USE OF SULFONTUM YLIDES IN THE SYNTHESIS OF HETEROCYCLIC SYSTEMS (REVIEW)
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The literature on the use of sulfur ylides in the synthesis of heterocyclic
systems of varied structure is reviewed. The possible preparative value of
these reactions is discussed.

The sulfur ylides so far employed in the synthesis of heterocyclic systems are for the
most part reactive methylides of the following types:
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Of the reactions of sulfonium ylides, those receiving most attention have been with elec-
trophilic reagents, which usually afford carbo- and heterocyclic systems. The reactivity of
the sulfonium ylides in these reactions is determined by their nucleophilicity. The reactions
normally occur under relatively mild conditions, and are frequently superior to classical
methods for the synthesis of heterocycles from the preparative point of view. We here review
the literature on the reactions of monostabilized sulfonium ylides, classified according to
the type of heterocycle formed, viz., three-, four-, five-, or six-membered ring, or a con-
densed heterocycle.

1. SYNTHESIS OF O~, S~-, and N-HETEROCYCLES
1.1. Synthesis of Oxiranes

The reactions of sulfonium ylides with carbonyl compounds are currently used extensively
for the synthesis of oxiranes. The first reactions of this type to be studied were the reac-
tions of the fluorenylide with aromatic aldehydes containing electron-acceptor substituents
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Dimethylsulfonium methylide (I), generated by treating trimethylsulfonium bromide or
perchlorate with potassium tert-butoxide in DMSO, reacts with both aldehydes and ketones
(benzaldehyde and cyclohexanone) to give the oxiranes in 43-827% yields [3].
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The behavior of dimethylsulfonium and dimethylsulfoxonium methylides (I, II) in their
reactions with carbonyl compounds (benzophenone, cycloheptanone, and carvone) to give quanti-
tative yields of the oxiranes have been examined [4, 5}. Differences between the sulfonium
and sulfoxonium ylides become apparent in their reactions with a,R-unsaturated aldehydes and
ketones, the sulfonium ylide (I) giving oxiranes selectively, and the sulfoxonium ylide (II)
the Michael addition products (substituted cyclopropanes) [5-7].
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Taking the reaction of diphenylsulfonium methylides with cyclohexanone as an example, it was
shown that sulfonium ylides bearing two alkyl groups on the carbanionic carbon atom are less
stable, and correspondingly more reactive, than ylides containing a single alkyl group {8-10].
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It was shown that the reaction of sulfonium ylides with carbonyl compounds is stereospe-
cific, giving the trans-oxiranes exclusively [8]. Epoxidation of carbonyl compounds by sul-
fonium ylides involves reversible attack of the carbanionic carbon of the ylide on the elec-
trophilic carbonyl carbon to give an unstable betaine, followed by Sy2 replacement of the
sulfonium group by the oxy-anion.
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The reactivity of ylides towards electrophiles is known to decrease as the extent of de-
localization of the negative charge is increased [11]. In their reactions with electrophilic
substrates, therefore, both sulfur R-ketoylides and sulfoxonium ylides add to chalcones to
give cyclopropanes [12-15]. Reaction of sulfonium ylides with a-diketones occurs at one car-
bonyl group only, and provides a preparative method for obtaining functionalized oxiranes
(epoxyketones and esters). Chloral has also been epoxidized, albeit in low yields [16, 171.
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Sulfonium ylides react with y-diketones and 1,4-diacylbenzenes at both carbonyl groups
to give two oxirane rings [18].

