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I. Introduction

Sulfonyl- and sulfinyl-containing intermediates and their precur-
sors are finding increasing use in the synthesis of natural com-
pounds because these groups satisfy the requirements of
sophisticated multistage transformations. In this review, the
most important requirements are stated based on the concepts
proposed by the eminent chemist and populariser of science,
E Block.1

These functional groups should be:
(1) readily accessible;
(2) highly reactive;
(3) able to effect asymmetric induction;
(4) readily removable at a particular stage of the synthesis.
Sulfoxides and sulfones are rather readily available com-

pounds. Methods for their synthesis both from the corresponding
sulfides and other precursors have been well developed.2 ± 5

Owing to their high reactivity, sulfoxides and sulfones can
induce the stereo-, regio- and enantioselective formation of new
C7X bonds and, what is particularly important, of C7C bonds.

Enantiomerically pure sulfoxides are excellent mediators in
the asymmetric synthesis. The fact that the sulfur atom in
sulfoxides containing different substituents is an ideal asymmetry
center (Montanari 6 was the first to note this fact back in the
1970s) is not the only reason. The ability of the sulfinyl group to
form chelates due to complexation with other polar groups in the
molecule as well as with catalysts is used in enantioselective
syntheses resulting in 1? 2, 1? 3 and more distant asymmetry

transfer.5, 7 ± 13 The wide application of chiral sulfoxides is also
favoured by the availability of convenient methods for their
preparation in enantiomerically pure S- or R-forms.5, 12

Sulfonyl groups do not possess inherent asymmetry and are
substantially less active complex-forming agents. However, due to
their specific bulk and electronic properties, these compounds can
perform regio- and stereocontrol. Reactions of sulfones proceed
under rather mild conditions, which makes it possible to retain
chiral carbon centres (even those located in the vicinity of the
sulfonyl group) throughout the process.

A wide variety of chemoselective procedures for the removal
of sulfonyl and sulfinyl groups are available (see, for example,
Ref. 14). Classical heterogeneous reduction with Raney nickel
(Ra/Ni) continues to be used. Mild heterogeneous desulfonation
(desulfination) with metal amalgams (primarily with Na/Hg) is
also often employed. However, the majority of modern proce-
dures involve homogeneous processes, viz., reactions of transition
metal salts, palladium(0) complexes or solutions of alkali metals in
ammonia. Since the use of lanthanides have attracted growing
interest in recent years,15, 16 mild desulfonation with SmI2 is rather
often used (see, for example, Refs 16 ± 19). Reductive desulfurisa-
tion, elimination of sulfenic and sulfinic acids to formC=Cbonds
and double elimination of hydroxy and sulfonyl groups from
substituted sulfones can readily be performed. Although the
sulfonyl fragment is a poor leaving group (see, for example,
Ref. 20), conditions were found under which this group in some
compounds can be replaced by the attacking reagents.

In spite of the fact that synthetic applications of sulfones have
been surveyed (see, for example, Refs 21 and 22), the data on the
use of these compounds in the synthesis of natural products
remain to be systematised. Applications of particular types of
sulfones, such as g-hydroxyvinyl sulfones 23, 24 and sulfolenes,25, 26

for these purposes have been described. Examples of the use of
sulfones were cited in reviews devoted to syntheses of selected
groups of natural compounds (juvenile hormones 27 and linear
polyprenols 28, 29). Recently, Carreno 12 has reported a compre-
hensive analysis of the uses of chiral sulfoxides in asymmetric
syntheses of biologically active compounds. Therefore, in the
present review the attention is focused on sulfonyl-containing
and racemic sulfinyl-containing precursors and intermediates
without special reference to asymmetric synthesis, all the more so
since the stereochemistry of all chiral centres has not always been
reported in the original studies. Yet another aim of this review is to
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demonstrate how successfully sulfones and sulfoxides comple-
ment each other in syntheses of natural compounds.

II. Brief characterisation of reactions applicable in
the synthesis of natural compounds based on the use
of sulfones and sulfoxides

Even a brief analysis of reactions of sulfoxides and sulfones gives
an idea of their wide synthetic potential. These compounds can
provide the basis for the erection of the building for the synthesis
of natural compounds. Fuchs and coworkers 24 compared this
building to a majestic pyramid.

Reactions of carbanions stabilised by a-sulfonyl or (to a lesser
extent) a-sulfinyl groups are often used in the synthesis of natural
compounds. Among various reagents used for a-deprotona-
tion,30, 31 lithium bases (for example, alkyllithium compounds or
lithium diisopropylamide LDA) predominate. In this review,
these species will be sometimes described as C-lithiated species in
accordance with the original reports although this is not quite
correct. It has been rigorously proved 32 that in the crystalline state
of sulfur-containing alkyllithium compounds, the metal atom is
bound to the oxygen atom of the sulfonyl (sulfinyl) group rather
than to the a-carbon atom. However, this fact is not reflected in
their reactions in solution. Electrophilic reagents attack exclu-
sively the carbon atom unlike their reactions with carbanions
stabilised by the carbonyl group. Alkylation with alkyl or cyclo-
alkyl halides, tosylates or mesylates (Scheme 1, path a) affords

Scheme 1

sulfones or sulfoxides A and their reductive desulfurisation leads
to the elongation of a saturated chain. Elimination of fragments of
acids RSOnH (n=1 or 2) from derivatives A results in the
formation of the C=C bond. For most sulfones, this process
occurs under rather drastic conditions. Many sulfoxides eliminate
sulfenic acid uponmild thermolysis, which provided the basis for a
method of introduction of C=C bonds with E configuration into
complex molecules proposed by Trost .33 ± 35

Reactions with carbonyl compounds or oxiranes lead to the
1,2-addition at the carbonyl group (Scheme 1, paths b and c) or to
the oxirane-ring opening (path d ). Reactions of a-sulfonyl carb-
anions with aldehydes are of particular importance because the

resulting epimeric mixtures of 2-hydroxy sulfones B (n=2) serve
as an inexhaustible source for the construction of new functional
groups, viz., vinylsulfonyl, oxosulfonyl, saturated hydroxy or oxo
groups.

Of prime importance is the Julia olefination resulting in
stereoselective construction of the C=C bond with either the E
(Ref. 36) or Z (Ref. 37) configuration following acylation of the
hydroxy group (Scheme 2, paths a and b).

Scheme 2

The most important precursors in the asymmetric synthesis,
viz., 2-hydroxy sulfoxides (B, n=1),12 must be used only in
enantiomerically pure form. Therefore, these compounds are
generally prepared by selective reduction according to Solla-
die 38, 39 starting from 2-oxo sulfoxides C. The most convenient
procedure for the synthesis of the latter involves the reaction of
a-sulfinyl carbanions with the carbonyl groups of esters
(Scheme 1, path c).

a-Sulfonyl(sulfinyl) carbanions, being active C-nucleophiles,
readily react with various electron-deficient multiple bonds
(Scheme 1, path e).

Either aryl or (more rarely) tert-butyl groups generally serve
as substituents R1 in sulfonyl(sulfinyl) fragments. This is dictated
not only by the necessity of providing conditions for regiospecific
deprotonation but also for kinetic reasons. For example, benze-
nesulfenic acid is eliminated upon thermolysis of sulfoxides at
substantially lower temperatures than methanesulfenic acid.40

Among unsaturated precursors, vinyl sulfones are worthy of
particular attention. Fuchs and coworkers 23, 24 believed that these
sulfones are ideal starting compounds (superior even to enones)
for sophisticated syntheses. New C7C bonds are formed upon
addition of C-nucleophiles (predominantly metal alkyls) at the
activated C=Cbonds of vinyl sulfones followed by the reaction of
electrophiles with the resulting a-sulfonyl carbanionic centre
(Scheme 3, path a). Reactions of the C=Cbonds of ene sulfoxides
with C-nucleophiles occur successfully, if additional acceptors, for
example, carbonyl groups, are introduced into the sulfoxide
molecules. Reactions of heteronucleophiles with ene sulfoxides
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and ene sulfones (see Section V.1.b) as well as the Diels ±Alder
[4+2] cycloaddition (Scheme 3, path b) are also widely used.
Cross-coupling of vinyl sulfones with Grignard reagents in the
presence of transition metal salts makes it possible to replace the
sulfonyl group according to Julia,41 the C=C bonds being
unaffected (Scheme 3, paths c and d ).

Linear and cyclic polyunsaturated structures are successfully
constructed with the use of various 1,3-dienes generated from
substituted 3-sulfolenes by cheletropic elimination of SO2.26

Allyl sulfoxides and, particularly, allyl sulfones are very
reactive compounds. Due to abstraction of the labile allylic
hydrogen, these compounds readily form ambident carbanions,
which can undergo alkylation both at the a- and (more rarely)
g-positions. In the presence of palladium catalysts or Lewis acids,
the sulfonyl group in allyl sulfones is replaced by various nucle-
ophiles.42, 43 Because of the wide diversity of their transforma-
tions, Trost 44 has named allylic sulfones `organic chameleons'.

Of rearrangements of sulfoxides and sulfones, the Mis-
low ±Evans sulfenyl ± sulfenate rearrangement 45, 46 (which is
used for the formation of hydroxy allylic fragments), the Pum-
merer reaction 47, 48 (which has many applications, but is predom-
inantly used for the construction of cyclic molecules) and the
Ramberg ±BaÈ cklund reaction 49, 50 (which is used for the intro-
duction of C=C bonds) are most commonly used in the synthesis
of natural compounds. Because of a great body of information on
syntheses involving rearrangements of sulfoxides and sulfones,
these processes cannot be considered in this review in detail.

III. Syntheses based on aa-sulfonyl or aa-sulfinyl
carbanions

1. Alkylation
a. Alkylation followed by reductive removal of sulfur-containing
groups
The simplest procedure for the formation of new C7C bonds
involves alkylation of a-sulfonyl or a-sulfinyl carbanions followed
by reductive removal of sulfur-containing groups. This strategy
was used for the first time in the syntheses of components of
essential oils, viz., racemic a-santalene [(�)-1] and a-santalol
[(�)-2],51 as well as for the preparation of a pure trans-isomer of

squalene (3) 52 by alkylation of the anion of farnesyl phenyl
sulfone (4) with farnesyl bromide (5). This procedure is often
used for the coupling of complex polyfunctional fragments con-
taining numerous chiral centres. Recently, this method has been
used for the preparation of intermediates 6 ± 8 in the synthesis of
ambrein (the intermediate 6 53), polysubstituted biologically active
furan compounds, viz., calicogorgins A and C (the intermediates
7a and 7b, respectively 54), and the antibiotic mycotrienin (the
intermediate 8 55) (the sites of coupling are indicated by arrows).

This procedure can also be used for the construction of linear
enantiomerically pure pheromones, both saturated and contain-
ing isolated C=C bonds. Mori and coworkers 56 ± 64 performed
convergent syntheses of pheromones (ee 97%±98%) starting
from two or more enantiomerically pure building blocks. If the
absolute configuration of the natural pheromone was unknown,
all possible enantiomers were synthesised in amounts sufficient for
biological assays. Below are presented the syntheses of four
possible enantiomers of 3,7-dimethylnonadecane (9), which is a
pheromone of tortricid Agromyza frontella (an alfalfa pest).56

Other pheromones synthesised by Mori and coworkers with the
use of alkylation ± desulfonylation methodology are listed in
Table 1 (the coupling sites are indicated by arrows).
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Pheromones whose molecules contain double bonds were
constructed by alkylation ± desulfonylation starting from allylic
sulfones and (or) allyllic halides. This procedure was used for the
preparation of enantiomerically pure faranal (10), which is the
pheromone of Pharaoh's ant.64

The synthesis of the pheromone of California scale (�)-11 in
the racemic form required the use of a threefold excess of allyl
bromide because deprotonation and, correspondingly, alkylation
of the initial methyl sulfone occurred non-regiospecifically.65

In the synthesis of the sex pheromone of Douglas fir tussock
moth 12, a-thiylation followed by hydrolysis was used for the
simultaneous formation of the oxo group and removal of the
sulfonyl group; the C=C bond was formed by stereospecific
hydrogenation of the triple bond.66

An elegant method for stepwise alkylation developed by
Moiseenkov and coworkers 28, 67 ± 70 makes it possible to synthe-
sise polyunsaturated natural molecules by C5-homologation.
Lithiated d-hydroxyallylic or saturated sulfones (including those
containing a chiral centre) and the corresponding unsaturated
terpenoid halides served as the starting compounds. This method-
ology was used for the preparation not only of relatively small
molecules [for example, the pheromone components of San-Jose
scale, viz., a-neryl and a-geranyl propionates (13a,b)67], but also of
long-chain natural regulators, such as polyprenol- and dolichol-
like alcohols 14 68 or 15.69 The addition of a crown ether, viz.,
dibenzo-18-crown-6 (DB-18-C-6), to a solution of sodium in
liquid ammonia in the stage of reductive desulfonation made it
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Table 1. Pheromones synthesised by alkylation ± desulfurisation.

Name Structure Absolute Biological characteristic Number of pos- Ref.

configuration sible enantiomers

of natural (the number of

pheromone enantiomers

synthesised)

13,17-Dimethyl- unknown kairomone for wasp 4 (4) 57

nonatriacontane Trichogramma nubiale

3,13-Dimethyl- " sex pheromone of western 4 (4) 63

heptadecane false hemlock looper Nepytia

freemani

6,10,14-Trimethyl- (2R,6R,10R) a pheromone of rice moth 8 (8) 58

pentadecan-2-ol Corcyra cephalonica

6,10,13-Trimethyl- unknown aggregation pheromone of 4 (4) 59

tetradecan-1-ol predatory stink bug Stiretrus

anchorago

6,12-Dimethyl- " female-produced sex pheromone 4 (4) 60

pentadecan-2-one of banded cucumber beetle

Diabrotica balteata Le Conte

4,8-Dimethyldecanal (4R,8R) aggregation pheromone 4 (2)b 61

of red-flour beetle

Tribolium castaneum

Methyl 2,6,10-tri- unknown sex pheromone of stink bug 8 (8) 62

methyltridecanoate Euschistus heros/E.obscurus

a Preliminary data of biological studies. b In the study,61 enantiomers inactive with respect toTribolium castaneum, but active with respect to other species

Tribolium were prepared.

