulfonium salt in the alkylation
of methyl toluene-p-sulfinate by methyl trifluoromethane-
sulfonate has been postulated.!46
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1l
p—MeC6H4SOMe + CF3SO3sMe —» !
— p.Mec6H4$0Me CFiS0; —> pMeCaaMe
OMe

Generation from sulfenamides. It has been shown!4’ that N, N-
dialkylarenesulfenamides react with terz-butyl hypochlorite in the
presence of alcohols and AgBF4 to form alkoxyaryldiatkyl-
aminosulfonium salts.

R ButOCl R
.
PhsN’  + R'OH a pusn’ BF;
N AgBF. N
R OrR' R

R = Mg, (CHy)s, (CH,)20(CHy)z; R’ = Me, Et, Pri, iso-CsHy; .

b. Applications of alkoxysulfonium salts in organic synthesis
Synthesis of carbonyl compounds. On treatment with bases,
alkoxysulfonium salts are cleaved, affording carbonyl com-
pounds in relatively high yields.

base

Me2§OCH2R X RCHO + MesS + HX

The cleavage can proceed in two ways.

v
R—-c|:10—§1\4e2 —»> RCHO + Me,S + BH
H
.
RCHzOSMeZ
Me o)
+/ A
- - S—M
RCH,0 s\CH —= R (IZI-_I) M —>
2

—H H ~CH;
Ty _
— RCHO + Me;S

A whole series of convenient methods for the conversion of
primary and secondary alcohols and also alkyl halides and
tosylates into carbonyl compounds have been developed on the
basis of this reaction. As a rule, alkoxysulfonium salts based on
DMSO are used in these methods, which is evidently associated
with their greatest availability. The advantage of these methods of
synthesis of carbonyl compounds consist not only in the high
yields of the target products but also in the fact that the oxidation
of the aldehyde group to a carboxy-group is ruled out and other
readily oxidised fragments, such as C=C and C-S-C, are not
affected.

Depending on the method of generation of alkoxysulfonium
salts, all these methods can be divided into several groups. The
first group includes methods in which the alkoxysulfonium salt is
formed as a result of the interaction of an alcohol with the
alkoxysulfonium salt generated by the interaction of DMSO with
the electrophilic species E* present in the reaction medium.?

RR'CHOH
—

.
Me;S==0 + E+ —» Me,SOE RR'CHOSMe,

Here it is essential that the electrophilic species should react
with DMSO faster than with the alcohol and that the OE group

should be readily eliminated. Dicyclohexylcarbodiimide (DCC)
combined with proton sources, for example pyridinium fluoro-
acetate, acetic anhydride, trifluoroacetic anhydride, and
methanesulfonic acid anhydride is most often employed as the
electrophile. When the last two compounds are used, the alcohol
is introduced into the reaction medium after the reaction of
dimethyl sulfoxide with the electrophile. The oxidation of the
alcohol by the DMSO -DCC system includes three stages: the
activation of DMSO by the electrophile with formation of a
primary alkoxysulfonium salt:

C6H1 1N=C=NC6H1 1+ MCzS=O —Iit—b

+
OSMe:
—» CgH;IN=C—NHC¢H;; s

the interaction of the alkoxysulfonium salt with the alcohol to
form a secondary alkoxysulfonium salt:

+
OSMe;

RR'CHOH
CsHy1N=C—NHCsH 1 —-ﬂ-—b

RR'CH—O0—SMe;,
the decomposition of the secondary alkoxysulfonium salt:
+ B~ /0\+
RRICH—0—SMe; ——» RR'—C"} “S—Me —»
—HB | I
H "CH;
— RR!C=0 + MesS.
Cholesterol, 3-methylenecyclobutanol, and 1,1-diphenylsila-

cyclohexan-2-ol have been oxidised to the corresponding ketones
by means of the DMSO-DCC system.?

Me25=0
CsHi N=C=NC4H,
CsHsNH CF3CO0-

The acylsulfonium salt formed in the DMSO-(MeCO),0
system is converted into an alkoxysulfonium salt as a result of its
interaction with the alcohol.?

.
Me;S=0 + (MeCO),0 —» Me,SOCOMe MeOCO- ROH _

—» MeSOR

This system is also used in the oxidation of hydrocarbons,
sterically hindered alcohols, and also alcohols with readily
oxidisible functional groups such as the sulfide and phos-
phorus-containing groups. For example, the conversion of a
phosphorane, containing the B-lactam group, into a bicyclic
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product takes place as a result of the Wittig reaction with
participation of the aldehyde group formed on oxidation of an
alcoholic group by the DMSO-(MeCO).0O system without
change in the phosphorane and sulfide functional groups.