Sulfonium ylides can be employed in the synthesis of oxiranes with an asymmetric center.
It has been found that, although optically active sulfonium salts can be obtained [19, 20],
they undergo extremely rapid racemization in solution, even at ambient temperatures, as a re-
sult of the low inversion barrier. Hence, transfer of chirality from the sulfur in the ylide
to carbon has been examined in the reaction of adamantylethylsulfonium methylide with benzal-
dehyde [21].
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For the asymmetric synthesis of oxiranes with an optical purity of 20-75%, frequent use
is made of the optically active sulfonium ylides (dialkylamino)methyl- and (dialkylamino)-
arylsulfoxoniiomethylides, generated from the tetrafluoroborates. The best results were ob-
tained using a 50-1007 excess of the ylide [22-27].
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By using sulfoximinomethylides, oxiranes containing w-sulfinamido-groups have been ob-
tained [28], together with the difficulty-accessible dispirooxiranes [29].
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Reaction of carbonyl compounds with the ylide generated from cyclopropyldiphenylsulfonium
tetrafluoroborate affords high yields of oxaspiropentanes, which had previously been regarded
as unstable intermediates [30]. Two possible pathways for the reactions of sulfur diphenyl-
cyclopropylides with carbonyl compounds are known [30]:
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Closure of the oxaspirane ring either involves intramolecular nucleophilic displacement
of diphenyl sulfide by the oxide anion in the intermediate betaine (A), or via the four-mem-
bered intermediate state (B). ‘

Epoxidation with sulfonium ylides also provides a convenient method for the synthesis of
oxiranes with heterocyclic substituents [31, 32].
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Reaction of a bicyclic sulfonium ylide with acetone involves both formation of the oxi-
rane, and cleavage of the ring in the original ylide [33].
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All these methods of synthesis of oxiranes involve the reaction of sulfonium ylides with
carbonyl compounds. In recent years, however, methods have been proposed and successfully
developed which consist in the intramolecular cyclization of ketosulfonium ylides, generated
from the appropriate conjugated acids [34, 35]. These epoxycyclizations usually afford quali-

tative yields.
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Epoxidation of cycloalkanone enolates with simultaneous cyclization involving the diene
system of the ylide, generated by treatment of the sulfonium fluoroborate with base, is a
promising method for the synthesis of unsaturated epoxy-compounds. The base used in this re-
action may be either lithium diiodopropylamide, or methylllthlum in THF at —78°C [36]. How-
ever, the reaction fails with acyclic ketones [36].
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An important area of use of sulfur ylides is in the synthesis of polycyclic and steroidal
compounds containing the oxirane moiety [37-39].
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1.2. Preparation of Aziridines and Thiiranes

Substituted aziridines (the nitrogen analogs of oxiranes) are obtained in good yields
by reacting dimethylsulfonium methylide (I) with benzalanilines [3, 7]. Sulfoxonium methylide
gives a mixture of diphenylaziridine and acetophenone anil [5] in a ratio of 2:1. Sulfox-
aminomethylides .are much less reactive (the yields of aziridines are no greater than 237%).
An interesting modification of this method has been proposed {40]. Dimethylsulfonium meth-
vlide, generated by phase-transfer catalysis, reacts with arylbenzaldimines or benzaldehyde
arylhydrazones to give the substituted aziridines in quantitative yields, which constitutes
a convenient synthetic method.
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A fundamentally novel method of synthesis of aziridines is by the reaction between phen-
yvlstyryl(dimethylamino)sulfoxonium fluoroborate and primary amines in the presence of sodium
methoxide [26, 41].
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In contrast to the oxiranes, only a few examples of the synthesis of thiiranes have been
reported, viz., a) by reaction of thiobenzophenone with dimethylsulfoxonium methylide; b) by
closure of the thiirane ring in the thiocarbonylylide obtained by pyrolysis of 2,5-disubsti-
tuted A3-1,3,4-thiadiazolyls {42, 43].
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2,2-Diphenyl-1,3,4-thiadiazoline, obtained by reacting thiobenzophenone with diazometh-
ane, on elimination of nitrogen in methanol at —45°C gives the thiocarbonylylide, converted
in high yields into the dithiane [44].
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2. SYNTHESIS OF FOUR-MEMBERED O-, S-, AND N-HETEROCYCLES

The synthesis of four-membered heterocycles from sulfonium ylides has received little
attention. For example, dithietanes have been obtained by the reaction between dimethylben-
zoylsulfonium methylide (III) and carbon disulfide [45], and a thietene dioxide by reaction
of (III) with diphenylthiirene dioxide [46].
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The formation of the thietene dioxide (A) results from the addition of the ylide to the
activated double bond of the starting sulfone to give the betaine (B), followed by migration
of the benzoyl group in the betaine, cleavage of the three-membered ring and closure of the
four-membered ring with the elimination of dimethyl sulfoxide.