Me(CH2)11 (CH2)21Me

OH

OH

O

CHO

CO2Me

OH

SO2Me

a, b

c

All=CH2CH=CH2; (a) BunLi; (b) 3 equiv. of BrAll; (c) Na/NH3 .

OH

SO2CH(All)2

OH

(�)-11

370 E N Prilezhaeva



possible to suppress the undesirable allylic isomerisation of the
adjacent C=C bond.70

Intramolecular alkylation ± reductive desulfonylation leads to
ring closure. This procedure was used for the synthesis of racemic
pumiliotoxin C (16), which is contained in excretions of arrow-
poison frog ,71 the bicyclic pheromone (+)-exo-brevicomin (17) in

the enantiomerically pure form starting from (S,S )-(7)-diethyl
tartrate,72 phomactin D (18), which is a 12-membered PAF
antagonist,73 and the 14-membered carbocycle 7(8)-deoxyasper-
diol (19), which is a synthetic precursor of the widespread
cembranoid antitumor agent asperdiol.74

However, attempts to perform macrocyclisation of the halo-
genosulfone in the synthesis of an analogue of terpenoid 19
failed.75

Intramolecular alkylation was used in the total synthesis of
21-membered heterocyclic antibiotics (+)-trienomycins A and
F 76 and for the construction of the AB ring system of taxol.77
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Unlike the above-mentioned studies in which alkylation was
generally performed with the use of bromides or iodides, the
enantiomerically controlled construction of the C(1)7C(17) frag-
ment in the total synthesis of ionophoric boromycin was carried
out using the mild reaction of a chloride with an anion generated
from the 2-oxosulfonyl group.78

Oxo sulfone 20 serves as an example of additional activation
of the a-sulfonyl carbanionic centre in alkylation. The sulfone 20
was used as the starting material in the synthesis of compound 21,
which is the key intermediate for the preparation of the antibiotic
(�)-aplasmomycin.79 Amino-acid-derived oxo sulfones 22a ± c
were successfully used in the peptide synthesis.80

Cyclic ketones containing the sulfonyl group at the a-position
undergo three-carbon ring expansion when a fluoride anion acts
on the products of alkylation of enolates of these ketones with
silicon-containing allylic iodides or mesylates
[Me3SiCH2(XCH2)C=CH2], which generate trimethyleneme-
thane.81 Trost and coworkers 82 used this procedure for the
preparation of muscone 23 from 2-sulfonylcyclododecanone 24
in high yield.

The application of more complex oxosulfonyl precursors
made it possible to construct sterically hindered systems of the
11,11-dimethylbicyclo[5.3.1]undecane series, such as compound
25, which is the key intermediate in the synthesis of taxane
derivatives,83 as well as to prepare fused cyclopentanoids of the
type 26, which serve as the starting compounds for the preparation
of hirsutene, hirsutic acid and coriolin.84

The formal total synthesis of carba-prostacyclin (27), which is
an analogue of prostacyclin, was reported.85 The compound 27 is
more stable, but exhibits no lesser activity in the inhibition of
blood coagulation. The allylic sulfone dianion 28 was alkylated
with enantiomerically pure mesylate of substituted hydroxycyclo-
pentane. The necessary side chains were introduced into com-
pound 29 by reactions with the corresponding lithium cuprates.
The reactions were accompanied by the replacement of the

sulfonyl group andmigration of the C=C bond to form amixture
of (Z )- and (E )-isomers of compound 30. The latter is the key
intermediate in the synthesis of carba-prostacyclin (27).

As to a-sulfinyl carbanions, the simplest alkylation ± reductive
desulfinylation procedure is rather rarely used in the synthesis of
natural compounds. However, the racemic juvenile hormone 31
was synthesised by two-step reduction of the compound 32, which
is an alkylation product of disulfoxide 33, via intermediate
dithioether 34.86

In the total synthesis of racemic biotin 35,87 an intermediate
obtained by alkylation of a sulfoxide was reduced to sulfide.
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Deprotection of the amino and carboxy groups was performed in
two steps to produce (�)-biotin 35.

The reactions given below exemplify the use of alkylation of
the anions derived from oxo sulfoxides upon deprotonation at the
a-position with respect to the carbonyl group. Due to the
induction exerted by the sulfinyl group, alkylation of an enantio-
merically pure derivative of 1,3-dithiane 1-oxide (36) proceeded
selectively to form compound 37. Its hydrolysis afforded natural
(7)-(R)-2,6-dimethylheptanoic acid [(7)-(R)-38].88

The total synthesis of an antimalarial drug, viz., sesquiterpe-
noid (+)-artemisinin (39), was carried out starting from sulfoxide
40,89 which had been prepared from pulegone. The sulfinyl group
acts as an activating agent that promotes alkylation of enolate.

b. Alkylation of a-sulfonyl carbanions followed by elimination of
sulfinic acid
Homoallylic sulfones are promising starting compounds for the
introduction of C=C bonds by alkylation of a-sulfonyl carban-
ions followed by elimination of sulfinic acid. Julia and Arnould 90

were the first to use this approach in the synthesis of natural
compounds. These authors performed a convergent (C15+C5)-
synthesis of methyl retinoate (41) related to vitamin A starting
from b-ionone. The key step of this scheme involves dehydrosulfi-
nylation of homoallylic sulfone 42 prepared by alkylation of

sulfone 43. However, the E-configurations of all C=C bonds of
the final reaction product 41 have not been established reliably. 90

This study 90 gave impetus to intensive investigations aimed at
developing a sulfonyl procedure for the preparation of vitamin A
as retinol acetate (44) (the results were surveyed in Ref. 91). This
approach seemed to be promising owing to a small number of
steps and the possibility of recycling of the sulfinate eliminated.
The most essential results were obtained by researchers of
Rhone ±Poulenc 92, 93 and of Hoffman ±LaRoche.94, 95 Two
versions of the convergent (C15+C5) schemes (Scheme 4, paths I
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and II ) 92, 93, 95 and the (C13+C7) scheme 4 (path III ) 94 were
developed together with several procedures for the elimination of
sulfinic acid. The major difficulties were associated with the
formation of an admixture of the biologically inactive isomer 45
with the (Z )-C(9)=C(10) bond and the isomer 47. Apparently,
the isomer 45 was formed as a result of isomerisation of the
intermediate sulfone 46, whereas the isomer 47 was formed upon
prolonged action of a base. The best results were obtainedwith the
use of mild heterogeneous elimination of sulfinic acid (PriONa,
hexane, path I b). However, isolation of pure retinol acetate (44)
requires recrystallisation.92 Other procedures for elimination
(path I c, path II e and path III h) call for a number of additional
operations. Thus upon desulfonylation with a solution of NaOH
in Me2NH, the content of the isomer 45 in the reaction mixture
reached 34%. After isomerisation under the action of PdCl2 and
recrystallisation, pure retinol acetate was obtained in 70% yield.
None of the sulfonyl procedures has been used in industry, at least,
before 1984.96

In the case of less complex molecules, for example, in the
formation of (E,E )-1,3-dienes, the reactions are not accompanied
by isomerisation. Therefore, (E )-homoallylic sulfones of the types
48 and 49 are convenient starting compounds. Elimination of
sulfinic acid was used in the synthesis of pheromone components
50 and 51.97

In the total convergent synthesis of the ionophore antibiotic
indanomycin 52,98 the formation of the (E,E )-diene bridge

between two cyclic fragments of the molecule occurred as elimi-
nation of sulfinic acid involving only the hydrogen atom of the
acyclic part of the intermediate sulfone 53.

The synthesis of racemic lavandulol (�)-54 involved formal
replacement of the sulfonyl group.99 The intermediate sulfone 55
was hydrostannylated simultaneously with the elimination of
sulfinic acid. The subsequent reaction of stannane 56 with
trioxane in the presence of boron trifluoride etherate was accom-
panied by elimination of Bun3SnH and migration of the double
bond.

c. Alkylation of aa-sulfonyl carbanions with synchronous elimination
of sulfinic acid
For saturated molecules, alkylation of a-sulfonyl carbanions with
elimination of sulfinic acid is exemplified by the reaction of
alkylating reagents with a-carbanions derived from 2-sulfonyl-
substituted cyclic ethers, viz., tetrahydropyrans or tetrahydro-
furans 57a,b. The sulfonyl groups in tetrahydropyrans and
tetrahydrofurans facilitate a-deprotonation. However, Ley and
coworkers 100 found that an intermediate formed in the course of
the subsequent reaction with an electrophile is stabilised due to
synchronous elimination of sulfinic acid. Apparently, the driving
force for this process is the formation of the endocyclic C=Cbond
in the reaction products 58a,b.

The reactions with Grignard reagents in the presence of zinc
salts or with alkyl halides in the presence of sodium naphthalenide
afforded tetrahydro derivatives 59a,b, which are the formal
replacement products of the sulfonyl group, instead of dihydro-
pyrans or dihydrofurans 58a,b. The reactions of the sulfones 57
with electrophiles containing a protected hydroxy group at the
o-position are of considerable interest for the synthesis of certain
natural compounds. These reactions afford spiroketals 60 because
the hydroxy group of the substituent in the intermediate 58
immediately reacts with the nucleophilic double bond after
deprotection in an acidic medium. The simplest examples of this
approach are the syntheses of 1,7-dioxaspiro[5.5]undecane (61),
which is a component of the pheromone of Dacus Olea 101 and of
the so-called fruit flies particularly widespread in tropical coun-
tries,102 as well as the syntheses of analogous compounds 62 and
63.101

HO

50
7

PhSO2

48

a, b, c HO

PhSO2

d

7

HO

51
8

a, e, c HO

PhSO2 PhSO2

f, d

PhSO2

PhSO2

49
8

(a) BunLi; (b) THPO
7
I; (c) H3O+; (d ) ButOK, ButOH, D;

(e) THPO I
8
; ( f ) Na/Hg.

nitrile) (97%); (d ) (CH2O)3 , Et2O .BF3 (57%).

SnBu3

56

d

OH

(� )-54

(a) BunLi; (b)

a, b

TolSO255

cTolSO2

Br (97%); (c) Bun3SnH, AIBN (azobisisobutyro-

O SO2Ph

R1
n

57a,b

a, b

c or a, d

a, e, f

n=0 (a), 1 (b); (a) BunLi; (b) R2X; (c) R2MgX, ZnBr2;

(d ) R2X, C10H8Na; (e) I(CH2)4OTHP; ( f ) H3O+.

O R2

R1
n

58a,b

O R2

R1
n

59a,b

O

OR1
n

60a,b

R=SiMe2But; (a) LDA, THF, 778 8C (97%);

(b) triton B (BnMe3NOH), MeOH, 40 8C; (c) CH2N2 , Et2O, 0 8C.

O
BrMeO2C

H H
Et

+

O
MeO2C

H
Et

PhSO2
OR

H

H Et53

b, c

OR
H

H Et

PhSO2
a

H
H

O

Et

OR

3 steps

H

52

N

H

EtH

H

Et

HO2C
O

H

O

H

374 E N Prilezhaeva



The construction of the spiroketal fragment in the total
enantioselective synthesis of an ionophore routiennocin (64),
which is a carrier of divalent cations, presented a more difficult
problem.103 This problem was solved with the use of alkylation of
the anions derived from sulfonyltetrahydropyrans 65 or 66. In
both cases, spiroketal 67, which is the necessary precursor in this
synthesis, was obtained.

Total syntheses of polyfunctional macrolides of the avermec-
tin ±melbemycin family, which were discovered about 20 years

ago,{ present a major achievement by Ley and coworkers. These
compounds exhibit a very broad spectrum of antiparasitic,
including antihelminthic, activities, and their use in medical
practice is recognised to be an impressive breakthrough.104

Ley and coworkers started their studies in this field with the
development of a procedure for the synthesis of substituted
spiroketals by reactions of anions generated from 2-sulfonylte-
trahydropyrans with new reagents, viz., alkoxy-substituted epox-
ides of the type 68. For example, this procedure was used for the
synthesis of a minor component (69) of the pheromone of olive
moth.105

Syntheses of the most important representatives of this series,
viz., avermectin B1a (70) 106 and melbemycin b1 (as the agly-
cone),107 are characterised by the elegant and versatile applica-
tions of sulfonyl and other building blocks.

The key steps of the total synthesis of avermectin (70)
containing 30 stereogenic centres, five C=C bonds with a fixed
configuration and numerous functional groups are given in
Scheme 5. In particular stages of the synthesis, the intermediates
were compared with the degradation products of natural aver-
mectin. The first step of the synthesis of the macrolide 70 involved
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{Avermectin was isolated from actinomycete MA-46650 in 1978.104
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the reaction of enantiomerically pure diepoxide 71 [an important
synthon for the C(17) ±C(19) fragment] with a vinylic bromide 72
to form a substituted epoxide. Subsequent reactions with sub-
stituted 2-sulfonyltetrahydropyran 73 followed by transforma-
tions required for the formation of the C(22)=C(23) bond
afforded spiroketal 74, which is the `northern' [C(11)7C(25)]
hemispherical fragment of the macrolide 70. The terminal C=C
bond in the compound 74 was converted into the aldehyde group
in two steps. The reaction of the intermediate 75 with the anion
generated from allylsulfonyl synthon 76 resulted in the formation
of the (E )-C(10)=C(11) bond (the Julia olefination, Section
III.2.a). Compound 77 contained *12% of an admixture of the
(Z)-C(10)=C(11) isomer. The completion of the synthesis
involved the macrolactonisation of the intermediate 77 following
oxidation at C(1) with simultaneous formation of the C(3)=C(4)
bond and the attachment of the disaccharide residue R3, which
was obtained from oleandrose, at C(13).