RG T
—r 7<CH20H DMSO, —Ac:0
#—N_
0 C~PPh;
CO,But
H H R\H H ¢
s —
N, ~Z—N. F
N i~
0 C=PPh, 0
t
COzBut COzBu

R = NHC(O)CH,Ph.

The formation of side products—acetates and methylthio-
methyl ethers — must be regarded as a disadvantage of this system.

Among other methods, mention should be made of the use of
the DMSO —-methanesulfonic acid anhydride system in DMF for
the oxidation of testosterone to androst-4-ene-2,17-dione and of
the DMSO - trifluoroacetic anhydride system in CH,Cl,.1¢ The
latter method has been used in the oxidation of sterically
hindered alcohols. For example, in the presence of this system
2,4-dimethylpentan-3-0l and isoborneol are converted into
diisopropyl ketone and camphor in 86% and 93% yields
respectively.!4?

MezS=0, (CF3CO0)20 _
CH:Cl,, EtsN, —65 °C

Me2CH—(IIH—CHMe2
OH

—_— MCzCH—ﬁ—CHMez

MezS=0, (CF5C0),0 N 0O
CH,Cl, Et3N, —65 °C

OH

Methods in which the alkoxysulfonium salts are generated by
the interaction of DMSO with halo-derivatives or tosylates in the
presence of NaHCO; or collidine, which not only decompose the
intermediate alkoxysulfonium salt but also neutralise the acid
side products, are included in the second group of methods of
synthesis of carbonyl compounds from alkoxysulfonium salts
(Scheme 10).2

Scheme 10
ArCOCH,Br + MeS=0 -2 S
(o] ? o)
+ _ NaHCO; 4
— Me;SOCHngr Br —os, 1B ArC—C\
H
150 ©
TSOCH,R + Me;S=0 2, o
+ NaHCO; V4
- e ———
— MezSOCHzR TsO “TsOH, —MesS RC\H

These methods are especially suitable in the case of halo-
derivatives and tosylates, which tend to undergo Sy 2 substitution
reactions (a-halogenated esters and acids, phenacyl and benzyl

halides, primary alkyl iodides, sulfonates). However, one should
note that, when secondary halo-derivatives and tosylates are
employed, the yields of the carbonyl compounds are low owing to
the competing elimination reactions.

The third group comprises methods in which the intermediate
alkoxysulfonium salts are the products of the interaction of
DMSO with three-membered heterocyclic compounds in the
presence of acid catalysts. For example, the interaction of DMSO
with epoxides in the presence of BF3.Et;0 leads to the formation
of a-hydroxyaldehydes.

OH

DMSO, BFs' Et:0
—_— >
R—CH—CHO + MesS

R—CH—-CH;

On heating in DMSO at 115-120 °C, the ring in N-acyl-
aziridines is opened with conversion into N-substituted amides.

7\ fl il
P-NO;CH.C—N Ph  —> p-NOCsH:CNHCH,CPh

Synthesis of sulfimides. Several methods have been developed for
the preparation of sulfimides from alkoxysulfonium salts. One of
them involves the conversion of alkoxysulfonium salts by
alkoxides into sulfuranes, which give rise to sulfimides on
interaction with amines.!%3

/ _
(CF3)2C|0§\ CI + (CFONa —e
Ph R! Ph
T
R2NH,
F —$—O0C(CFy)y ———2 o
—» (F3C),CO—S O(I:(C 3)2 —2(CF3)1ICOH
Ph R' Ph L
Rl
—_— \S=NR2
R/

Another method is based on the interaction of alkoxy-

sulfonium salts, generated from sulfoxides and active
electrophiles E*, with N-nucleophiles.3% 8!
+ R’
RS=0 E» RSOE ———2 = R,S=NR’

_HOE, ~H*

The activating electrophiles employed are P.Os, (CF3CO)20,
SOs, H3S04, and BF3.3%.81 Amines and amides of sulfonic and
carboxylic acids are employed as the N-nucleophiles. The
sulfonium salts formed in the reactions of sulfoxides with SO;
also react with nitriles to form sulfimides.¥® The proposed
reaction mechanism involves the attack by the electron-deficient
carbon atom of the nitrile group on one of the oxygen atoms of
the sulfonium salt, which occurs only in the case of nitriles
containing strongly electron-accepting groups.

R 1 R ]
Ns—0+ §=0 —» §—0—8§—p CCLCN,
o/ i o O
o
ocis
C=—N. R
H,OH*
— o >s< %J)— CCl,CON=SR,
$0,—0" R
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The synthesis of sulfimides by the reactions of the sodium
derivatives of the amides and sulfonic and carboxylic acids with
alkoxysulfonium salts has been described.’® According to the
authors, the reaction is stereospecific and proceeds with retention
of configuration of the sulfur atom, which is due to the formation
of an intermediate four-membered cyclic compound stabilised by
an intramolecular hydrogen bond.