Reaction of a stable thiaazulene ylide with diphenylcyclopropenethione affords a poly-
cyclic compound containing the thietene grouping [47].

An interesting property of sulfoxonium ylides is their ability to add to oxiranes and
aziridines followed by opening of the three-membered ring and the formation of substituted
oxetanes [48] or azetidines [49, 50]. '
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A convenient single-stage method for the synthesis of azetidines was reported in 1983
[51]. The yields obtained in this reaction are higher than in any of the previously known
methods of preparation of such azetidines. Another advantage of this method is the accessi-
bility of the starting materials. However, the method has the considerable drawback that
only N-arenesulfonylimines undergo this reaction (the reaction did not occur with N-benzyli-
deneaniline).
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3. SYNTHESIS OF FIVE-MEMBERED HETEROCYCLES

The reactions of sulfonium ylides to give heterocycles have been employed most extensive-
ly for the synthesis of five-membered heterocycles. Formally speaking, nearly all reactions
of this type may be regarded as either 1,3- (the majority), or 1,4-dipolar additions. In
I,3-dipolar additions, ylides may function either as dipolarophiles, or as 1,3-dipoles.

3.1. Reactions of Sulfonium Ylides with 1,3-Dipoles

The 1,3-dipoles most frequently used in reactions with ylides are nitrile oxides, ni-
trilimines, diazo-compounds, and azides. It is noteworthy that these reactions are often
complicated by the insertion of carbene (from the sulfonium ylide) into substrate C—C bonds,
and by reaction of the ylide with the solvent, for example DMSO.

Some workers have examined the reactions of dimethylsulfoxonium methylide (II) with ni-
trile oxides [52-55]. The predominant reaction was found to result in the formation of ox-
imes, only 5-107% of the isoxazolines being obtained, together with small amounts of diphenyl-
oxadiazole, diphenyloxazole, and diphenylfuroxan.
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Nitrile oxides react with allyl ylides to give substituted furans and small amounts of
oxazines, which result from [3+3]-cycloaddition of the ylide. The latter can be converted
into the pyrrolidones by treatment with triethylamine [56].
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Unlike nitrile oxides, other 1,3-dipoles (nitrilimines) react cleanly with sulfur ylides
to give the pyrazolines [55, 57]. The use of carbonyl-stabilized ylides in reactions with
nitrilimines, generated from N-(a-chlorobenzylidene)-N'-phenylhydrazines, affords quantita-
tive yields of o-diketones containing the pyrazoline ring [58].
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Mixtures of furopyrazolines were obtained on reacting similar nitrilimines with dimethy]
(alkoxycarbonyl) methylides such as (IV). The product ratios and yields were dependent on
the molar ratios of the reactants, an increase in the molar proportion of the nitrilimine
favoring the formation of aryl-substituted product. Substituted pyrazolines are formed when
the sulfonium benzoylmethylide (III) reacts with benzoyldlazomethane or diazoacetic ester
{59].
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The use of azides as 1,3-dipoles, with two molecules of dimethylsulfoxonium methylide,
enables difficulty-accessible triazolines to be obtained [57, 59-61}, but with dimethylben-
zoylmethylide (III) acylic enamines are formed in preference to triazolines [59, 61]. Ethyl
azidoformate, however, also reacts with benzoylmethylides to give triazolines [62].