The synthesis of a somewhat less complex molecule, viz.,
melbemycin b1 (78), was carried out according to an analogous
scheme.107 The major synthons in this scheme are either identical
to compounds used for the preparation of avermectin (70) (for
example, diepoxide 71) or differ only in the functional groups
(synthons 79, 80 and 81 correspond to compounds 72, 73 and 76,
respectively). The formation of spiroketal is also a fundamental
step in the construction of the `northern' fragment. The coupling
of the `northern' and `southern' fragments to form the
(E )-C(10)=C(11) bond was performed by the reaction of the
aldehyde group of the `northern' fragment with the a-sulfonyl
carbanion of the `southern' fragment. This reaction is not the
standard olefination procedure according to Julia because the
C(9)=C(10) double bond is converted into the required
C(10)=C(11) bond.107

The common feature in the syntheses of the macrolides 70 and
78 is the method of formation of the trisubstituted C(14)=C(15)
bond. This bond is introduced upon reactions with the halide
synthons 72 or 79. This makes it possible to circumvent the
difficulties encountered in earlier studies (see Section III.2.a) in
attempting to construct this bond with the use of sulfonyl or
sulfinyl precursors.

2. Addition to oxygen-containing electrophiles

a. Addition of aa-sulfonyl carbanions to carbonyl groups of aldehydes
and ketones
Lythgoe 108 and Kocienski 109 ± 111 have shown that an important
problem of olefination (coupling of synthons with the stereo-
specific formation of the C=C bond) can be solved by reductive
elimination of 2-hydroxy sulfones, which are prepared by the
reactions of aldehydes with a-sulfonyl carbanions, proposed by

Julia and Paris.36 This procedure is an excellent alternative to the
phosphonate Wittig method. The optimum conditions for olefi-
nation were found, viz., acetylation or benzoylation of the
hydroxy group and reductive elimination with sodium amalgam
in a mixture of methanol with tetrahydrofuran or ethyl acetate.112

In studies of the scope and limitations of this reaction, it was
demonstrated that E-disubstituted double bonds can be formed
with a stereoselectivity of * 80%±100%. The stereoselectivity is
enhanced in the case of chain branching at the b-position with
respect to the double bond, whereas a substituent at the a-position
hinders the reaction.113 Trisubstituted C=C bonds are formed
with difficulty and the stereoselectivity of this process is low,
whereas attempts to obtain tetrasubstituted C=Cbonds failed.109

Since the stereochemistry of the initial acyloxy sulfone (threo-,
erythro- or a mixture of both forms) has no effect on the stereo-
selectivity of the formation of the C=C bond, it was suggested
that this process occurs via a common intermediate 82 formed
upon reductive elimination of the sulfinate anion or from the
diastereomers 83a or 83b.109, 113 The intermediate 82 is long-lived
enough to assume the conformation favourable for elimination of
the acyloxy anion. This may not be the case with ketones exerting
steric hindrances, which explains the fact that olefination with the
use of acyloxysulfonyl derivatives prepared from ketones is not
always successful. Recently, a more intricate mechanism of the
olefination has been proposed.114 However, none of the suggested
reaction schemes was confirmed by quantitative methods, for
example, by kinetic methods.

Below are summarised the results of the use of this method-
ology in the syntheses of natural compounds performed by
Kocienski and Lythgoe with their coworkers. This procedure
was used for the formation of the (E )-C=C bond in the alcohol
84, which is the key intermediate in the synthesis of calciferol,115

and for the preparation of different modifications of vitamin D,
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including a-hydroxy vitaminD3 (see Ref. 116) and vitaminD4 .117

(More recently,118 25-hydroxy vitamin D2 was prepared accord-
ing to an analogous procedure with the use of ethylmagnesium
bromide instead of BuLi for deprotonation). This scheme was
applied to the synthesis of the major C25 segments (85 and 86) for
the preparation of the antibiotics moenocinol119 and diumyci-
nol,120 respectively.

Later, the Julia olefination (which is sometimes called the
Julia ±Kocienski or the Julia ±Lythgoe olefination) has found
wide application in the synthesis. Thus this procedure was used in
the synthesis of botryococcene 87 (Scheme 6), which is an algae
hydrocarbon. The compound 87 has a specific branched structure.
The product of its exhaustive hydrogenation (88) is a promising
biological marker in petroleum production.121

Scheme 6

Olefination is the major stage in the total syntheses of a
number of biologically active long-chain compounds. This reac-
tion has been used in the formation of the (E )-C(10)=C(11) bond
in the antibiotic pseudomonic acid C (89),122, 123 the C(16)=C(17)
bond in the antibiotic ionomycin (90) responsible for the transport
of Ca2+ ions 124, 125 and the C(7)=C(8) bond in the diene frag-
ment of curacin (91) exhibiting antitumor activity.126 To construct
the double bond between the piperidine and decahyd-

ronaphthalene fragments in the synthesis of alkaloids (+)-himba-
cine (92a) and (+)-himbeline (92b), the aldehyde and sulfonyl
groups should be bound to the pyrimidine and decahydronaph-
thalene synthons, respectively,127 otherwise steric hindrance to
olefination occurs. One of the double bonds of the 1,3-diene
system of indanomycin was also formed according to this proce-
dure.128

The Julia olefination is often used for the introduction of
C=C bonds into the starting compounds which are subsequently
employed in total syntheses. For example, double bonds in the
following fragments were formed according to this procedure: in
the C(1)7C(22) fragment for the construction of immunodepres-
sant FK,129 in the C(22)7C(31) fragment of an intermediate for
the macrolide antibiotic roxaticin 130 and in the triene group of the
C(10)7C(27) fragment used in the synthesis of the immunode-
pressant rapamycin.131, 132 In the total synthesis of the antitumor
macrolide aplyronine, coupling by the reaction of the a-sulfonyl
anion with the aldehyde group was employed twice.133 When the
C(3)7C(17) fragment was constructed in the synthesis of boro-
mycin, the intermediate 2-hydroxysulfonyl unit was used for the
stereoselective formation of the hydroxy group rather than for the
introduction of the double bond.134

The Julia olefination was also used in the total syntheses of the
majority of macrolides of the avermectin Ð melbemycin group,
for example, of avermectin B1a (Ley et al.,106 Hanessian et al.135

and White et al.136), as well as of the simplest compound of this
group, viz., melbemycin b3 (93), which served as the favourite
subject in earlier synthetic studies performed by Kocienski,137

Baker 138 and Barrett 139 with their coworkers.
The Julia procedure was used for the coupling of large frag-

ments which have been synthesised beforehand and already
contained the required chiral centres. Macrolactonisation was
performed in the final stage of the synthesis. In the synthesis of
these very complex systems, the previously established regularities
hold on the whole. The formation of the disubstituted
C(10)=C(11) bond occurs most readily and with a high stereo-
selectivity, particularly, when the aldehyde group is bound to the
C(11) atom of the `northern' fragment, while the sulfonyl group is
bound to the C(10) atom of the `southern' fragment.106, 137 When
the functional groups are located in the reverse order, the results
are somewhat worse.135, 138 When the ketone was used in place of
the aldehyde for the formation of the C(8)=C(9) bond of
avermectin B1a [the carbonyl group at the C(8) atom of the
`southern' fragment and the sulfonyl group at the C(9) atom of
the `northern' fragment],136 the reaction was complicated by
lactonisation of the intermediate. The formation of the trisubsti-
tuted C(14)=C(15) bond with the use both of the ketone 136 and
aldehyde 139 versions of olefination occurs in low yield and affords
an admixture of an undesirable regioisomer. With the aim of
constructing this bond, more sophisticated approaches, though
also based on reactions of sulfoxides and sulfones, were
applied.136, 139

Kocienski was the first to note 109 that the use of olefination
for the preparation of large amounts of compounds is hampered
by the necessity of consuming a considerable amount of amalgam
for desulfonation. Presently, a number of procedures free of this
drawback are available. Thus it is believed 140 that reduction with
magnesium in ethanol upon catalysis with mercuric chloride
occurs due to in situ formation of magnesium amalgam. It was
also recommended to use SmI2 in THF 141 or HMPA.141, 142 In
the latter case, a trisubstituted double bond is successfully formed
from ketones and primary sulfones, though only in low-molec-
ular-weight model compounds.

Reactions of a-sulfonyl anionswith aldehyde groups have also
been used for the coupling of bulky, e.g., cycloaliphatic, segments.
This coupling not necessarily involved the formation of the C=C
bond, but sometimes occurs through hydroxy- or oxo-functional-
ised saturated units.

The key steps in amultistep (more than 100 steps) enantio- and
stereospecific total synthesis of okadaic acid 94 , which is a
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potential antitumor drug,{ involved couplings of the segments A,
B and C, which have been prepared according to the retro-
synthetic approach, in the order (B+C)+A (the atomic num-
bering scheme corresponds to that used for okadaic acid).144 ± 147

D-Glucose derivatives served as chiral pools for the construc-
tion of the segments A, B and C. The OH group at C(27) was
obtained by transformation of the 2-hydroxysulfonyl grouping
formed by the reaction of the aldehyde group of the segment B
with the anion from the sulfone C, and the C(14)=C(15) double
bond was formed according to Julia with the participation of the
sulfonyl centre of the segment A. The stereoselective introduction
of the methyl groups at C(13) in the segment A 145 and at C(29) in
the segment C 147 was performed according to `heteroconjugate
addition' to a-silyl vinyl sulfones developed by Isobe and co-
workers (this procedure will be considered in more detail in
Section V.1). The final steps in the total synthesis of acid 94 with
the construction of all its 17 chiral centres involve deprotection of
the functional groups and conversion of 1,2-acetonide into the
hydroxy acid.

The use of intramolecular reactions of a-sulfonyl carbanions
with aldehydes 148 ± 151 is exemplified by the synthesis of tetrono-
lide 95, which is the aglycone of the antitumor antibiotic tetro-
carcin,148, 149 as well as by the construction of a bicyclo-
[13.3.0]octadecane core 96 for the synthesis of terpestacin and of
a 14-membered core 97 for the preparation of sarcophytol A.150

Syntheses of the compounds 96 and 97 involved oxidation of
hydroxy groups to carbonyl groups followed by reductive removal
of the sulfonyl group (Scheme 7), while the synthesis of the
compound 95 additionally involved stereospecific reduction of
the carbonyl group to the hydroxy group. Attempts to use this
approach in the synthesis of the antitumour antibiotic lankacidin
were unsuccessful. Apparently, this is associated with the use of
the imidazolesulfonyl group.152

Scheme 7

The Z-olefination method, which has also been developed by
Julia,37 is applied more rarely than the E-version. In this case, a
mixture of diastereomeric acyloxy sulfones generated originally
was treated with a strong base followed by desulfonylation of an
intermediate (Z )-vinyl sulfone to form (Z )-alkene. This proce-
dure was used for the preparation of components of the pher-
omones 98a ± c [98% of the (Z )-isomers],37 dehydro-(Z )-12-
squalene (99a) and (Z )-16-phytoene (99b) (in both cases, the
selectivity was* 87%).153 In the latter case, the aldehyde compo-
nent was generated in situ by oxidation of a portion of the
a-sulfonyl carbanions 100.

Later on, Moiseenkov and Nefedov with coworkers 154 ± 156

slightly improved the procedure forZ-olefination and applied it to
the synthesis of trideca-(4E ),(7Z )-dien-1-yl acetate (101) (the
potato moth pheromone) 155 and (E,Z )- and (E,E,Z )-acetogenin
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pheromones 102 and 103a,b.155 The previously unknown cyclo-
propane ketones 104 and 105 served as the key compounds in the
syntheses of the latter compounds (in the schemes, the double
bonds formed with the use of the a-sulfonyl carbanions are
indicated by arrows).

Otera and coworkers 157 ± 160 elaborated a procedure for the
transformation of ethers of 2-hydroxy sulfones through double
elimination. This procedure extends the possibilities of applica-
tion of reactions of sulfonyl carbanions with aldehydes. Initially,
acyloxy or alkoxy groups in esters and ethers of 2-hydroxy
sulfones are eliminated under the action of a strong base (gen-
erally, ButOK) followed by dehydrosulfinylation of vinyl sulfone
to form the acetylene bond. If allylic isomerisation can occur in the
stage of generation of unsaturated sulfone, an E,E-diene system is
formed. The latter procedure has been used 159 for the preparation
of piperine 106, which is one of the components of black pepper,
starting from the aldehyde 107. Yet another natural dienamide,
viz., trichonine (108), was also prepared according to this proce-
dure [85%, 10% and 5% of the (2E,4E )-, (2E,4Z )- and (2Z,4E )-
isomers, respectively].160

An ingenious convergent (C10+C10) scheme for the synthesis
of vitamin A was also developed.161, 162 Tetrahydropyran-2-yl
ethers of 2-hydroxy sulfones proved to be the starting compounds
of choice for this sequence of reactions. In the first step, the second
allylic bond was established with respect to the sulfonyl group.
Elimination of sulfinic acid from the intermediateA occurred with
the participation of the remote allylic hydrogen atom at C(12).
The resulting vitamin A contained >85% of the all-trans isomer;

this amount is substantially greater than those obtained with the
use of other sulfonyl methods (see Section III.1.b).

b. Addition of aa-sulfinyl carbanions to carbonyl groups of aldehydes
and ketones
As mentioned above (Section II), epimeric mixtures of 2-hydroxy
sulfoxides formed in the reactions of aldehydes with a-sulfinyl
carbanions are rather rarely used in the synthesis of natural
products. The synthesis of the enantiomerically pure pheromone
(+)-(7R,8S )-disparlure (109) by the reaction of the correspond-
ing aldehydes with enantiomerically pure (S )-tert-butyl 6-meth-
ylheptyl sulfoxide (110) 163 or (S )-a-chlorododecyl tolyl sulfoxide
(111) is one of a few examples.164

The total yield of the compound 109was low because hydroxy
sulfoxides 112 and 113 were obtained as mixtures of diastereo-
mers. The procedure with the use of enantiomerically pure
2-hydroxy sulfoxide 114, which is prepared by stereoselective
reduction of oxo sulfoxide 115, is approximately twice as effi-
cient.165

The ratio of the diastereomers in a mixture of 2-hydroxy
sulfoxides depends on the nature of substituents in the initial
sulfoxide and aldehyde. Stork and coworkers 166 reported that the
reaction of sulfoxide 117 with ketone 118, which was used in a
rather simple synthesis of protected chiral polyol 116 containing
all 10 asymmetric centres of the secoacid of the aglycone of
erythromycin, afforded a mixture of 2-hydroxy sulfoxides con-
taining 80% of the target epimer. Compound 119 was obtained
[the C(1)7C(12) fragment with the required configuration; the
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admixture of another isomer was <7%] in the course of con-
struction of the aglycone of amphotericin B.167

The formation of the benzyl ether of (S )-chroman-2-carb-
aldehyde [(+)-(S )-120], which is the key intermediate in the
synthesis of vitamin E,168 proceeded exclusively stereo- and
enantioselectively due apparently to the influence of the adjacent
C=C bond on the carbanionic centre of lithiated sulfoxide 121.