R! RI\
+ _
“§—0R + XNH —» J3OR | —
2 !
R2 R ITI—H
X
R!
N
—_ S=NX + ROH
R?

R =Me~<§CHMe2, R! = 2-MeOCgHa, R2 = Ph

X = ArSO,, CH,CICO, CHCI>CO, CF;CO

Synthesis of sulfides. Several methods have been developed for
the synthesis of sulfides from sulfoxides involving an intermediate
stage in which alkoxy- or acyloxy-sulfonium salts are generated.
One of them amounts to the reduction of sulfoxides by an excess
of acetyl chloride!s! and by dichloroborane.!52

—
_—

+ —_
Ph,S=0 + AcCl —> Ph;SOAc Cl

AcCl
—

+
=== Ph,SCl AcO~ PhaS +AcO + Chy

THF, 0 °C
—

R,S=0 + BHCl [R.SOBHCl,) —

—» R,S + HOBCl,

However, the method has not found extensive application, since
more effective and convenient procedures have been developed
for the reduction of sulfoxides and sulfides. Reactions leading to
the formation of sulfides differing in structure from those
employed for the synthesis of the sulfoxides are frequently
used. One of them is based on the Pummerer rearrangement,
which takes place when sulfoxides are heated in acetic
anhydride.? !5 The mechanism of this rearrangement includes
the following stages:

the formation of an acyloxysulfonium salt:

Me\ Me,

§==0 + Ac,0 —»> >§—0Ac AcO™,
Me Me

the conversion of the acyloxysulfonium salt into an ylide:

Me Me

+ _ +
SOAc OAc ——m S—OAc,
Me —AOH &/

the formation of a sulfonium cation:

Me\

.
B MeS=CHj,,
cu,”

+
SOAc

—AcO™
the interaction of the sulfonium cation with the acetate anion:

+ p—
MeS=CH:; + AcO -—» MeSCH,OAc.

The presence of alkoxide anions in the reaction mixture leads
to the formation of a methylthiomethyl ether or an alkoxymethyl
methyl sulfide, which makes it possible to explain the formation
of this compound as a side product in the oxidation of alcohols by
the DMSO - (MeCQ),0 system.

+ -
MeS=CH, + RO —» MeSCH,OR

The regioselectivity of the Pummerer rearrangement,
observed for asymmetric sulfoxides, can be predicted on the
basis of the comparison of the relative acidities of the two
a-protons in the acyloxysulfonium salt. Bearing in mind the ease
of the conversion of sulfides into sulfoxides, the Pummerer
rearrangement is a very important method for the conversion of
one set of sulfides into another.

Other methods for the conversion of sulfoxides into sulfides
are based on the intramolecular rearrangement of aryloxy-
sulfonium salts proceeding via an ylide generation stage.!4°
The final result of such 2,3-sigmatropic rearrangement is the
introduction of an alkylthiomethylene group into the ortho-
position in phenols.

LN R ] _
S=0 + SO,Cl, —> §—0—S§—Cl Cl
rR'CH,” , I
2 R'CH, O
R
\* fi - PhOH
—0—S—cl ClI
s—0—f—a 07 el
RCH, O
R
+ —_
— \s—o—© o BN
I ZHQI

R'CH,

OH

R
L, )

An alkylthiomethylene group is introduced similarly into the
artho-position in aromatic amines,!#!

(CF3CO0),0

— —_——
MeS=0  GreL —sec

R? Q—mk CH2SMe
+ R!
— Me,SOCCF; ——————— —» R2 NHR
CH;Clz, EtsN, 20 °C
RI

R = H, Mg, Ph; R! = H, MeO; R? = H, Me, MeO

5. Alkyl(aryl)thiosulfonium and [dialkyl(aryl)]alkyl(aryl)-
thiosulfonium salts

a. Methods of generation

Generation from sulfides. Dialkyl sulfides and certain diaryl
sulfides react relatively easily with arenesulfenyl chlorides in the
presence of silver perchlorate!>* or Lewis acids,!S forming
(dialkyl)arylthiosulfonium salts.

AgClO, (MeCN, 0 °C, 10 min)_
—AgCl

+
Me,S + ArSCl Me,S—SAr ClOg

Ar = Ph, 4-MCC6H4
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R . R
S+ ArsCcl  SPXs(CHiCl, —30°C)

S—SAr SbXsCl~
R( / RI

R = R’ = Me, Ph; R = Me, R’ = 4-CIC¢Hy; X = CL, F
Ar = Ph, 4-MeC6H4, 4-C1C6H4, 2,4,6-M63C5H2, 4-CF3C6H4 «

Some of these salts are relatively stable and can be isolated in a
crystalline state and analysed by 'H and '3C NMR spectros-
copy.!s5

Generation from disulfides. (Dialkyl)alkylthiosulfonium salts
have also been obtained by the interaction of dialkyl disulfides
with methyl trifluoromethanesulfonate.!56

MeCl/CH2Clz, N2, 0 °C, 3 h
(MeS)z + CF380;:Me —

—» MeSSMe; CF3SO0;

The interaction of dialkyl disulfides’’!%® and diaryl
disulfides 13- 16! with Lewis acids (SbCls, SbFs) or with sulfenyl
chlorides leads to the formation of [dialkyl(aryl)alkyl(aryl)-
thiosulfonium salts.