R=H, Me, Ph

Benzoyl azides behave somewhat differently, reacting with the ylide (III) to give spiro-
cyclopropyltriazolines [62]. A final example of the reactions of ylides with azides is the
reaction of the ylide (III) with a- and B-azidovinyl ketones [63]:

N, CoH,R-m

Nz—=N PhCO RC.H,CON Noz=N
Phjo)“l“%g w N
rd
pnco—" CHCGH,R-m RCH,CO
Ph° OH ' Fh

oH COPh

CGPh

3.2. Reactions of Sulfonium Ylides with 1,3-Dipolarophiles

The 1,3-dipolarophiles used in reactions with sulfonium ylides are frequently .activated
acetylenes. The vigorous development of this area results from the high reactivity of the
triple bond towards nucleophilic addition. For example, a method has been described for the
synthesis of 3,4-di-(alkoxycarbonyl)furans by the reaction between sulfur acylmethylides and
acetylenedicarboxylate esters [64]:
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This reaction involves the initial formation of a 1,4-betaine, which is converted by
1,3-acyl migration of the acyl group into a new ylide, intramolecular cyclization of which
results in closure of the furan ring. Diacylmethylides react similarly to acylmethylides
with acetylenedicarboxylate esters, but the acyl group does not migrate [65, 66]. Ylides
with different acyl groups (R # R!) give mixtures of isomeric furans.
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The ester carbonyl group of the ylide when R = OEt does not participate in cyclization.
The formation of the two furans is assumed to occur via the intermediate formation of a be-
taine following attack of the carbanionic carbon on the triple bond. With a symmetrical
acetylene, however (R = COOEt), the authors have put forward another mechanism in which the
intermediate betaine is formed by attack of the oxygen of the carbonyl group in the acylmeth-
ylide on the acetylene.

A similar reaction occurs with benzoylacetylenes. However, on reacting phenacylides
with dibenzoylacetylenes, in addition to 2,3-diacylfurans, the sulfoxonium ylide is formed.
When the reaction is carried out in the presence of catalytic amounts of copper acetylaceto-
nate, only the diacylfuran is obtained, formation of the ylide being totally suppressed.
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Ketene and phenyl isocyanate dimers are also active dipoles. Ketene dimers react readily
with sulfonium ylides to give acylhydroxyfurans [68].
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Sulfonium ylides react similarly with ketene dimer to give spiro-derivatives of oxodi-
hydrofuran [69G].
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The reaction between dimethylsulfonium methylide (I) and phenyl isocyanate dimer affords
1,3-diphenylhydantoin, although in low yield [70]. The use of carbonyl-stabilized ylides
also enables substituted hydantoins to be obtained [70].

A method has been reported for the synthesis of furans by the reaction between R-keto-
ester, B-ketosulfone, or diketone enolate anions and allenic sulfonium salts formed by rapid
isomerization of an acetylenic sulfonium salt in ethanol solution [71]
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3.3. [1+4]}-Cycloaddition

The most convenient and synthetically flexible method for the preparation of five-mem-
bered heterocycles is by [l+4]-addition of sulfonium ylides to compounds containing conjugated
multiple bonds. For instance, cycloaddition of dimethylsulfoxonium methylide (II) to a,B-
unsaturated carboxamides affords high yields of pyrrolidones [72].
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When dimethylsulfoxonium methylide reacts with nitroolefins, catalyzed by Cul, isoxazo-
line N-oxides are formed [73]. It was assumed that Cul coordinates with the betaine formed,
facilitating the formation of the isoxazoline N-oxide.
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The noncatalyzed addition of a sulfoxonium ylide to conjugated nitroolefins to give isox-
azoline N-oxides has been studied with nitrosugars [74-761]:
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The reaction does not proceed cleanly, giving products of both [1+4]- and [1+2]-cyclo-
addition depending on the mode of attack of the ylide. Axial attack is preferred to equa-
torial attack, giving the [1+4]-cycloaddition product, whereas equatorial attack gives the
nitrocyclopropane, i.e., the [1+2]-cycloaddition product.