The stereo- and enantioselectivity of the reactions of a-sulfinyl
carbanions with aldehydes increases in the presence of alkoxycar-
bonyl groups adjacent to the carbanionic centre.12 This can be
demonstrated by syntheses of enantiomerically pure pheromone
lactams 169 and maytansin 170 exhibiting antitumour activity.

Macrocyclic lactones of the type 122, in particular, 16-mem-
bered (7)-pyrenophorin (123), were synthesised 171 using intra-
molecular ring closure based on the reaction of the a-sulfinyl

carbanion with the aldehyde group. This reaction proceeds under
very mild conditions and occurs according to a more complex
mechanism rather than the ordinary 1,2-addition at the carbonyl
group; this is typical of sulfoxides containing an electron-with-
drawing group at the a-position. It is believed that this reaction
proceeds via a,b-unsaturated sulfoxide A, which undergoes allylic
isomerisation to sulfoxide B followed by the sulfoxide ± sulfenate
rearrangement to sulfenate C. In the presence of bases, the latter
gave the reaction product D.172 ± 174

Since a-sulfinyl-substituted carbonyl compounds are most
commonly used as the starting materials in this reaction, the latter
is abbreviated to SPAC (Sulfoxide Piperidine and Carbonyl).

c. Reactions of a-sulfonyl carbanions with esters
If a molecule contains both the aldehyde and ester groups, the
former is the first to react with the a-sulfonyl carbanion, as is the
case, for example, in the synthesis of alternaric acid 175 or the
antibiotic A-8558G.176

In the absence of such competition, the reactions involving
ester groups, including lactone groupings, proceed readily. Reac-
tions of a-sulfonyl carbanions with esters were used for the
construction of the intermediates 124a,b in the syntheses of
components of pheromones of peach moth, viz., of (Z )-eicos-13-
en-10-one (125a) and (Z )-nonadec-12-en-9-one (125b).177 Julia
and coworkers 178 prepared the pheromone of yellow scale (127)
starting from enantiomerically pure lactone (R)-126. In this syn-
thesis, advantages were taken of yet another interesting reaction,
which has been discovered in the same laboratory,41 viz., the
replacement of the sulfonyl group in the intermediate 128 under
the action of isopropylmagnesium chloride in the presence of
FeCl3 .
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The reaction of the sulfonyl anion with the ester group served
as the key step 179 in the stereocontrolled synthesis of pseudoan-
nonacin A.

The oxo sulfone 22a, which is the reaction product of lithiated
methyl phenyl sulfoxide with protected alanine methyl ester
129,180 was used in the synthesis of isosteres of peptides.80

The reaction of a-sulfonyl anions with esters was used as the
key step in the construction of the macrolide brefeldin A (130)
(which is related to prostaglandin and is a highly active fungicidal
and antitumour drug,181, 182) and of the corresponding secoacid
131.183

The compound 130 was prepared both in racemic and
optically active forms, whereas the acid 131 was obtained only in
the optically active form. In all three cases, the lower branch was
constructed via substituted oxo sulfones 132 ± 134 using similar
procedures (Scheme 8).

The phosphonate method was used for the construction of the
(E )-C(10)=C(11) bond in brefeldin (130),181, 182 while Trost et
al. 183 made use of the Julia methodology to form this bond in
compound 131 } following reduction of the oxo group in the
intermediate 134 to the hydroxy group. The C(2)=C(3) bond
and the chiral centre at C(4) were generated with the use of various
procedures for the introduction of the sulfinyl group 181, 183

followed by thermolysis. This methodology is described in more
detail in Section IV.

The intramolecular reactions under consideration have also
been used for the synthesis of polycyclic terpenoids, for example,
trinoranastreptene 185 or precursors for guaiane terpenoids.186, 187

A general procedure for the synthesis of terpenoids with fused

medium-sized rings involving intramolecular reactions of a-sul-
fonyl carbanions with esters was also proposed.188

d. Reactions of aa-sulfinyl carbanions with esters
Owing to the development of enantioselective procedures for the
reduction of oxo sulfoxides,12, 27 which can be readily prepared by
reactions of a-sulfinyl carbanions with esters, enantiomerically
pure chiral 2-hydroxy sulfoxides became readily accessible com-
pounds and found wide use in asymmetric synthesis, including the
preparation of biologically active compounds.12

Thus 4-substituted butenolides 135a,b both with the R- and
S-configurations of the asymmetric centre were prepared from the
same oxo sulfoxide 136a or 136b.189

The high enantioselectivity in the synthesis of 2-hydroxy
sulfoxides 137a,b, which are required for the preparation of
R-enantiomers of butenolides 135a,b, was achieved by the addi-
tion of ZnCl2 in the course of hydride reduction of the oxo
sulfoxides 136a,b. In this case, a rigid chelate complex of zinc

involving both functional groups of the oxo sulfoxide was formed
as a result of which the hydride attack occurred from the required
side. Reduction of the oxo sulfoxides 136a,b without addition of
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ZnCl2 afforded hydroxy sulfones 138a,b with a high diasteroese-
lectivity. The latter were transformed into the S-enantiomers of
the butenolides 135a,b.

An analogous approach was used in the synthesis of macro-
lides for the preparation of enantiomerically pure diethers of
lasiodiplodins, (R)- and (S )-139.190 Epimeric 2-hydroxy sulfox-
ides 140 were synthesised by the reduction of oxo sulfoxide 141 in
the presence or in the absence of ZnCl2. It should be noted that
when the compound 141 was prepared from diester 142 and the
chiral sulfinyl anion, only the methoxycarbonyl group of the
aliphatic chain was involved in the reaction, while the methoxy-
carbonyl group in the aromatic ring remained intact and was
subsequently used for the construction of the macrolide lactone
fragment.

Chiral sulfinyl groups of 2-hydroxy sulfoxides served as
inductors in diastereospecific syntheses of the protected secoacids
143 and 144 representing degradation products of the macrolides
(R,R)-pyrenophorin and (R)-patulolide A, respectively.191 The
g-hydroxy-a,b-unsaturated fragment of the secoacid 144 was
constructed by the SPAC-type reaction of aldehyde 145 with the
ethyl sulfinylacetate anion.172 ± 174

In the synthesis of (7)-(R)-yashabushiketol 146, which is a
rare representative of natural compounds containing a chiral
hydroxy group at the b-position with respect to the carbonyl
group, the hydroxysulfonyl intermediate was converted into the
target ketol through the formation and cleavage of chiral epoxide
147.192

Syntheses of brefeldin A (130) performed predominantly with
the use of sulfinyl-containing intermediates or auxiliary reagents
are presented below. Solladie et al.193 prepared a chiral cyclo-
pentane precursor 148 with the use of enantiomerically pure
2-hydroxy sulfoxide 149, which had been synthesised from sub-
stituted cyclopentane 150 in two steps. The formation of chiral
centres at C(4) and C(15) in the brefeldin molecule was completely
controlled by the sulfinyl group of the compound 149. The
(E )-C(10)=C(11) bond in the fragment 151 was formed using
the Julia olefination with the participation of the aldehyde group
of the precursor 148.193

Two analogous schemes proposed by Corey (R1=MOM,
Ar=Tol, R2=Me) 194 and Nokami (R1=MEM,
Ar=4-ClC6H4, R2=Et) 195 for the construction of the
g-hydroxy-a,b-unsaturated C(4)7C(15) fragment of the brefeldin
molecule are based on a simplified approach using the SPAC
reaction. These schemes involve the reaction of aldehyde 152 with
chiral arylsulfonylacetates in the presence of piperidine as the key
step.
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A new approach to the synthesis of carbohydrates 196 and to
the preparation of (+)-nonactic and 8-epi-nonactic acids, which
served as the starting compounds in the synthesis of the macrolide
antibiotic nonactin,197 was developed using 2-hydroxy sulfoxides
as precursors. A modification of this method involving the
reaction of homochiral sulfinyl ketones with Et2AlCN made it
possible to prepare alkylglycidic acids with ee 97% and a highly
reactive hypoglycemic agent (+)-(R)-palmoxirate.198

e. Reactions of a-sulfonyl carbanions with oxiranes
Reactions of a-sulfonyl carbanions with oxiranes give rise to
g-hydroxysulfones (see Scheme 1, path d). Both the intermolecu-
lar and intramolecular versions of these reactions are applied to
the synthesis of natural compounds. These reactions are often
used in the initial stages of syntheses of polyfunctional molecules,
such as an inhibitor of cholesterol biosynthesis 153,199 compound

154 (which is a fragment of the tumour promoter debromoaply-
siatoxin) 200 and the key fragment 155 for the construction of the
antitumour acetogenin (+)-bullatacin.201

In the total synthesis of the amino acid hypoglycine A (156)
containing a methylenecyclopropane fragment, epoxide-ring
opening was employed twice.202 The intermediate 157 was con-
structed by intermolecular reaction with an a-sulfonyl carbanion,
whereas the three-membered ring in the key compound 158 was
formed by an intramolecular reaction.

The synthesis of the enantiomerically pure piperidine alkaloid
(+)-nitramine (159) 203 is yet another example of a ring closure
through the intramolecular epoxide-ring opening. Oxirane was
used for the preparation of the intermediate 160 in the formal
synthesis of (+)-laurencin isolated from red algae.204 The latter
compound is the acetogenin with the D4-oxocene skeleton.

3. Reactions of aa-sulfinyl and aa-sulfonyl carbanions with
C7C multiple bonds
a. Addition of aa-sulfinyl carbanions to activated multiple bonds
The addition of a-sulfinyl carbanions to activated multiple bonds
in the synthesis of natural compounds has been primarily studied
by Hua and coworkers. The key step of these reactions involves
the Michael addition of enantiomerically pure ambident carb-
anions, which are prepared from allylic sulfoxides or their nitro-
gen analogues, viz., a-sulfinyl ketimines, to double bonds most
commonly activated by carbonyl groups. In classical investiga-
tions by Haynes and coworkers,205, 206 it was demonstrated with
model compounds that the reactions of lithiated allylic sulfoxides
with substituted cyclopentenones occur exclusively as the stereo-
selective addition to the double bond, while the carbonyl group
remains intact.
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The first line of investigations performed by Hua and co-
workers 207 ± 211 was devoted to the addition of allylsulfinyl anions
to enones. The total enantioselective synthesis of hirsutene (161)
(a tricyclic biogenetic precursor of the polyquinanes coriolin and
hirsutic acid }) is a typical example of this approach. In the first
stage, the (S )-allylsulfinyltolyl carbanion added to 2-methyl-
cyclopent-2-enone.207 Reduction of the reaction product 162 to
sulfide followed by cyclisation afforded substituted hexahydro-
pentalenone 163 containing the rings B and C of hirsutene. The
compound 163 was transformed in several steps and then the
construction of the ring A was completed on the basis of bicyclic
enone 164. Attempts to perform this synthesis starting from the
cyclic allylsulfinyl anion 165 failed 208 because the anions of cyclic
sulfoxides of this type reacted with 2-methylcyclopent-2-enone to

form only undesirable g-adducts. However, the molecule of
equally complicated (+)-12,13-epoxytrichocet-9-ene (166) pos-
sessing high biological activity was constructed starting from
cyclic allylic sulfoxide 167 according to a procedure which was
chosen based on retrosynthetic analysis.209 In this case, cyclo-
pentenone 168 additionally activated with the methoxycarbonyl
group was used. An analogous, but somewhat more complicated
procedure made it possible to perform the total synthesis of
(+)-pentalenene related to antitumour pentalenolactone.210

Bulky substituents in the cyclic enone do not hinder the
stereoselective addition of the allylsulfinyl carbanion to the
double bond. The preparation of compound 169, which is the
key intermediate in the synthesis of methyl ester of (�)-pentale-
nolactone E, from bicyclic enone 170 211 or the construction of the
prostaglandin precursor 171 from enone 172 (Pivnitskii and
coworkers 212) serve as examples.

The second line of investigations performed by Hua and
coworkers dealt with the construction of molecules of polycyclic
alkaloids based on reactions of carbanions from chiral sulfinyl
ketimines with a,b-unsaturated esters followed by (sometimes
synchronous) cyclisation. Thus the total syntheses of parasympa-
thomimetic agents (7)-slaframine (173) and (7)-6-epi-slaframine
(174) were performed starting from the sulfoxide (R)-175 anion
and N-protected methyl 2-aminoacrylate.213 The diastereomers
176a and 176b were obtained in a ratio of 3 : 2.

An analogous reaction of the anion of tricyclic (R)-a-sulfinyl
ketimine 177 with methyl acrylate was used for the preparation of
epimers of indolo[2,3-a]quinolizidine, viz., (+)- and (7)-178 (the
ratio was 1 : 1.9). The key step in the synthesis of pentacyclic
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yohimbane alkaloids 179 ± 181 involves the reaction of (S )-177
with methoxycarbonylcyclohexene.214

A general procedure for the synthesis of esters of racemic
a-amino acids 215 is based on the addition of a carbanion gener-
ated frommethylmethylthiomethyl sulfoxide at theC:Nbondof
nitriles. The unstable adducts 182a ± d were isomerised through a
prototropic shift to form enamino sulfoxides 183a ± d. The Pum-
merer rearrangement under the action of Ac2O yielded com-
pounds 184a ± d from which racemic phenylglycine, alanine and
valine derivatives (185a ± c, respectively) were prepared. Treat-
ment of the compound 184d with substituted phenylhydrazine
hydrochloride 186 afforded racemic N-acetyl-5-hydroxytrypto-
phan methyl ester (187).215

b. Reactions of aa-sulfonyl carbanions with activated C=C bonds
Specific transformations of anionic intermediates formed as a
result of addition of a-sulfonyl anions to activated double bonds
have found use in the synthesis of natural products.