CH,Cl3, —50t0 —20 °C_
—~SCI3(SbF)

3(RS); + 3 SbCl5(SbFs)
—» 2[RS(SR); SbCl; (SbF;)]

SbCl;s (SbFs) o + _
CHth 501 20 RS(R)2 SbCL5 (CISHFs)

(RS): + RSCI
R = Me, Ph, 4-CICsH., 4-MeCsHy, 2,4,6-MesCsH, .

The salt solutions obtained can be stored without change for
several hours at — 50 to —20 °C. The formation of intermediates
of analogous structure in the disproportionation of disulfides in
an acid medium has been postulated.!62

Other methods of generation. The formation of alkylthio-
sulfonium intermediates has been observed in the reactions of

alkanesulfenyl chlorides with phosphorothiolates'é®* and
sulfenates.?
(EtO),P(O)SEt + CISEt  —2C.

+ _
— (EtO)zP(O)SI—SEt a — (EtO)le’ICI + (EtS)
Et

R\ —20 °C

P(0)SCCly + Cl,CSCl ———»

rR0”
RO & _ R
/P—S—SCC13 o — /P—Cl + (CIsCS),
R'O " l RO ”
O CCl3 O

CH:Cl,, —10 °C
_—

+
MeSCl + MeSOR Me?—SMe a —
OR

—_— Meﬁ—SMe + RCl

It has been suggested 164 that the sulfenic acids formed in the
thermal dissociation of thiolosulfinates in the absence of trapping
agents may react with the thiolosulfinates to form sulfinyl-
thiosulfonium intermediates, which are converted into alkane-
a-sulfinyl disulfides as a result of the Pummerer rearrangement.

Meﬁ—SMe + Mesog St refluxing

+ -
—» MeS ?—SMe OH —»

O H—CH:
*/

H,0

+ —
— Me?—-ﬁ—SMe OH ——» Meﬁ—CHZS—-SMe

HO CH:

The probable mechanism of the rearrangement of thiolo-
sulfinates on treatment with the anhydrides of trichloro- and
trifluoro-acetic acids, described in the literature,'65 also involves
the generation of thiosulfonium intermediates.

.
RS—SR {CX:CO10_ R—$—SR CX:C00” —
o} 0COCX;
RS —SR +
— RSOCCﬁ(; RS(O)—SR Rﬁ——sl—R CXsC00™ —mo
- 2
0 O SR

RSO -SR_ RSO.SR + (RS):

R = Me, PhCHz; X = CL F.

b. The applications of alkyl(aryl)thiosulfonium and [dialkyl(aryl)]-
alkylthiosulfonium salts in organic synthesis

It has been noted 15%157.158,166 that alkyl(aryl)thiosulfonium salts
are effective agents for transferring the RS* groups to the double
bond in Adg reactions with alkenes such as cyclohexene,
l-methylcyclohexene, tetramethylethene, cyclooctene, styrene,
isoprene, etc. These reactions take place relatively easily even
at —10 to —30°C and lead to the formation B-alkyl(aryl)-
thiosulfonium salts A!55157.158,166 and/or S-alkyl(arylepi-
sulfonium salts B.135-158

Sc—c” sbCl (4)

AN s (

RS “SRIR?
Se=c” + RIR%—sR sbCi;
/ N d and/or

Ne—c” SbCl; (B
G 56Cls (B
SR

According to Kal'yan et al.,'5 the interaction of alkenes with
the salts RR’S*—SAr SbClg (R = R’ =Me; Ar = Ph, 4-MeC¢H,,
4-CIC¢Ha4, 2,4,6-Me3CgH; , 4-CF3C¢Hs, CgFs) and RR'S*SAr
SbClg [R+R’' = —(CH2)s—, Ar = 4-CIC¢H4, 2,4,6-MesCgH3]
proceeds most unambiguously. In the reactions of these salts with
cyclohexene, styrene, and isoprene, the formation of only
B-arylthioalkylsulfonium salts A, readily isolated in the form
of substances fairly stable in the solid state, has been observed.
According to '"H NMR data, the salts obtained under these
conditions from isoprene have the structure of 1,4-adducts
formed as a result of the rearrangement of the 1,2-adducts.