The reaction of sulfonium ylides with chlorcoximes, the precursors of conjugated nitroso-
compounds, which can, like nitroolefins, function as electrophiles in these reactions has
been studied [77-80]. It was found that the reaction between a-chlorooximes or a-nitrosyl
chlorides and dimethylsulfoxonium methylide (II) affords, under certain conditions, the A2-
isoxazoline [77, 78].
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The behavior of keto-stabilized sulfonium ylides towards a-chlorooximes and nitrosyl
chlorides has been examined [79]. Two reaction pathways are possible. Initial attack of
the ylide on the chlorooxime or nitrosyl chloride affords a betaine, which may then either
undergo f-elimination to give the a-methylenoxime, or intramolecular cyclization to give the
A%-isoxazoline. The factor governing the fate of the betaine is the basicity of the ylide.
The mode of reaction of the betaine is also influenced by the configuration of the oximate
anion, and the volume of the substituent on the a-carbon atom of the chlorooxime.

Unstable, highly reactive a-alkoxy-a-chloronitrosocethers and -esters, generated in situ
by chloronitrosation of unsaturated ethers and esters, react with phenacylide to give isoxa-
zolines, which on losing a molecule of alcohol are converted into the isoxazoles [79]. An
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interesting method for the synthesis of isoxazoles from enamines, nitrosyl chloride, and sul-
fonium ylides has been described [80]. It was found that the monoenamines of B-dicarbonyl
compounds react with nitrosyl chloride to give a-nitrosochlorimines, which then react with
the ylide, to give, after hydrolysis of the reaction mixture, the isoxazoles:
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Oxazoles may be obtained by reacting sulfonium ylides with benzoyl isocyanate [81]. Di-
methylsulfonium benzoylmethylide reacts similarly with thiobenzoyl isocyanate to give thia-
zoles. No intermediate was isolated in this case.
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The [1l+4]-cycloaddition of sulfur ylides to unsaturated azo-compounds has been reported

[82].
RO= =CHR' + Il —=

N=NPh “coPh
R, R—(CH )‘ R=Me, Ph; R'=H,Ph
Payne [83] has reported an interesting [l+4]-cycloaddition to give the dihydrofuran on
reacting (ethoxycarbonyl)dimethylsulfonium methylide (IV) with olefins containing two reactive
groups, although it had previously been found that reactions of this type resulted in the for-

mation of cyclopropanes. Further development of the method enabled other acetylacetone de-
rivatives to be employed [84].

e
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3.4. Other Reactions of Sulfonium Ylides Giving Five-Membered Heterocycles

Isoxazolines may be obtained either by [l+4]-cycloaddition, or by the reaction between
sulfonium methylides and a-ketoximes [85].

o R R’

il i =
CHO NOH | HOW O

il -
: °\J Non

NOH CH, NoH

o+
L SMep

=Me, Ph, 4-MeOCH,: R'=H, Me. Ph

. ! - T
RCOﬁR’ + I —a [R=C—CR' | = !jR-—-C—CR1ji —= [RCH—CR" | —= KIL

Instead of the expected 4-hydroxyoxazoline, the S5-hydroxyoxazoline was obtained. This
is possible if the reaction proceeds via an intermediate epoxide, which in alkaline media is
converted into the aldehyde. Cyclization of the latter gives the 5-hydroxyisoxazoline. Such
rearrangements are known to occur in the presence of strong bases, but have never been re-
ported in the synthesis of epoxides from ylides. It is likely that in this case there is
assistance by the oximate anion. In some instances, isoxazolines are accompanied by isoxa-
zoles.
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An interesting property of dimethylsulfonium methylide is its ability to react with aro-
matic carbonium ions. For example, 1,2,3-trimethyl- and 1,2,3-triphenylcyclopropyl cations
afford the 2,3,4-trisubstituted thiophenes, the sulfur atom of the ylide being incorporated
in the heterocycle [86]. This is the first instance of the use of sulfur ylides as donors
of the C—S fragment.