Martel et al.216 found that the addition of a-sulfonyl carb-
anions generated from 3-methylbut-2-en-1-yl sulfones to esters of
a,b-unsaturated acids afforded cyclisation products of the initially
anionic intermediates rather than the usual adducts. Thus the
intermediate 188 formed from sulfone 189 and ethyl 3-methylbut-
2-enoate is stabilised through cyclisation with 1,3-elimination of
the sulfonyl anion to produce ethyl trans-chrysanthemate (190),217

which is a component of natural insecticides, viz., pyrethroids. The
optimum conditions for this reaction involve the use of compo-
nents taken in a ratio sulfone : THF :ButOK=1 : 2 : 3. A large
number of aryl and alkyl chrysanthemates were synthesised
according to this procedure.218 Some of these compounds are
more active insecticides than natural pyrethroids.

Julia and coworkers 219 prepared the ester 190 by the reaction
of the sulfone 189 with ethylmagnesium bromide and then with
diethyl isopropylidenemalonate.

Later on, Campbell et al.220 demonstrated that the reactions of
anions generated from E-isomers of polyunsaturated sulfones
with esters of polyunsaturated acids under conditions proposed
by Martel and coworkers 218 were not accompanied by isomer-
isation of double bonds. This procedure was used for the prepa-
ration of the key compounds in the biosynthesis of terpenoids,
viz., (+)-presqualene alcohol (191) and (+)-prephytoene alcohol
(192). In this study, the structure of natural prephytoene alcohol
was also established.

Reactions of a,b-unsaturated carbonyl compounds with
a-sulfonyl carbanions generated from 3-oxo-1,3-dihydroiso-
benzofuran-1-yl phenyl sulfone (193a) (`phthalide sulfone') and
its analogues play an important role in the synthesis of biologically
active compounds. Hauser and Rhee 221 studied reactions of the
model compounds 193a,b with linear enones or a,b-unsaturated
esters and demonstrated that the resulting carbanionic intermedi-
ate is stabilised in the course of cyclisation through elimination of
the sulfinate anion. The resulting 1,4-dihydroxy-naphthalene is
readily oxidised to naphthoquinone, whereas methylation pre-
vents oxidation. Apparently, the driving force for this process is
the formation of a thermodynamically favourable aromatic struc-
ture.

Owing to the possibilities of varying the structures of ana-
logues of phthalide sulfone 193a and, especially, of a,b-unsatu-
rated carbonyl compounds, a flexible and rather versatile
procedure was developed for stereoregular aromatic annelation,
which is strictly controlled by the structures of the starting
compounds. This method was successfully used by Hauser
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et al.222 ± 234 and by other researchers 235 ± 238 and assumed partic-
ular importance in the synthesis of aglycones of antitumour
antibiotics, for example, compounds 194 ± 198. Selected stages of
the total syntheses of these compounds are shown in Scheme 9.
The key reactions of the anions prepared from phthalide sulfones
193 with a,b-unsaturated carbonyl compounds generally proceed
with high yields. (The exception is the reaction of phthalide
sulfone 193c with lactone 199 producing compound 200 in a
yield of only 50%.) However, the multistep character of subse-
quent transformations impairs the efficiency of the process as a
whole. Thus in the total synthesis of the antibiotic of the
anthra[1,2-b]pyran series, viz., O-methylkidamycinone 194, start-
ing from phthalide sulfone 193b and methyl methacrylate,222 a
naphthalene derivative 201 was converted into the final antibiotic
194 in nine steps. The use of cyclic enones (such as compounds 202
or 203) as Michael acceptors is much more efficient. Thus the
reaction of phthalide sulfone 193bwith 5-acetoxymethylcyclohex-
2-enone (202) afforded the anthraquinone derivative 204 in 81%
yield.223, 224Despite the fact that 11 steps were required to build up
the ring A and to obtain the final product, viz., g-citromycinone
(�)-195, the total yield was* 39%. A comparatively low yield of
(�)-dimethyl-6-deoxydaunomycin (�)-196 prepared from the
same precursor 204 was attributed to the formation of an
admixture of its C(9)-epimer in the final stage.224 The use of the
simplest bicyclic enone 203made it possible to perform a five-step

synthesis of a tetracyclic triketone 197 in good yield. The latter is a
versatile precursor for the preparation of daunomycinones.225

An exceptional interest in the synthesis of antibiotics of the
anthracyclinone series (see, for example, Ref. 239) arises from
their high biological activity. Thus since the 1970s 239 to the
present, daunomycin and adrianomycin obtainable by micro-
biological methods find use in medicine as antitumour drugs.240

Hauser et al.227, 228 have developed additional ways of improv-
ing procedures with the use of monocyclic enones. Thus the con-
vergent synthesis of (�)-7,9-dideoxydaunomycinone (205) was
performed in a rather high yield.227 In the first stage, the anion
generated from phthalide sulfone 193b reacted with 5-ethoxy-2,5-
dihydrofuran-2-one (206). Then the reaction product 207 was
converted into phthalide sulfone 208 in two steps. The subsequent
reaction of the anion generated from 208with 5-acetylcyclohex-2-
enone 209 afforded the tetracyclic product 210, which was
converted into the target 7,9-dideoxydaunomycinone (�)-205.

Scheme 9

a, b, c

d, e
O

PhSO2

OMeO
193b

d, f, c

O

PhSO2

O

MeO

193c

d, g

O

Me

O

OMe

200

(a) LDA, THF; (b) MeCH=CHCO2Me; (c) methylation, (d ) LiOBut; (e)

MeO

OMe

Me

CO2Me

OMe

201

MeO

O

O

OH

CH2OAc

204

D C B

9 steps

e

OMeMeO O

B A

(g)

OM

OH

OH

9 steps

MeO

O

O

O

Me

O

MeMe194 (*18%)

11 steps

OH

O

O OH

Et

OH

(� )-195 (*39%)

D C B A

O

O

OMe

OH

Ac

OH

MeO

(� )-196 (*18%)

9

OH

4 steps

197 (*46%)

O

OMeO

O

OH

B A

4 steps

O

O

OHO

O

198 (*5%)

Me

OH

(202) (81%); ( f )

(199) (50%).
O

Me

O

O

CH2OAc

O

H

H

(203) (84%);

193b
a, c

208

a, b
O

MeO OMe

MeO PhSO2

O

O

MeO OMe

MeO OEt

O

207

2 steps

386 E N Prilezhaeva



Disubstituted cyclohexenone 211 served as the starting com-
pound in the synthesis of racemic aklavinone (212) and pyrromy-
cinone (213).228

Further progress in the application of bicyclic enones to
annelation was achieved 229 ± 234 once procedures for the synthesis
of compounds 214a,b and 215, which contain substituents corre-
sponding to the substituents in the rings A of anthracyclinones,
had been developed.

Thus a new more efficient procedure was proposed 232 for the
preparation of racemic aklavinone [(�)-212] starting from readily
available compounds, viz., phthalide sulfone 193b and enone 214b
(the total yield was* 17% with respect to 2-ethylacrolein used as
the starting compound for the preparation of the enone 214b). The
first regio- and enantiospecific synthesis of a compound of the
anthracyclinone series, viz., the preparation of (7)-(R)-7,11-
dideoxy-13-deoxydaunomycinone (216) from the anion of phtha-
lide sulfone 193d and enantiomerically pure enone 215, was
performed.233

Compound (�)-218 possessing the nonlinear benzo-[a]naph-
thacene skeleton was synthesised starting from phthalide sulfone
193b and tricyclic enone 217.234 In this study, yet another problem
was solved. Thus the nature and arrangement of the substituents
in the A rings of the natural pigments G2N and G2A were
established.

The procedure for annelation proposed by Hauser has been
extended to the preparation of antibiotics containing five-mem-
bered rings. This procedure was used for the synthesis of com-
pound 219, which is a close analogue of kinafluorenone.235 For
this purpose, the anion prepared from 193a was brought into
reaction with indenone 220, which had been synthesised in situ by
flash pyrolysis of its adduct with cyclopentadiene (221).

Syntheses of natural 1,4-dihydroxyanthraquinones 222 using
reactions of the anions generated fromphthalide sulfones 223with
monoketals of substituted benzoquinones 224 provide other
examples of annelation according to Hauser.236

(�)-Daunomycinone was synthesised analogously from the
sulfone 193a and analogues of benzoquinone monoketals 224.237

The reaction of the anion of 5,6-methylenedioxyphthalide sulfone
with methyl methacrylate afforded functionally substituted naph-
thalenes necessary for the synthesis of lignins.238

c. pp-Allylic alkylation with aa-sulfonyl carbanions
Among processes with the use of Pd(0) complexes, p-allylic
alkylation occupies a prominent place. In these reactions, soft
nucleophiles react with allylic Pd(0) complexes as the cationoid
components. These complexes can be prepared from allylic com-
pounds containing good leaving groups, such as acyloxy or
sulfonyl groups. This procedure became popular due to mild
reaction conditions and high stereospecificity. The reaction can be
performed either with the use of stoichiometric amounts of a Pd(0)
complex in a basic medium or as a catalytic process in neutral or
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weakly basic media. In the latter case, the Pd(0) complex can be
prepared in situ from a Pd2+ salt. The introduction of phosphine
or other ligands allows one to change the regio- and stereo-
chemistry of the reaction (see the reviews 241 ± 243).

In these processes, a-sulfonyl carbanions activated with the
adjacent oxo, carboxy or sulfonyl groups or (more rarely) with the
allylic bond are widely used along with other C-nucleophiles.

Trost andWeber 244 were the first to use this procedure for the
synthesis of biologically active compounds and they transformed
simple terpenoids into more complex compounds. The reaction of
an allylic palladium complex prepared from methyl geraniate 225
with the ambident anion, which has been synthesised by the
reaction of methyl 4-methlyl-2-phenylsulfonylbut-3-enoate (226)
with NaH in THF, followed by transformation of the reaction
product 227 afforded farnesol (228). An analogous reaction of the
anion 226 with the allylic Pd(0) complex 229 afforded all-trans-
geranylgeraniol (230).

A p-allylic version of the synthesis of retinol acetate (44, 67%
of the trans isomer) was carried out 245 using the reaction of the
anion generated from substituted allylic sulfone 231a with the
Pd(0) prenylacetate complex in the presence of an excess of
triphenylphosphine. Its aromatic analogue 232 exhibiting anti-
tumour activity was synthesised analogously. In the case of
sulfones containing acyclic substituents R, the reactions stopped
at the stage of formation of compounds 233c,d.

Tsuji was the first to propose a catalytic version of this
reaction 242, 246 and he recommended to employ O-methoxycar-
bonyl as the leaving group. This procedure was used for the
preparation 247 of ubiquinone-10 (234), which is the coenzyme Q10

exhibiting cardiovascular activity, and its analogues. Compound

235 containing an allylic O-methoxycarbonyl group was brought
into the reaction with the anion of an activated sulfone 236
containing an allylic hydroxy group, which was employed to
form a new allylic O-methoxycarbonyl group in the intermediate
237. The iterative reaction with the sulfone 236 and the formation
of the MeO2CO group made it possible to build up a polyunsatu-
rated chain. The last stage of the process involved oxidation of the
aromatic ring to the quinoid one.

Natural compounds exibiting analgesic activity, viz., tetrapre-
nylquinone 238 and -quinol 239, were prepared analogously.248

The synthesis of trans,trans,trans-geranylgeraniol (230) from
a-sulfonyl-substituted ester 240 and oxirane 241 was also per-
formed using the catalytic version.249 In this scheme, the metal-
complex catalysis was used for the regiospecific opening of the
oxirane ring.

The catalytic procedure has assumed utmost importance in
intramolecular cyclisations, which offers outstanding possibilities
for the construction (including diastereocontrol) of carbo- and
heterocycles (see the reviews 250, 251).

Thus the diastereoselective introduction of a cyclopropane
ring into the steroidmolecule was performed by the reaction of the
carbanion generated from the sulfonyl(ethoxycarbonyl) fragment
of compound 242 with the p-allylic Pd complex generated in the
same molecule. The final product, viz., glaucasterol (243), con-
tains a three-membered ring at C(24)7C(25).252 2-(Hex-1-en-1-
yl)-1-methoxycarbonyl-1-phenylsulfonylcyclopropane was syn-
thesised analogously. The latter compound served as the starting
material for the synthesis of dictyopterene A (244) containing a
three-membered ring and of a seven-membered dictyopterene B
(245).253
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Examples of the construction ofmore complex carbocycles are
considered below. Bicyclic (�)-punctaporonin B (246) was syn-
thesised in 12 steps starting from substituted cyclobutanone.254

The palladium-catalysed reaction of the allyloxirane fragment of
compound 247 with the activated a-sulfonyllactone fragment
afforded the intermediate 248, which was converted into the target
product 246.

In the synthesis of 14-membered (�)-isolobophytolide (249),
the methoxycarbonyl(phenylsulfonyl) carbanion served as the
anionic component of the initial compound 250 and the pivalate

anion served as the leaving group. The resulting macrocyclic
intermediate 251 was transformed into the target product 249.255

Cyclisation catalysed by palladium complexes is of particular
importance for the preparation of medium-size heterocycles,
which are widespread in nature, but which have previously been
difficultly accessible.256 ± 261 The construction of the key inter-
mediates in the synthesis of natural lactones, viz., 10-membered
phoracantholide (252),256 12-membered recifeiolide (253) 257 and
16-membered exaltolide (254),258 from acyclic precursors serve as
characteristic examples.