s _ —60 °C
)\/ + AISSRR’ Clo; —2C.
- Ars\/,\/ - Ars\/g/\gRRl

SRR/
b
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The formation of the episulfonium salt B has been observed
in the reaction of (RR’S*-SCsHsMe-4) SbCly (R = Me, R’ =
CsH4Cl-4) with cyclohexene, but, when the methyl group in the
S-aryl fragment of the initial salt is replaced by CF3 or Cl,a 1:1
mixture of the salts A and B is obtained. This enabled the
authors!’>> to postulate the primary formation of the epi-
sulfonium salt B, the interaction of which with the sulfide
present in the reaction mixture leads to the salt A. The reactivity
of the episulfonium salt B is then determined by the nature of the
substituents in the S-aryl fragment. In terms of their reactivity in
relation to nucleophiles, certain salts A are close to the
episulfonium salt B. Thus the reactions of these salts with the
acetate anion lead to the corresponding acetoxy-adducts.

R = Me, Ph; R’ = Ph, 4-CIC¢H,.

Salts of type A based on isoprene react in an unusual manner
with the acetate anion and other nucleophiles. In this case, the
reaction proceeds exclusively in accordance with an Sy2
mechanism with formation of B-acetoxysulfides.

7
Ars\)\/\gRR' TRSR ArS\/’\/

V4

It has been noted ? that B-alkyl(aryl)thiosubstituted salts A are
effective electrophiles for the transfer of the B-alkyl(aryl)thioalkyl
group in reactions with anionic C-nucleophiles. For example, it
has been shown that the adducts of different alkenes with
MeSSMe; BF; react fairly readily with the cyanide ion, which
has made it possible to develop a general method for the
cyanosulfenylation of alkenes under mild conditions.

.
MeS SMe,
==\ MeSSMe; BF; ~ NaCN
el ——r .
BFy  Feno, G+
(CH2)'I (CH2)n
MeS CN
—_—
(CH2),

68%-94%

When the reaction conditions are altered, both regioisomers
may be obtained.

Me +
O/ MeSSMe, BFj.

SMe
KCN @Mc

MeCN »
SMe . 'CN

, Cﬁlrle — 90%

SMe; CN
Me;SiCN UMC
"SMe

CH:Cl,
Complexes of acetylides with organoaluminium compounds
are also used as the C-nucleophiles.®

N
@ MeSSMe; BF;
—_— T

SMe SMe
pps  CoHuC=CLi
+ 4 EtAICl,
SMe; C=CCsH,
+ —_
E>:CH2 MeS$Me, BF;
SMe pp-  CHuC=CLi
> + 4
CH,SMe, EtAIC;
SMe
—_—
CH,C=CCsH,
.
MeSSMe, BF;
BuCH=CH, ——————»
SMe
" s
——> BuCH—CH,SMe, BFj RoéfA‘?é)l“C:CL‘
2

SlMe
— BuCHCH,—C=C(CH,)sOR

One of the very important aspects of the use of alkyl(aryl)-
thiosulfonium salts in organic synthesis is the generation of
a-thio-substituted 67 and a,o-dithio-substituted 158 carbonium
ion intermediates.

S
R
" N
MeSSMe; BF; CRIR? BF;
+/

(RS),CR'R2 —_
- RSSMe
3
SMe
+
—» RSCR'R? BF;
.
MeSSMe; BF; +
(RS);CH e ¢ . (RS),CH BF;

—MeSSR, —Me,S

In a regioselective method 1% for the formylation of phenols
and naphthols, a a,a-diphenylthio-substituted carbonium ion is
generated with the aid of the salt MeSS*Me, BF ;.

+ +
MeSSMe; BF; + (PhS);CH —> (PhS),CH BF;

OR
+ 0
R + (PhS),CH 2 G12B

OR OR

“i

i , H;0 * ,

i R —PhSSPh R
CH(SPh), CHO

The rearrangements of alkyl(aryl)thiosulfonium salts are
frequently employed to synthesise various sulfur-containing
compounds. For example,'”® the spontanecus 2,3-sigmatropic
rearrangement of the salts RR’S*SAr Cl- (R = Me; R’ =
CH>SiMe3; Ar = Ph; 4-MeCeHa, 4-CICsH,), formed in the
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reactions of arenesulfenyl chlorides with methylthio-
methyl(trimethyl)silane, has been described.”’® The authors
suggest!’® that the rearrangement proceeds via an ylide
formation stage.

+/Me ~
R S—S\ Cl
CH,SiMes

PEE——
—CISiMes

Me
+/
SN S e S
CH;
CH>SMe
— R SH —_—
CH,SMe
CH.SMe

An interesting case of a degenerate 2.3-sigmatropic rear-
rangement has been observed in the interaction of sulfenyl
chloride with allyl sulfides.>417

+
rs”N\F *+ RsCL —> R—?/w a- — -

R'—S
R
\S/Y\ a
—_
R

[Dialkyl(aryl)Jalkyl(aryl)thiosulfonium salts are also effective
agents for the transfer of the RS* group in Adg reactions with
unsaturated hydrocarbons. The interaction of such salts with
ethyne hydrocarbons leads to the formation of thiirenium salts,
the reactions of which with nucleophiles involve ring opening and
the formation of unsaturated sulfides.!”?