Another example of the formation of the C—S bond in heterocyclic systems is the reaction
of diazoacetate with thiobenzophenone, which affords isomeric 1,3~dithiolanes in a ratio of
1:1 [87].
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An unusual method of preparation of sulfur heterocycles is by addition of carbonyl-sta~
bilized sulfur ylides to sulfonyl chlorides, followed by isomerization and ring closure of
the intermediate betaine [88].
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A study has been made of the cycloaddition of thiocarbonyl ylides, readily obtained from
bis(trimethylsilyl)-a-bromosulfides or sulfoxides followed by elimination of trimethylbromo-
silane or trimethyldisiloxane, to conjugated dipolarophiles (acetylenedicarboxylate, ethyl
acrylate, diethyl fumarate, and N-phenylmaleimide), to give 3,4-disubstituted tetrahydrothio-
phenes and 2,5-dihydrothiophenes [89, 90].
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The reaction of keto-stabilized dimethylaminomethylsulfoxonium methylides with two equiva-
lents of anhydrous copper sulfate in cyclohexane or benzene gives high yields of the 1,3-oxa-
thiole 3-oxides [91].
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The Cu2?t ion coordinates with the dimethylamino-group of the ylide, thereby promoting
its elimination. The reaction proceeds via an S-stabilized carbonium ion, which then under-
goes cyclization.

A convenient method for the preparation of five-membered heterocycles (dihydrofurans
and isoxazoline N-oxides) is from vinylsulfoxonium salts and C-nucleophiles in the presence
of base (sodium methoxide or triethylamine) [92].
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Acylation of biscarbonyl-stabilized ylides, generated from the lithium derivatives of
diketo-stabilized sulfur ylides, affords disubstituted furanones in near-quantitative yields

[93].
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The mechanism of this reaction involves the initial transfer of a proton from the meth-
ylene group to the ylide carbon atom, followed by ring-closure of the enolate anion and elimi-
nation of dimethyl sulfide.

Noteworthy amongst the range of methods of synthesis of furans from sulfonium ylides is
that involving the reaction of cyclic sulfonium ylides with ethoxydiacylethylenes in the pres-
ence of triethylamine to give 3,5-diacylfurans [94]. Thermolysis or photolysis of the inter-
mediate vinylsulfonium ylides gives the acylfurans.
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B-Heteroatomically substituted a,f-unsaturated ketones react with dimethylsulfoxonium
methylide (II) to give substituted furans and pyrroles, albeit in low yields [95].
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The intermediate vinyl epoxide undergoes intramolecular ring fission to give the substi-
tuted furan or pyrrole, if the starting material is a R-aminovinyl ketone. Sulfonium meth-
ylides (I) react with enol ethers of R-diketones to give 2,4-disubstituted furans [96] via
the intermediate epoxy compounds, which rearrange with elimination of methanol to give the
furans. In some cases, instead of the furan, thiabenzene oxide was formed. The enol ethers
of B-diketones such as acetylacetone, benzoylacetone, and dibenzoylmethane gave only C-meth-
vlated products, which considerably restricts the scope of this reaction.

( 0" R OMe T R Ph
PhCO([::(l:-—Ph + I ——- ,Ph(}.‘—C:C—PhJ —— ph/—,c—-c:c——ouc —_—
R OMe cn,3ue, o
B _Ph R _Ph
—— ] | — |
Meo” 07 P’ Yo R=H, Me

Worthy of note is the method of preparation of tetrahydrofurans by the reaction of B-
ketosulfoxonium ylides with glyoxals in the presence of catalytic amounts of copper acetyl-
acetonate (II) [97].
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The ylides obtained from the previously unknown arylhydrazono-substituted sulfonium
salts are converted by intramolecular cyclization into 4-hydroxypyrazoles [98].

Ho Co,Et
+ Bt,N +
Me,SCH,COCCO,Et — e~ | Me,SCHCOCCO,Et — NI |
Br™  NNHCGH,R NNHC,H, R \r'«
R=Me, OFt CH,R

Carbonyl-stabilized ylides react with diazoacenaphthenes to give an adduct which on
hydrolysis gives 3,5-disubstituted pyrazoles, although in low yields [99].
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4. SYNTHESIS OF SIX-MEMBERED HETEROCYCLES AND MACROCYCLES
The use of sulfonium ylides has enabled six-membered heterocycles to be obtained which
are difficult, or even impossible, to synthesize by other methods.