The construction of nine- and eight-membered functionally
substituted cyclic ethers 255a,b and 256, which are precursors of
oxonins 257 and 258 isolated from the algae Laurencia, presented
a substantially more difficult problem. The regio- and stereo-
chemical direction of cyclisation of the acyclic precursors 259 and
260 is determined by the site of attack of the anion generated from
the sulfone on the allyl palladium fragment and depends on the
nature of the leaving group and, especially, on the ligand used.
Thus the methoxycarbonyloxy group and triethyl phosphite
appeared to be the best leaving group and ligand, respectively,
for the ring closure in compound 259 required for the construction
of the skeleton of nine-membered brasilenyne (257). The ratio of
the cyclisation products, viz., trans ± trans-255a (similar to the
natural isomer) and undesirable cis ± trans-255b, was 14 : 1.259

A chloride anion and bisphosphite 261 appeared to be the best
leaving group and ligand, respectively, in the stereoconvergent
synthesis of compound 256, which is a precursor of enantio-
merically pure (7)-lauthisan (258).260 Because of the formation of
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the six-membered cyclic products 262, the yield of the eight-
membered reaction product 256 was only 70%.260

The construction of more complex heterocycles, viz., macro-
lides of the cytochalasin series, which possess high membrane-
transport and a broad spectrum of other biological activities,
presented a particularly interesting problem. Trost and coworkers
performed a 12-step synthesis of the model antibiotic A 22667718
(264) starting from undecynal via the intermediate 263,262 a 9-step
synthesis of (7)-aspochalasin [(7)-265] fromN-protected leucine
ester via the precursor 266 263 and construction of the 26-mem-
bered skeleton of tetrin (267).264

A precursor of pentacyclic alloyohimbone was synthesised anal-
ogously using the Pd(0)-catalysed ring closure in compound 268
with the acetoxy group serving as the leaving group.265

A 12-step synthesis of the skeleton of the macrocyclic anti-
tumour compound roseophillin (269) is yet another example of the
high efficiency of palladium-catalysed cyclisation.266 Acyclic

compound 270 was transformed into the cyclic precursor 271 by
the reaction of the methoxycarbonylsulfonylfragment with the
allylpalladium complex incorporating the oxirane ring. The
groups that activate the anionic centre were not removed follow-
ing cyclisation and they were employed in subsequent trans-
formations. Thus the ester group was used in the construction of
tricyclic sulfone 272. The benzenesulfonyl group in compound 272
is homoallylic and hence it was readily eliminated in the presence
of ButOK as sulfinic acid. Simultaneously, the isopropyl group
was attached to the adjacent carbon atom by the action of
dimethylisopropylzincmagnesium chloride on the C=C bond of
the enone formed (attempts to use more traditional cuprates have
been unsuccessful).

IV. Formation of C=C bonds by thermolysis of
sulfoxides

In many cases, thermal elimination of sulfenic acid from sulf-
oxides leads to the formation of (E )-C=C bonds. In 1960,
Kingsbury and Cram 267 suggested that at moderate temperatures
this process occurs according to a concerted mechanism via a
transition stateA.More recently,268 this suggestionwas confirmed
by kinetic studies.

A modification of this reaction proposed by Trost et
al.33 ± 35, 40, 269, 270 has been widely used predominantly for the
introduction of (E )-C=C bonds at the a,b-position with respect
to the carbonyl groups of ketones or esters. This procedure is
convenient because a one-pot sulfenylation ± sulfinylation ± dehy-
drosulfenylation sequence can be used. Initially, an alkylthio
group is introduced at the a-position with respect to the elec-
tron-withdrawing group under the action of disulfide in a basic
medium. The alkylthio group is readily oxidised to the sulfinyl
group, which is removed by thermolysis, most commonly, upon
boiling in toluene. All steps are carried out under mild conditions;
the presence of functional groups in the molecule does not hinder
this process. The temperature required for dehydrosulfenylation
depends on the substrate structure. Sometimes, it is necessary to
add a thiophilic scavenger. This method for the directed intro-
duction of (E )-C=Cbonds advantageously supplements the Julia
olefination and dehydrosulfinylation of homoallylic sulfones.
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The synthesis of components of bee pheromones is the first
example of the use of the sulfenylation ± sulfinylation ± dehydro-
sulfenylation sequence for the preparation of natural com-
pounds.270 Ethyl linoleate served as the starting compound for
the preparation of the attractant 273. (E )-9-Oxodec-2-enoic acid
(274) (the queen substance, viz., the attractant of the queen bee
and simultaneously the pheromone of termites) was prepared
from an azelaic acid ester. In both cases, thermolysis was
performed by boiling in toluene with the addition of calcium
carbonate.

The sulfinyl groups located at the allylic or propargyl posi-
tions are also readily eliminated under conditions of thermolysis
because the resulting conjugated diene and enyne systems are
thermodynamically favourable. This procedure was used for the
preparation of dodeca-8,10-dien-1-ol (275) 271 (the major compo-
nent of the pheromone of apple fruit moth) and polyunsaturated
esters 276, which are the key compounds in the synthesis of
natural unsaturated endiandric acids involving mild cascade
electrocyclisation.272

Endocyclic C=Cbonds can also be readily constructed by this
procedure. For example, all four possible enantiomers of the
natural CoA inhibitor, viz., acaterin (277), with an acetogenin-
type skeleton were prepared. The latter is a promising anti-
atherosclerosis drug.273 The (4R,10R) absolute configuration was
assigned to the natural inhibitor. Both compound (+)-277a and
its C(10)-epimer 277b were prepared by thermolysis (after oxida-

tion) of substituted valerolactones isolated from a mixture of
reduction products of compound 278. The second pair of epimers
of the compound 277 was synthesised according to the same
procedure starting from (S )-g-valerolactone.

An analogous procedure for the introduction of the endocy-
clic C=Cbondwas used 274 in the synthesis of compounds 279a,b,
which were supposed to correspond to stereoisomers of a more
complex acetogenin, viz., epoxyrollin A. However, the 13C NMR
andmass spectra of both stereoisomers 279a,b differed from those
of the natural product.

A short elegant synthesis of (+)-(R)- and (7)-(S )-muscones
23 involved asymmetric methylation of the C=C bond of the
enone 280 in the presence of D- or L-camphor derivatives,
respectively.275 The enone 280 was prepared by elimination of
benzenesulfenic acid from the oxo sulfoxide 281.

8-Hydroxymenth-3-ene (282), which is a component of mint
essential oil, was prepared according to a general procedure for
the transformation of saturated ketones to enones proposed by
Taber and Gunn. 276 In the first step, a-chloroethylsulfinyl carb-
anion was added to the carbonyl group of 4-methylcyclohexanone
to form epoxide.When distilled, the latter underwent spontaneous
isomerisation to give unstable oxo sulfoxide 283, which readily
eliminated sulfenic acid. The addition of MeLi to enone 284
completed the process.
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If the sulfonyl group is located in the aliphatic chain, the
direction and the rate of hydrogen abstraction upon thermolysis
depend predominantly on its acidity.35, 269 However, thermolysis
of steroid sulfoxides is a stereocontrolled process due apparently
to the unique features of this system of rigidly fused rings. Thus
attempts to introduce the C(15)=C(16) bond into the estrone
molecule according to a conventional procedure [starting from
C(16)-selenoxide 277] failed, but this bond was constructed upon
prolonged heating of the methyl ether of C(16)-(phenylsulfi-
nyl)estrone in the presence of triphenyl phosphite, which is an
active thiophilic scavenger.40 Elimination of sulfenic acid from the
A ring of 5a- or 5b-cholestanes occurred under standard con-
ditions.278 The dependence of the direction and rate of thermolysis
on the stereochemistry of the sulfur atom was observed for the
first time in the case of bulky thermally stable (R )- and (S )-ada-
mantylsulfinyl groups, which are not able to undergo stereo-
mutation. This made it possible to develop procedures for the
selective synthesis of difficultly accessible 5a- or 5b-cholest-2-enes
and cholest-3-enes.276

The formation of C=C bonds by thermolysis of sulfoxides
was also used in more sophisticated synthetic sequences. For
example, this reaction served as a stage in the construction of
brefeldin A (130) 181, 183 and in the synthesis of hirsutene 207 (in the
latter case, thermolysis was carried out in an alkaline medium
according to a procedure reported previously 279). Other examples
will be considered below.

In the course of the total enantioselective synthesis of indoli-
zine alkaloids elaeokanines A and B, Hua et al. 280 used a large
number of approaches based on reactions of sulfinyl-containing
intermediates. Enamino sulfoxide 285 was prepared by alkylative
annelation in the reaction of 1,3-diiodopropane with the anion of
(+)-(R)-sulfinyl ketimine 286. Reduction of the reaction product
afforded a mixture of all four possible epimeric indolizine sulf-
oxides represented in pairs as 287a and 287b. The reaction of each
of these epimers with butanal in the presence of lithium diisopro-
pylamide proceeded quantitatively, the C(8a) chiral centre, which
is essential for the subsequent synthesis, remaining unchanged.
Thermolysis of a 2 : 1mixture of hydroxy sulfoxides 288a and 288b
gave the single product, viz., hydroxyindolizine 289a with the

C(7)=C(8) bond. Oxidation of the hydroxy group of 289a
resulted in (+)-elaeokanine A (290a). (7)-Elaeokanine B (289b),
which is (unlike elaeokanine A) a hydroxy derivative, was pre-
pared by thermolysis of hydroxy sulfoxides 287c,d obtained by the
reaction of butanal with the diastereomers 287b.

V. Syntheses based on reactions of unsaturated
sulfones and sulfoxides

1. Addition at the C=C bonds
a. Addition of C-nucleophiles
The synthesis of racemates of alkaloids (291 ± 293) of the Aspido-
sperma family from a single pentacyclic precursor provides an
example of the use of unsaturated sulfones and sulfoxides as
acceptors of C-nucleophiles for the transformation of the basic
skeleton, which has been constructed beforehand.281 ± 283 Owing
to the high acidity of the hydrogen atom at C(5) of the enone
fragment, the carbanion can readily be generated and involved in
the Michael addition to methyl vinyl sulfone, methyl 1-methyl-
thiovinyl sulfoxide or methyl vinyl sulfoxide. Subsequent mod-
ifications of the adducts 294 and 295 involved the formation of
additional rings in the alkaloids 4-hydroxyaspidofractinine (291)
and 1-acetylaspidoalbidine (293) and the introduction of the ethyl
group at position 5 in 1-acetylaspidospermidine 292 (Scheme 10).

Vinyl sulfones have found substantially wider application due
to the fundamental studies of Fuchs and coworkers, which have
been surveyed in detail in their reviews.23, 24 Hence, these studies
will be considered in this review only briefly. Fuchs and coworkers
have developed convenient procedures for the synthesis of sub-
stituted cycloalkenyl sulfones, including enantiomerically pure
sulfones, containing a free or substituted hydroxy group at the
g-position. In the case of vinyl sulfones, unlike enones, the attack
of even hard nucleophiles (for example, alkyllithium) occurs
exclusively at the C=C bonds following a Michael addition.
Owing to the high nucleophilicity of the resulting a-sulfonyl
carbanion compared to enolate, the addition can be combined
with a subsequent reaction of the newly formed a-sulfonyl
carbanion with an internal or external electrophile resulting in
additional functionalisation. The presence of g-hydroxy groups in
these vinyl sulfones allows one to control the stereochemistry of
the process.
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The scheme given below outlines in general convergent total
syntheses of natural or related compounds, viz., (7)-prostaglan-
din E2 (296),284 (+)-carbacyclin (27) 285 and (�)-morphine
(297),286 carried out by Fuchs and coworkers. The key steps of
these syntheses involve b-addition ± a-alkylation of cycloalkenyl
sulfones 298 ± 300 (in the scheme, the sites of the a- and b-attacks
are indicated by arrows).

The synthesis of prostaglandin 296 from the vinyl sulfone 298
involves only seven steps (the total yield was 13% with respect to
2-phenylthiocyclopent-3-enol 301 with ee 92%).284 The prepara-

tion of racemic cephalotaxine 302a 287, 288 is worthy of notice as an
example of more complicated syntheses. The scheme under con-
sideration is of interest from the viewpoint of the diversity of
chemical transformations. The lithiated intermediate 303 pre-
pared from vinyl sulfone 304 by consecutive reactions with the
lithium derivative 305, allyl bromide and thenwith BunLi contains
the homoallylic sulfonyl group, which is spontaneously eliminated
as lithium sulfinate. The exo-1,3-diene group of the reaction
product 306 is used in one of the major steps of subsequent
transformations to produce cephalotaxine, viz., for the construc-
tion of the seven-membered heterocycle. A modification of this
procedure afforded 11-hydroxycephalotaxine (302b). However,
this method, despite its elegant character, is unsuitable for the
preparation of optically active forms of compounds 302a,b.287, 288

A procedure for the `heteroconjugate addition' developed by
Isobe 289 made it possible to solve a very important problem of the
efficient stereocontrol in the construction of new acyclic C7C
bonds enabling, simultaneously, further carbon-chain elongation.
This method was tested using model pyranosides containing
a-silylated vinylsulfonyl substituents at C(5). In this case, D-glu-
copyranose derivatives serve as chiral pools.

Owing to the bulky a-silyl substituent, the substrate molecule
adopts a conformation in which the direction of the attack of the
nucleophilic reagent [syn or anti with respect to the H atom at
C(5)] depends both on the nature of the reagent and the sub-
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stituents in the pyran ring, which can form chelates with nucleo-
philes. In the absence of polar substituents (compound 307), the
reaction with alkyllithium proceeds exclusively as syn-alkyla-
tion.290 The presence of the hydroxy group at C(4) in compound
308 and the use of a Grignard reagent provide conditions for
exclusive anti-alkylation due to the formation of a chelate with the
reagent.291 Subsequent chain elongation in the intermediates 309
and 310 was performed predominantly by alkylation of the
a-sulfonyl carbanion after desilylation. This method was used
for the introduction of the syn-methyl group at position 6 in the
total syntheses of maysine and N-methylmaysenine 292 as well as
of racemic maytansinol (311) 293 and (7)-maytansinol.294 Vinyl
sulfones 312 and 313 were used as the starting compounds for the
construction of the C(4)7C(9) fragment. In the total synthesis of
okadaic acid (94), vinyl sulfones 314 and 315 were used for the
introduction of the anti-C(13)-methyl group and the syn-C(29)-
methyl group into the segments A 145 and C,147 respectively.

a-Silylated vinylsulfonyl groups at C(6) of the pyran ring were
used for `pseudoenantiomeric' addition.295 In the total synthesis
of tautomycin (316), compounds 317 and 318 were employed for
the spiro-fusion of rings pseudoenantiomeric with respect to
okadaic acid as well as for the introduction of the methyl group
at position 3 of the segmentC. The segmentsC andBwere coupled

by the reaction of the C(16)-sulfonyl carbanion of the former with
the C(17),C(18)-epoxide of the latter in the presence of BF3

.Et2O.
Esterification with the segment A completed the synthesis.296, 297

Studies by Posner et al.11, 298 have played a decisive role in the
development of asymmetric synthesis based on reactions of
C-nucleophiles with enantiomerically pure vinyl sulfoxides.
These reactions made use of enantiomerically pure 2-(sulfinyl)-
cycloalkenones 319a,b or 2-(sulfinyl)alkenolides 319c,d as the
substrates. Convenient procedures for the synthesis of these
compounds were devised. The carbonyl group activates the
double bond thus promoting Michael-type addition of C-nucleo-
philes. The stereochemistry of addition can be controlled by
adding chelating agents. Thus conditions for the Si-attack of the
nucleophile are created in the presence of ZnBr2, which binds the
sulfinyl and carbonyl groups to form a rigid chelate. In the absence
of this additive, Re-attack predominantly occurs.