+ _ -m°C
MeC=CMe + MeS(SMe), SbClz

—_——
—(MeS),
_ Me SMe
_ _a 7
—>» MeC=CMe SbCly, —» /C-—- N
\ cl Me
|
Me

(DiaryDarylthiosulfonium salts react rapidly with alkenes
even at —60 °C, affording the corresponding S-arylepisulfonium
salts, which are converted into B-substituted aryl suifides on
treatment with nucleophiles.159-16!

Ne=c” + ArSSAD, X ——»
SOTE( T ASBAD: —(ArS),

AN /- 7z AN /
— C—C X Z C—C
7NN 1IN
Sl ArS Z
Ar

Ar = Ph, 4-CiC¢H4, 4-MeCeHa, 2,4,6-MesCeHo.
X = 8bCls, SbF;Cl, Z = OAc.

The reaction of (diarylarylthiosulfonium salts with cyclo-
octene has been studied in greatest detail. In this case, the
authors'®! were able to isolate S-arylcyclooctenoepisulfonium
hexachloroantimonates in a crystalline state in 100% yield.

+
+ ArS(SAr), SbClg W

.
S—Ar SbCly

Ar = Ph, 4-C1C6H4, 4-MeC6H4, 2,4,6-MC3C6H2.

The reactions of these salts with the acetate anion lead to the
formation of 2-acetoxycyclooctyl aryl sulfides.

SAr
. _
S—Ar SbCl; A0

OAc

The corresponding S-arylnorbornylideneepisulfonium salts
have also been isolated in the solid state and characterised.!é!

by - +
+ ArS(SAr), X m’ S—Ar X~

X = SbCls; Ar = 4-CIC¢H,, 4-MeCesHa, 2,4,6-MesCeH,.
X = SbFs; Ar = 4-CICsH,, 2,4,6-MesCeH, .

The interaction of these salts with the acetate anion results in the
formation of a mixture of several products, which, according to
the authors,®! is due to their instability in solution.

§—Ar X —A—E(—J—b
SAr
SAr SAr
- + + +
OAc Cl
SAr
+
SAr
+ +
OAc X-

The composition and structure of the final products of this
reaction are influenced significantly also by the nature of the
initial episulfonium salt. For example, the reaction of the
S-methylnorbornylideneepisulfonium salt with the acetate anion
leads to the formation of only one product— 2-acetoxy-
3-methylthionorbornane in 95% yield.!6!

In the reaction of the ArS*(SAr), (Ar = 2,4,6-Me;C¢H>) salt
with tetramethylethene, the authors 6! were able to isolate the
episulfonium salt in the crystalline state in 89% yield.
The interaction of this salt with the acetate anion leads to
the formation of a mixture of two products— 2-acetoxy-3-
mesitylthio-2,3-dimethylbutane and 2-chloro-3-mesitylthio-2,3-
dimethylbutane.
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Me Me .

_ AcO
SbClg ——»
Me ;+; Me
S
|
Ar
Me _Me Me__ /Me
o=+ Je—cT
M| | Me Me” | | TMe
ArS OAc ArS
65% 35%

The episulfonium salts formed in the reactions of cyclo-
hexene, 1-methylcyclohexene, and styrene with ArS*(SAr), SbClg
(Ar = 2,4,6-Me3CgH>) are unstable and it was not possible to
isolate them in the crystalline state. Their presence was
demonstrated by their reactions with the acetate anion, which
resulted in the formation of the corresponding B-acetoxysulfides.

N SAr
()sm SbCly (I
OAc

Me Me

B OAc
+ AcO
S—Ar SbCl; ——»
SAr
AcO™ CH,SA
sbcl; —— C|H AT
OAc

r

The interaction of (diaryl)arylthiosulfonium salts with
butadiene and isoprene!”? afforded the corresponding S-aryl-
episulfonium salts, which were isolated in a free state. They are
hygroscopic crystalline substances stable at temperatures below
0 °C. The reactions of these salts with the acetate anion lead to
1,2-acetoxyarylthio-adducts (yield up to 90%), whilst their
interaction with sodiomalonic ester proceeds via a different
mechanism and the formation of 1,4-adducts (yield up to 60%).

R

AcO ™
e ]

P—wnlt

\)\ + ArS(SAD; X~ —>
R
MeCOO™
WOCOMe
R SAr
% —
e i
Ar CH(COOR'), —
_

(R'COO)HC  sAr

R = H, Me; R’ = Me, Et; X = BF,, SbF, SbCls:
Ar = Ph, 4-C1C6H4 s 4-MeC6H4, 2,4,6-MC3C(,H2,
4-CF3CgH,, CoF's.