The greatest number of reports concern the synthesis of thiabenzene oxides. 3,5-Diphen-
ylthiabenzene oxide has been obtained by the reaction of dimethylsulfoxonium methylide with
phenylbenzoylacetylene [100]. Subsequently, alkyl- and arylacetylenes were employed success-

fully in this reaction {101].
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Functionally substituted thiabenzene oxides can be obtained by using two equivalents
of ylide [102]. In some instances, it was possible to isolate an intermediate stable allyl
ylide (A), which on treatment with sodium hydride on DMSO was converted into the thiabenzene
oxide [102}. Condensed thiabenzene oxides have been obtained by using cyclic R-diketones

[84].
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The same method may be used to synthesize six-membered heterocyclic systems with two
heteroatoms, by using a sulfoxonium azomethinylide [102]:
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Thiabenzene oxides have also been obtained by cyclization of allylsulfonium salts by
treatment with sodium methoxide in methanol [103, 104].
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The reaction of B-diketones with a sulfoxonium methylide affords a bicyclic thiabenzene
oxide [105]:

R=H, Me; R'=Me, CH,Me,  —Pr, CMe, Ph

A synthesis of an alicyclic sulfoxide has been reported which involves the reaction of
dimethylsulfoxonium ethoxycarbonylmethylide with dibenzoylethylene [106]. This is, so far,
the only example of the synthesis of an acyclic sulfoxide from a sulfonium ylide.
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The reaction between diphenylthiirene dioxide and dimethylsulfonium benzoylmethylide
(II1) affords, in addition to thietane dioxide, two sulfur-containing six-membered hetero-
cycles, an oxathiine dioxide and a dithiine [46].
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Ar=Ph, 4~MeC.H,

Many workers have employed diphenylecyclopropenone as the reactive electrophile, and have
examined its behavior in reactions with relatively unreactive carbonyl-stabilized sulfonium
ylides [107, 108] (see top of following page).

Hayashi and Nozaki [107] have discussed two possible mechanisms for the formation of
pyrones. The first pathway consists in nucleophilic addition of the ylide to the cyclopro-
penone carbonyl group to give a betaine, followed by ring closure with elimination of dimethyl
sulfide, and the second pathway postulates the formation of a 1,5-diketone as a possible in-
termediate. The formation of pyrones is unaffected by the extent of substitution of the ylide
carbon atom, the disubstituted ylides (III) (R # H) reacting with diphenylcyclopropene at am-
bient temperatures to give the pyrones,
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Up to the present time, the behavior of sulfonium ylides has mainly been considered in
respect of acyclic ylides, the reactions of electrophiles with cyclic ylides forming the sub-
ject of only a few reports in view of the high lability of the latter compounds. The reac-
tions of both diphenylcyclopropenones and cyclopropenethiones with cyclic sulfonium ylides
have been reported. These reactions give rise to pyranone or pyranthione derivatives, re-
spectively [109].

SMe

The unstable thiacyclohexanone ylide undergoes ring opening during the course of the
reaction.
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Sulfonium ylides are known to react with enones to give furans. In some instances, how-
ever, hydroxydihydropyrans are formed [96].
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Initial attack of the ylide occurs at the R-position to give the cyclopropyl ketone, the
second attack (at the carbonyl group) affording the cyclopropyl epoxide, which rapidly rear-
ranges to the acetal. Hydrolysis of the latter affords the hydroxydihydropyran.