Posner and coworkers used not only organometallic com-
pounds but also lithium enolates as nucleophiles. The high optical
purity of the resulting compounds was attained by varying the
reaction parameters and using enantiomerically pure precursors.
Thus the formal synthesis of the methyl ether of (S,S )-11-
oxoequilenin was carried out starting from (S )-(+)-2-(tolylsulfi-
nyl)cyclopent-2-enone [(S )-(+)-319a] via the secosteroid
320.299, 300 The reaction of the same vinyl sulfone 319a with
lithium enolate 321 gave rise to the Michael addition product
322 with a diastereoselectivity of 91%±94%. The latter com-
pound was converted in six steps into methyl ether of estradiol
(323) with ee>97%.301

Vinylation of vinyl sulfone 319a in the presence of ZnBr2
followed by methylation afforded a mixture of diastereomers of
trisubstituted cyclopentanones. Reductive desulfinylation of the
latter made it possible to obtain enantiomerically pure substituted
cyclopentanones 324a,b, which are required for the synthesis of
steroids.302
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Quaternary chiral centres can be generated using 3-alkyl-
substituted tolylsulfonylcyclopentenone as the starting com-
pound.303 For example, vinyl sulfone 326 was used in the stereo-
convergent synthesis of the sesquiterpene (+)-a-cuparenone
(325); however, the ee value of the resulting product was only
70%.

The five-step synthesis of enantiomerically pure (7)-methyl
jasmonate with ee>98% was carried out 304 starting from vinyl
sulfone (R)-(7)-319a.

Using enantiomerically pure (S )-(+)-tolylsulfinylbutenolide
319c 305 or -pentenolide 319d 306 as the starting compounds in the
reactions with aGrignard reagent in the presence of ZnBr2 or with
substituted lithium enolates, enantiomerically pure antitumour
(7)-podarhizon and 3-substituted esters of glutaric acids, respec-
tively, were prepared. Holton et al.307 used an analogous reaction
and vinyl sulfoxide 327 as the starting compound in the formal
total synthesis of aphidicolin, which exhibits in vitro activity
against the virus Herpes simplex.

b. Addition of heteronucleophiles
In the synthesis of natural products, reactions of vinyl sulfones or
vinyl sulfoxides with alkoxides or amines resulting in the con-
struction of C7O or C7N bonds were used almost exclusively in

the intramolecular versions regardless of the nature of the
acceptor.

Thus the key step of the 15-step enantioselective total syn-
thesis of the pheromone (1R,3S,6R,9S,10S )-9,10-epoxytetra-
hydroedulan (+)-328 involved cyclisation of hydroxyvinyl
sulfone 329 yielding compounds 330a,b in a ratio of 3.5:1.308

In the synthesis 309 of 2,3-disubstituted pyrrolidines 331a and
piperidines 331b (the starting materials in the synthesis of bio-
logically active compounds) from acyclic alkoxy- and hydroxy-
substituted aminovinyl sulfones 332a,b, cyclisation proceeded
also nonstereoselectively. The best cis-stereoselectivity (* 80%)
was achieved with the use of the hydroxy derivatives 332a. The
protection of the hydroxy group (the best results were obtained
with R3=Pri3Si) favours trans-stereoselectivity.

In more rigid systems, for example, in the synthesis of the
alkaloids clavepictines A and B 333a,b from monocyclic com-

319a
a, b

(a) ZnBr2; (b) CH2=CHMgBr; (c) MeI; (d ) Al/Hg.
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pound 334, cyclisation through b-amination of the double bond of
the vinylsulfone fragment occurs with a high stereoselectivity.310

In the synthesis of (7)-monomorine 335, 5-endo-trig cyclisa-
tion of compound 337 prepared from norleucinol 336 took place
also in a highly stereoselective manner.311 The construction of the
second ring from the monocyclic intermediate 338 occurred
through intramolecular reductive amination.

Intramolecular addition of heteronucleophiles at the C=C
bonds of vinyl sulfoxides plays a considerable role in the asym-
metric synthesis.12

In the series of studies performed by Iwata et al.,312 ± 315 the
addition of remote hydroxy groups to the vinyl sulfoxide fragment
was used for the construction of enantiomerically pure dioxa-
spirodecanes and -undecanes, which are the major components of
pheromones of many insects. The enantioselectivity of spirocycli-
sation is achieved owing to the asymmetric induction of the chiral
sulfinyl group due to which this method has advantages over some
others.100, 101 Dioxaspirodecanes (2R)-339a,b, which are phero-
mones of the wasp Paravespula vulgaris,312, 313 were prepared by
the action of KH on 5-hydroxydihydropyran sulfoxides 340a,b
followed by reductive desulfination of the reaction products
341a,b. Two other diastereomers of the pheromone, viz., 342a,b,
were synthesised by isomerisation of the cyclisation product in an
acidic medium followed by reductive desulfination of isomeric
sulfoxides 343a,b. The closure of the six-membered rings by an
analogous intramolecular reaction afforded (R)- and (S )-1,7-
dioxaspiro[5.5]undecanes 61 313, 314 and more complex molecules
of talaromycins A and B, which are metabolites of the toxic
mushroom Talaramyces stipitatus.315

Solladie et al.168 used cyclisation involving a remote hydroxy
group and the C=C bond of the chiral vinylsulfinyl fragment of
the molecule as one of the steps in the above-considered synthesis
of a vitamin E precursor, viz., (+)-(S )-122.

Polycyclic alkaloids, such as (+)-carnegine (344) and
(+)-canadine (345), can be prepared by intramolecular amination
of vinylsulfinyl bonds in spite of the fact that this process is not
always stereoselective.316, 317

Monocyclic (+)- and (7)-sedamines were synthesised 316

from linear precursors, viz., substituted (E )- and (Z )-alkenyl
sulfoxides. Thus cyclisation of the sulfoxide (E )-346 followed by
chain elongation in the reaction of the a-sulfinyl carbanion of
diastereomer 347a with benzaldehyde and reductive desulfinyla-
tion of the reaction product afforded (+)-sedamine (348).
(7)-Sedamine was prepared according to the same procedure
starting from the (Z )-isomer of the sulfoxide 346.

An alternative procedure for the preparation of carnegine
(344) was developed 318 based on the reaction of enantiomerically
pure (R)-2,4-dinitrophenylethynyl sulfoxide (349) containing the
highly electrophilic triple bond with 2-(3,4-dimethoxyphenyl)-
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ethylamine (350a). The tricyclic alkaloid (+)-tetrahydroharman
(351) was prepared with a rather high selectivity starting from
amine 350b containing the indole substituent via the vinyl sulf-
oxide 352b.

Intermolecular addition of a nitrogen nucleophile to the
vinylsulfinyl bond was used in the synthesis of structurally unique
(R,R)- and (S,S )-homalines 353 from epimeric 4-phenyl-1,5-
diazacyclooctan-2-ones [(R)-(+)-354) and (S )-(7)-354].319 The
reaction of pyrazolidine with enantiomerically pure substituted
(R)- or (S )-(E )-vinyl sulfoxides 355 in an excess of ButOK
followed by the removal of the sulfinyl group under the action of
SmI2 afforded bicyclic compounds. The target products were
prepared from these bicyclic compound in two steps after reduc-
tive cleavage of the N7N bond under the action of Na/NH3 .

2. The Diels ±Alder reaction
a. Sulfonyl- and sulfinyl-containing dienophiles
The high reactivity of vinyl sulfones as dienophiles in [4+2]
cycloaddition reactions was reported in the 1960s. Ethyl vinyl
sulfone readily enters into Diels ±Alder reactions not only with
electron-rich dienes (the reaction with cyclopentadiene is exother-
mic), but also with electron-deficient dienes (for example, with
hexachlorocyclopentadiene 320). More recently, owing to the fact
that the adducts of vinyl sulfones can readily undergo reductive
desulfonation, the latter have found application as equivalents of
nonactivated alkenes and alkynes, which are difficult to introduce
into the [4+2] cycloaddition reactions.321, 322 However, the
Diels ±Alder reactions are rather rarely used for the preparation
of biologically active compounds due apparently to their low
stereoselectivity. The first step of the synthesis of sesquiterpenoid
sterpuric acid (356) involved cycloaddition of cyclic vinyl sulfone
to the highly electrophilic Danishefsky diene (357).323, 324 The
ratio between the target isomer 358a and the undesirable isomer
358bwas* 2 : 1 (the total yield of the final product was 11%). The
reaction of 3-silyloxy-2-sulfolene with diene 359, which is the key

step in the formal synthesis of breynolide (360), also proceeded
nonselectively to form a mixture of adducts 361a,b.325 (E )-1,2-
Bis(diphenylsulfonyl)ethene is a more efficient dienophile. Its
reaction with 5-benzoyloxy-2-pyridone proceeded with a higher
selectivity and was used in the synthesis of racemic ibogamine via
the adduct 362 (the total yield was 14%).326, 327

In the absence of catalysts, [4+2] cycloaddition involving
vinyl sulfones proceeds at rather high temperature. The use of
catalysts makes it possible to usemilder reaction conditions and to
enhance the selectivity. Thus the selectivity of the Diels ±Alder
reaction of tetracyclic vinyl sulfone 363 with diene 364 in the
presence of EtAlCl2 at 0 8C was higher than 90%. Such strategy
for the ring buildup made it possible to perform the C(15)- and
C(20)-enantioselective synthesis of racemic alkaloid 3-epi-allo-
yohimbone (365) with a skeleton similar to that of reserpine.328

An application of intramolecular [4+2] cycloaddition involv-
ing a,b-unsaturated sulfonyl fragments has been described. Thus
the stereospecific construction of the skeleton of cis ± anti ± cis-
estrone was carried out 329 by the reaction of the o-quinodi-
methane fragment formed upon pyrolysis of the benzocyclo-
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butane moiety of compound 366 with the vinylsulfonyl group of
the same molecule.

Based on their experience on intramolecular Diels ±Alder
reactions of polyene sulfones,330 Craig et al.331 attempted to use
this approach in the synthesis of vitamin D3 and its analogues,
which have attracted growing interest because of the discovery of
new pharmacological properties of these compounds.332 How-
ever, the construction of the blockCD for the synthesis of vitamin
D3 can be performed 333 only starting from compound 367
containing the highly reactive sulfonylethynyl fragment. Selective
hydrogenation of one of the C=C bonds in the major reaction
product 368b afforded the key intermediate in the synthesis of
vitamin D3, viz., sulfone containing the rings CD. Corey et
al.334 ± 336 used ethynylsulfonyl precursors for the construction of
the rings AB of forskolin (369) possessing valuable pharmaco-
logical properties. Owing to the additional activation of the triple
bonds in compounds 370a,b with ester groups, cyclisation

occurred in the absence of a catalyst under mild conditions with
a high enantioselectivity.

The introduction of activating groups and the addition of
catalysts, which allow one to perform the Diels ±Alder reactions
under milder conditions, are particularly necessary if less reactive
vinyl sulfoxides are used as dienophiles.

The Diels ±Alder synthesis involving polyfunctional racemic
vinyl sulfoxides was applied, for example, in the preparation of
(�)-dehydrogriseofulvin (371)337 starting from the sulfoxide 372
or sodium salts of prephenates 373 via the intermediates 374a,b,
which were generated from the sulfoxide 375.338 When surveying
his investigations, Danishefsky particularly emphasised these
studies.339 The reactions of vinyl sulfoxides even with Danishef-
sky's silyloxydienes necessitated prolonged heating and were
accompanied by elimination of sulfenic acid.

The development of procedures for efficient asymmetric syn-
thesis starting from enantiomerically pure sulfinyl-containing
dienophiles presented the major problem. The search for the
optimum reaction conditions and for the chiral sulfinyl dienophile
of choice for the synthesis of (+)-(1R,4R)- and (7)-(1S,4S )-
enantiomers of norborn-4-enone was carried out using the [4+2]
cycloaddition of cyclopentadiene to (+)-(R)-tolyl vinyl sulf-
oxide 340 and its analogues 341, 342 as examples. The full selectivity
was achieved only with the use of a more complex compound, viz.,
a ketene equivalent 376. The reaction of the latter with cyclo-
pentadiene in the presence of BCl3 at 770 8C gave only one
adduct, which was transformed into (+ )-(1R,4R)-norborn-4-
enone.343 The reaction proceeded selectively due to the formation

(a) 195 8C, 1,2-Cl2C6H4 , 6 h (*62%).
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of a BCl3 chelate with both the sulfinyl and methoxycarbonyl
groups of the substrate. It should be noted that the noncatalytic
reaction afforded a mixture of all possible enantiomeric adducts.

Koizumi and coworkers 344 ± 347 made a major contribution to
the development of procedures for the asymmetric synthesis of
natural compounds starting from chiral sulfinyl-containing dieno-
philes.