IV. Sulfoxonium (oxosulfonium) reagents

Oxosulfonium salts having the general formula

R
SS—R2 X
Rl /”
O
R = Alk, Ar; R! = Alk, Ar; R2 = Alk, Ar, NAlk,:
X = Cl, Br, I, BF,, etc.;

as well as some of their derivatives are the principal members of
the class of oxosulfonium reagents.

1. Methods for the generation of oxosulfonium salts

a. Generation from sulfoxides

The reaction of dimethyl sulfoxide with methyl iodide results in
the formation of dimethylmethoxysulfonium jodide, which is
slowly converted into the thermodynamically more stable
trimethyloxosulfonium iodide.?

—
_—

+ -
Me,S=0 + Mel —> Me:SOMe 1

Me_ .

S—Me I

=== Mel + Me;S=0 —>»
/1|
O

Me

Optically active oxosulfonium salts are obtained from
optically active sulfoxides by their interaction with the
Mel-Hgl, system.!”? Dimethyl sulfoxide reacts with chlorine
in methylene chloride at —45 °C, forming a relatively unstable
chlorodimethyloxosulfonium salt.!74

Me
Ns—c1a”

CH,Cl;, —45 °C
CH,Cl, —45°C_
Me/c”)

MeZS=O + Clz

Chlorooxosulfonium salts are also obtained at an intermedi-
ate stage in the oxidative chlorination of B-hydroxysulfoxides.!”®

Il SO,Cl, I+ _
PhSCH,CH,0H —so, > PhS—CH,CH,0H Cl —_—
~50, | —Ha
Cl
fl
— Ph|S+—(|:H2 Cl — PhSO,CH,CH,CI
O—CH;

b. Generation from sulfoximides

Sulfoximides which are unsubstituted or substituted at the
nitrogen atom react relatively easily with trialkyloxonium salts
to form oxosulfonium salts.?

|O| (')I
+
Me,S=NH + Et;0 BFy Me;S—NHEt BF;
+

—_—
—Et,O

I +
PhCH':CH—?:NMC + Me3;O BF; m
Ph

I
— PhCH=CHﬁ\ BFy

0 NMez

2. Applications of oxosulfonium salts in organic synthesis

a. Oxidation of alcohols

Chlorodimethyloxosulfonium salts, formed as a result of the
chiorination of dimethyl sulfoxide by chlorine, are used to oxidise
primary and secondary alcohols to carbonyl compounds.!76

. .
MeA—Cl CI” + RIR’CHOH LHCl, —45°C

(¢]

I
—» R'RXCH—OSMe, Cl- ELN
+

_— -
—45t0 —10 °C

Ii
—> R!CR? + Me,S=0 + Et3N-HCI
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b. Synthesis of sulfoximides

The interaction of chlorooxosulfonium salts with aromatic amine
entails the replacement of the chlorine atom at the sulfur atom by
the imido-group with formation of sulfoximides.?!

MeS=0 + Cl—X —> MeS—Cl X~ AN,
fomsmed — Ju— ———
ez i ~HCI, —HX

—_— Me2ﬁ=NAr

X = Cl, Bu'O.

Sulfoximides are also formed when dialkylaminooxosulfonium
salts are treated with bases, which, bearing in mind the ability of
unsubstituted sulfoximides to be alkylated by trialkyloxonium
salts, may be used to convert unsubstituted sulfoximides into
N-substituted ones.

o

Il +BF;
MeS=NH 20 BFy

—Et;O

Na;CO 3

Il _
Me:S—NHEt BFy  —

fi
—» Me;S=NEt

c. Synthesis of cyclopropanes
The interaction of substituted vinyloxosulfonium salts with C-
nucleophiles, for example with sodionitromethane, results in the
formation of cyclopropanes.?

h
.
= - s + B ————
PhCH=CH ﬁ\ BF; + NaCH,NO, RSO,
0 NMe; ~NaBF,4

> A_
Ph NO

The intramolecular cyclisation of oxosulfonium salts contain-
ing an activated double bond also leads to cyclopropanes.'’” Tt
has been suggested that in this case an oxonsulfonium ylide is
generated with subsequent transfer of the methylene group to the
C=C bond.

PhCH—CH\C/OH

NS
Ph CHzﬁ\ BF,
o) NMe,

LYAN
—— ‘
COPh

d. Synthesis of heterocyclic compounds

On interaction with primary amines, substituted vinyl-
oxosulfonium salts afford aziridines, whilst their interaction
with the sodium sailt of acetylacetone leads to dihydrofuran

derivatives.178
Ph_ANBu!