The synthesis of (+)-epi-b-santalene 377 involved the reaction
of cyclopentadiene with ethyl (Z )-(R)S-2-methyl-3-(tolylsulfinyl)-
prop-2-enoate (Scheme 11).344, 345 In this synthesis, the reaction

temperature can be noticeably decreased and the enantioselectiv-
ity of the reaction can be enhanced in the presence of an additional
(compared to tolyl vinyl sulfoxide) electron-withdrawing substitu-
ent at the C=C bond of the vinyl sulfoxide. The influence of the
second alkoxycarbonyl group in dimethyl (R)S-(menthylsulfinyl)-
maleate makes a reaction with cyclopentadiene at room temper-
ature highly enantioselective. This was used for the preparation of
the enantiomerically pure bicyclic lactone 378a, which is the
starting compound in the synthesis of various natural products.346

The application of zinc salts as catalysts allows one to perform the
reactions at low temperatures. However, in this case an isomeric
adduct is formed. This adduct can be transformed into either
lactone 378b or `the Ono lactone' (379), which is an important
precursor in the synthesis of natural compounds, for example, of
carbocyclic nucleosides.347 The lactone 379 can also be synthes-
ised starting from the adduct of menthyl (S)S-3-(2-pyridylsulfin-
yl)acrylate (380a) with cyclopentadiene, which was prepared in
high yield in the presence of Et2AlCl.348 Recently,349 this adduct
has been used in the total synthesis of the alkaloid cis-trikentrin B.
The selectivity of condensation of compound 380a with the less
active dienophile furan is lower. However, this reaction was used
for the preparation of D-showdomycin 381 and methyl epi-
shikimate 382.350 The sulfoxide 380b with a 3-trifluoromethyl-2-
pyridyl group is a `champion' among dienophiles of this series. Its
adduct with 2-methoxyfuran, viz., compound 383, which was
formed in quantitative yield at 0 8C in the absence of a catalyst,
was employed in the synthesis of a glyoxylase I inhibitor (384)
(Scheme 11).351

Chiral N-substituted sulfinylmaleimides 385a ± d are efficient
dienophiles. These compounds react with cyclopentadiene in the
presence of ZnCl2 at low temperature to form almost exclusively
exo-adducts 386a ± d in quantitative yields.352 The adduct 386d
was used 353 for the preparation of the bicyclic alkaloids (+)-indo-
lizidine 387 and (+)-laburnine 388.

The search for new types of electron-rich dienes holds prom-
ise. This will extend the scope of synthetic applications of sulfinyl-
containing dienophiles. For example, condensation of `Dane's
diene' (389) with the sulfinyl-substituted ester of maleic acid
390 354 or with sulfinyl-substituted cyclopentenone 391 355

afforded the adducts 392 and 393, respectively, which are pre-
cursors in the steroid synthesis, with a high diastereoselectivity.
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The reaction of the diene 389 with the sulfoxide 390 was
accompanied by spontaneous elimination of sulfenic acid.

b. Sulfonyl- and sulfinyl-containing dienes
As yet, sulfonyl-substituted and, particularly, enantiomerically
pure sulfinyl-substituted dienes have received little use in the
synthesis of natural products.

Evans 356 was the first to propose a tandem [4+2] cyclo-
addition of a racemic sulfinyl-containing diene and the sulfonyl-
sulfenate rearrangement of the adduct using the synthesis of a
derivative of the hasubanan series as an example.

More recently, Posner and coworkers (see the review 357)
performed systematic studies of the Diels ±Alder reactions of
3-sulfinyl- (394a) and 3-sulfonyl-2-pyrones (394b) with electron-
rich dienophiles, such as vinyl ethers or vinyl sulfides. Unlike other
substituted pyrones whose Diels ±Alder reactions proceed only at
high temperatures (resulting in the degradation of the initially
formed adducts), the pyrones 394a,b at low temperatures (some-
times at high pressure) give polysubstituted bicyclic lactones,
which are excellent starting compounds for the preparation of
various natural products.

Thus the reaction of the sulfinyl-substituted pyrone 394a with
ethyl vinyl sulfide proceeded stereoselectively to form 358 the endo-
adduct 395, which was converted into tetrasubstituted cyclo-
hexene 396 through the sulfoxide-sulfenate rearrangement under
conditions of alkaline methanolysis. Subsequent transformations
afforded substituted cyclohexadiene 397, which is the key inter-
mediate in the synthesis of (�)-chorismic acid (398). A shorter
synthetic path for the cyclohexadiene 397 is based on the reaction
of sulfonylpyrone 394b with 1,3-dioxole.359

Posner and coworkers performed asymmetric syntheses of a
number of enantiomerically pure natural compounds by introduc-
ing sulfonylpyrone 394b into the Diels ±Alder reaction with
optically pure vinyl ether (7)-(S )-399 360 ± 362 catalysed by Lewis
acid 400.360 The transformation of the endo-adduct 401, which
was obtained with a high stereoselectivity, afforded trisubstituted
cyclohexene (7)-402. A somewhat lower stereoselectivity was
achieved when this reaction was carried out in the absence of a
catalyst at 25 8C.361 The cyclohexene 402 served as the starting
compound for the preparation of the key intermediate 403 (the
total yield was 62%) in the total synthesis of 1a,25a-didehydroxy-
vitamin D3 as well as for the synthesis of methyl (7)-tri-O-acetyl-
4-epi-shikimate (404) (the total yield was 23.4%, ee>98%).

Readily available racemic 2-(phenylsulfinylmethyl)buta-1,3-
diene (405) is an active diene.363 This compound reacted with
dimethylcyclopropene to give a mixture of exo- and endo-adducts
406. After reductive desulfinylation, the exo-adduct was con-
verted into D3-carene (407). The sulfoxide-sulfenate rearrange-
ment of compound 406 under the action of P(OEt)3 afforded the
hydroxy derivative 408 from which racemic chaminic acid (409)
was prepared. Thermal condensation of the diene 405with methyl
vinyl ketone gave rise to a mixture of 1,4- and 1,3-substituted
cyclohexenes in a ratio of 3 : 1. The adduct 410was converted into
racemic D1(7)-menthene-2,8-diol (411) in three steps.

Sulfonyl- and sulfinyl-substituted diene units can be involved
in intramolecular [4+2] cycloaddition. For example, this proce-
dure was used for the preparation of compound 412, which is an
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important fragment in the total synthesis of the macrolide
ikarugamycin.364

A short synthesis of sesquiterpenoid (+)-sterpurene (413) was
carried out 365 using the cascade intramolecular [4+2] cyclo-
addition involving the diene system of sulfinyl-substituted tet-
raene 414.

Convenient procedures for the preparation of enantiomeri-
cally pure 2-sulfinyl-substituted butadienes have been developed
recently.366, 367 The transformation of the endo-adduct (416a) of
diene 415 with maleic anhydride in the synthesis of monoterpe-
noid (7)-(1S,5R)-karahana ether (417) (ee>93%) is the first

example of an asymmetric synthesis of a natural product with the
use of such dienes.368

3. Syntheses based on elimination of SO2 from
2,5-dihydrothiophene 1,1-dioxides (3-sulfolenes)
3-Sulfolenes readily eliminate SO2 to form substituted buta-1,3-
dienes. This process is the cheletropic ring-opening reaction which
obeys the Woodward ±Hoffmann rule and occurs under condi-
tions of pyrolysis, sometimes in the presence of bases. The
introduction of substituents into the sulfolene ring, which can be
readily performed, for example, by alkylation at the a-position,
followed by thermolysis allows one to prepare various buta-1,3-
dienes starting from 3-sulfolenes. These butadienes can be used in
the synthesis of polyunsaturated linear and carbocyclic natural
compounds. Thus the homofarnesene components of the fire-ant
trail pheromone 418a,b were prepared 369 from 2,3-dimethyl-4-
(phenylthio)-3-sulfolene (Scheme 12). Polysubstituted thiophene
419 was converted into 3-sulfolene 420 by electrolytic reduction
followed by oxidation at the sulfur atom.370 The compound 420
was subjected to in situ thermolysis resulting in a mixture of a
juvenoid methoprene 421 and its (2Z,4E )-isomer.

Sulfolene 422 was used as the starting material 371 for the
preparation of tricyclic compound 423 containing the taxane ring
system. 3-Methyl-3-sulfolene served as the starting compound in
many syntheses of natural compounds, for example, of open-
chain a-sinensal (424) (an important contributor to the odour of
the Chinese orange oil) 372 or bicyclic terpenoids of the eudesmane
series 425 ± 427.373 In the latter cases, the intramolecular Diels ±
Alder reactions proceeded with extremely high stereoselectivities
(Scheme 13).

The use of nitrogen-containing dienophilic groups (for exam-
ple, imine or enamide groups) in the intramolecular Diels ±Alder
reactions opens up the way to the construction of racemic
alkaloids (Scheme 14). Apparently, the first to be performed was
the short synthesis of racemic elaeokanine A (289a) via the
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intermediate 428 starting from the sulfolene 429.374 Elimination of
SO2 and cyclisation were carried out by passing compound 429
through a heated column (370 ± 390 8C) filled with glass helices.
Martin et al.375 performed the formal total synthesis of penta-
cyclic lycorine (a natural plant-growth inhibitor, which is an
important alkaloid of the Amaryllidacae family) via the key

precursor lycorane 430. Sulfolene-containing enamide 431 was
used as the starting compound. Short syntheses of racemic
lupinine 432a and epilupinine 432b were performed starting from
bicyclic compound 433, which has been prepared by pyrolysis and
the intramolecular Diels ±Alder reaction of disubstituted sulfo-
lene 434.376 Analogous conversions of the precursors 435a,b,

Scheme 13
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which have been prepared from 3-methoxycarbonyl-3-sulfolene,
afforded the bicyclic systems 436a,b. The latter served as the
starting compounds in the synthesis of heteroyohimboids.377

The sulfolene grouping has also been used as a protective
group in modifications of vitamin D3. For the purpose of
introducing methyl groups at C(6) and C(19) 378 or the fluorine
atom at C(19),379 an adduct of vitaminD3with SO2 at its 1,3-diene
fragment has been initially prepared. After completion of the
required transformations, the adduct was decomposed by mild
thermolysis.

In the total synthesis of racemic estra-1,3,5(10)-trien-17-one
(437), a mixture of epimers of substituted 1,3-dihydrobenzo[c]-
thiophene 2,2-dioxide 438was used as the precursor. This mixture
gave rise to the quinodimethane intermediate 439 upon thermal
elimination of SO2 , which underwent stereospecific cyclisation to
the final product.380

VI. Conclusion

Among reactions of sulfoxides and sulfones playing an important
role in the synthesis of natural compounds, alkylation of carb-
anions obtained from these compounds or the Julia olefination
became conventional processes. However, the improvement of
these procedures is still in progress. Thus the use of dimethoxy-
ethane as the solvent in the first stage of the Julia olefination 381 in
combination with SmI2 (see Refs 141 and 142) made it possible to

construct trisubstituted C=C bonds, which previously failed, for
example, in the synthesis of macrolides of the avermectin ±melbe-
mycin series.136, 139

One would expect that considerable study will be given to the
enhancement of the stereoselectivity of catalytic Diels ±Alder
reactions, particularly, involving nonracemic sulfinyl dienes and
dienophiles, to the use of new asymmetric building blocks, for
example, chiral (ee 95%±99%) allylic sulfones synthesised
recently,382 and to the development of p-allylic alkylation cata-
lysed by transition metals based on the strategy of the transfer of
the reaction centre to the remote functional group (for example, in
the synthesis of tetracyclic (7)-dendrobine)383 with the participa-
tion of sulfinyl-containing nucleophiles.

Convergent syntheses (Fuchs 23 took an active part in po-
pularisation of this method) have found a rather wide application
in the reactions considered in this review. More modern method-
ologies, which allow one to perform one-pot syntheses of complex
compounds, are not used so often. These procedures are said to be
consecutive or tandem processes,384 ± 386 cascade reactions,387

processes with the use of counterattacking reagents 388 or poly-
component condensations.389 The examples of multicomponent
reactions considered below demonstrate that this approach to the
synthesis of natural compounds is fruitful.

Thus three-component cyclisation of an allylsulfinyl anion
with a substituted cyclopentenone and an aldehyde afforded
compound 440. Modification of the latter made it possible to
synthesise the prostaglandin derivative 441.390 Epithio- and
epoxyestratetraenones 442a,b 391 were synthesised by three-com-
ponent cyclisation involving the allylsulfonyl anion, whichmade it
possible to construct the steroid skeleton with a high stereo-
selectivity without isolation of the intermediates 443a,b. The
synthesis of the alkaloids apoyohimbines 444a,b 392 was based on
the cascade process involving the Pictet ± Spengler reaction of
substituted tryptamines with a sulfolene-containing aldehyde,
elimination of SO2 from the intermediates 445a,b and the intra-
molecular Diels ±Alder reaction. This allows one to perform one-
steps introduction of the methoxycarbonyl group at C(22) yield-
ing a pentacyclic reaction product with the stereochemistry of the
natural compound (Scheme 15).
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The area of these investigations would be expected to expand
in the near future.

When this review had been prepared for publication, the
results of new studies devoted to the applications of sulfoxides
and sulfones to the synthesis of natural compounds appeared. The
most interesting of them are briefly considered below.

Conventional alkylation ± desulfonylation of a-sulfonyl
carbanions 393 ± 397 (including those prepared from oxiranes 398)
along with an interesting version of reductive alkylation of
1,1-di(sulfone) with lithium naphthalenide, allyl bromide or
sodium amalgam 399 were used for the construction of C7C
bonds. Endocyclic C=C bonds were formed by pyrolysis of oxo
sulfoxides.400, 401 In addition to the coupling of fragments through
the (E )-C=C bonds using the classical olefination according to
M Julia in the construction of natural molecules,402 ± 404 the
increasing popularity has acquired a modification of this proce-
dure developed by S Julia 405 using model compounds (see
Refs 406 ± 417 and references cited therein). The procedure elabo-
rated by S Julia involves the reactions of aldehydes with anions
generated from 2-benzothiazolyl sulfones whose participation
makes it possible to perform olefination as a one-pot process.
Double bonds between the pyrrole rings in natural compounds are
formed by successive treatment of a mixture of a sulfone and an
aldehyde with DBU and PBun3.

408 The reactions of a-sulfonyl
anions 409, 410 or anions of chiral sulfoxides 411 with carbonyl
compounds were used for binding fragments through the
CH2CO or CH2CH(OH) groups. Unsaturated sulfones were
involved in cyclisation of acyclic g-hydroxyvinyl sulfones,412 ± 414

metallation of vinyl sulfones at the C=C bond followed by the
introduction of a substituent 415, 416 and [4+2] cycloaddition of
ethynyl sulfones to N-Boc-pyrrole.417, 418 Free-radical Ni(acac)2 -
catalysed arylation of optically active sulfoxide with Ph3ZnMgCl
was also reported.419 The one-pot diastereoselective synthesis of a
complex polycyclic compound by cascade cyclisation involving
sulfones or sulfoxides under conditions of radical catalysis was
described. 420
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