Me—C=0O Ph

2

base, DMSO
—PhS(O)NMe,, —HBF,

Bu'NH;

P
PhCH=CH|S\ BFy

A NMBZ

e e
(MeCO),CHNa
: Me /
(0]

e. Generation of oxosulfonium ylides

Treatment of dialkyloxosulfonium salts with deprotonating
agents leads to the formation of oxosulfonium ylides,3 which
are more stable than dialkylsulfonium ylides.

. B _
Me;S—Me I 50% NaOH Me,S—CH,
I —HI I
Me
+ o _
Me,S—NMe, BF; o 1;1\];120, B°C >s—c}12
” - 4 MezN g
f I
+ _  NaH, DMSQO, 25 °C + —
Ph—?—<] BF; o Ph—s
NMe; NMe,

Together with oxosulfonium salts, oxosulfonium ylides have
found extensive application in the synthesis of dienes,
cycloalkanes, epoxy-compounds, spiro-compounds, and other
products of fine organic synthesis. For example, the thermal
rearrangement of certain alkenyloxosulfonium ylides is used in
the synthesis of dienes.?

Ph CO-Me
+ =
Mes—CH  H
Ph CO;Me
Me+ 23]
= _ATCH: H _MeSOH

H,C fo)

Ph COsMe

Oxosulfonium ylides are selective agents for the transfer of
the methylene group to the electrophilic double bond. As a rule,
these reactions lead to the formation of cyclopropanes. In the
case of o,p-unsaturated carbonyl compounds, the methylene
group adds not to the carbonyl group but to the C=C bond.

(0] (6]

DMF
—_—

+
+ Mezﬁ—CHz

0 T

CO,Et + DMF
+ Mezﬁ——CHz I

CO,Et O

I"..

CO3Et

CO3Et

[l _ il
PhCH=CHCPh + CH2—?+—C6H4Me-p DMSO |

NMez

—A..-'C(’Ph
Ph

_ il
PhCH=CHSO,Ph + CHZ—?LCSHMe-p
NMez

—;&‘",.SOﬁ‘h
Ph

DMSO
—_—
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In the interaction of oxosulfonium ylides with «-bromo-
ketones or esters, cyclopropanes are formed as a result of a
sequence of alkylation, elimination, and methylene group transfer
reactions.

[ + =
PhC(IIHPh+ Me;ﬁ—CH; —

Br
- PhC—CH—CHAMe Br- —— =
9 272 B " Me,SOH
Ph 0
+ -
Me;S—CH,
I i
> PhC—C— S o BN COPh
PRC—C=CH: =5 A<
Ph Ph

The transfer of the methylene group to the double bond in
N-substituted amides of o,B-unsaturated carboxylic acids is
accompanied by a prototropic shift and subsequent cyclisation
with formation of y-lactams.?

+ —
4 CONHPh + MeS—CHz —> [D:o
° |
Ph

The addition of the methylene group to the C=0 bond in
aldehydes and ketones has found extensive application in the
synthesis of epoxy-compounds with a wide variety of structures.36

//o o DMSO O
PhC + Me;S—CH; ———»
\H Il Ph
ol
+
CHO + MeS—CH; DMSO_

0
O
+  _

0+ MesS—CH DMso_

CH,COMe CH,COMe
O N~ O
4 /4 DMSO
p-ClC5H4C\ + S\ —
H NM62
O 0

Il
—» p-CIC¢Hy —A—(CH2)4SNMC2

In those cases where the epoxide molecule contains other
reaction centres as well as the oxygen atom, there is a possibility
of structural isomerisation.

ll’h
c=0 .
+ MeS—CH, —»
N. Il
=
HNJ
Ph Ph_ OH
C_CHZ
N
— —

The transfer of the cyclopropylidene group to the C=C and
C=0 bonds with the aid of cyclopropyloxosulfonium ylides is to
a large extent analogous to the effect of diphenylsulfonium
cyclopropylide (see above) and is used in the synthesis of spiro-
compounds.?®

O
Ph\g+ -

B —
MezN/
M (0]
Me;C=CHCOMe, 25 °C, 20 h e Il
> CMe
Me
Q
PRCCH,CH,NMe, (DMSO) _
COPh
0]
O (DMSO) : i z ]

* * *

It is seen from the present review that the application of
S-cationoid reagents in fine organic synthesis has become very
common during the last 1015 years. It is based on the ability of
such reagents to participate in the transfer of thiyl, methylene,
and other functional groups and also on their involvement in the
generation of radical-cations and ylides, in the selective oxidation
of alcohols, and in other very important processes. This property
is used widely in the syntheses of sulfides, cyclopropanes,
epoxides, carbonyl compounds, spiro-compounds, sulfimides,
sulfoximides, derivatives of iminosulfinic acids, and other
important products of fine organic synthesis with functional
group substituents.
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