A reaction of ylides which has received considerable attention is that with aldehydes
to give oxirans. Yoshimoto and Kishida, however, obtained an unexpected result [110], the
reaction between dimethylsulfonium propynylmethylide and benzaldehyde affording a dioxen in
addition to the oxiran.
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Carbonyl-stabilized ylides have been used with success for the synthesis of pyrimidines
[111].
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An interesting reaction has been reported by Kinoshita et al. [112], the reaction be-
tween a sulfonium ylide and quinoline l-oxide in the presence of acetyl chloride giving a
mixture of products with one and two quinoline rings. The oxazine ring is formed by reaction
of the reactive C, carbon atom of the quinoline oxide with the terminal methyl carbon of the
acetyl group in the ylide. This method could prove extremely useful for the synthesis of
biologically active compounds and drugs.
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The [2,3]-sigmatropic rearrangement of allylsulfoxonium ylides has been used to form
new C—C bonds. Such rearrangements have been utilized successfully for the construction of
the six-membered heterocycle dihydropyridine [113].
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[2,3]-Sigmatropic rearrangements are efficient methods for the synthesis of macrocyclic
systems. For example, the stereospecific [2,3]-sigmatropic rearrangement of the ylide of a
spirosulfonium salt by treatment with potassium tert-butoxide afforded thiabicyclononadecenes
(114]. This is the first example of the use of a novel method of synthesis of difficulty-
accessible cis-trans-(polymethylene)ethylenes with a bridging double bond.
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A modification of this method is the synthesis of sulfur macrocycles by successive [2,3]-
sigmatropic shifts [115]:
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The reaction between tropothione and diazomethane in a ratio of 2:1 at 0°C results in
the formation of a condensed heterocyclic system with two atoms of sulfur. When this reaction
is carried out at 20°C, a thiadiazoline is first formed, which on losing nitrogen is converted
into the ylide. The latter undergoes 1,3-dipolar cycloaddition to another molecule of thio-
tropolone to give the dispiro-1,3-dithiolane [42].
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The reaction between cyclic sulfur ylides and diphenyleyclopropenethione results in ring

enlargement [116]:
= 2 ~
g0 QQ "= — (T
H Pt
4

cN BrT NC

5. METHODS OF SYNTHESIS OF CONDENSED HETEROCYCLIC SYSTEMS

One of the earliest methods of synthesis of condensed heterocycles was the preparation

of indoles by the reaction between dimethylsulfonium (I) or dimethylsulfoxonium methylide (II)
and o-acylanilines [117, 1181].
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In addition to the indéle, the N-methylindole is formed, apparently by N-methylation of
the indole by the ylide (I).

There have been reports of the synthesis of substituted indoles by the reaction between
aromatic amines and the ylide (III) [119-121]. Good yields are obtained.
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The reaction of carbonyl-stabilized ylides with quinoline l-oxide in the presence of
phenacyl chloride follows a different course, depending on the second substituent on the ylide
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carbon atom [122]. Thus, when R = COOMe, a mixture of isomeric ketoindolizines is formed,
whereas with diacetylmethylide and quinoline oxide the products are totally different:
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It has been shown that in some instances the imidazoline grouping may function as an
amino-group, participating in ring closure on reaction with dimethylsulfoxonium methylide
[123].
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The reactions of sulfonium ylides have been successfully extended to naturally occurring
compounds. For example, the nucleoside (A) on treatment with dimethylsulfoxonium methylide
(II) is converted into a new ylide in quantitative yield. Photolysis of the latter gives the
nucleoside (B) [124]:
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An unusual reaction of diaminosulfoxonium methylide with benzophenone has been reported
[125]). Although the reaction of this ylide with benzaldehyde proceeds normally to give the
phenyloxirane, with benzophenone the isothiazole is formed by intramolecular cyclization of
the ylide with the benzophenone, in quantitative yield.
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A possible mode of formation of the dihydrobenzisothiazole is as follows: a) intramolec-
ular rearrangement of the ylide; b) proton transfer, accompanied by aromatization; and c¢) for-
mation of the isothiazole in the presence of base. This mechanism was confirmed by Johnson
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and by Gassman. Johnson showed [24] that sulfoximinoylides react with carbonyl compounds to
form the oxiranes, products of the attack of the N-alkyl group on the sulfur atom never being
found. Gassman, however, found that [2,3]-sigmatropic rearrangement was the only reaction
when N-phenylaminosulfonium salts were treated with base, no cyclization products of the ylide
being obtained [126]. This reaction provides a promising route to dihydrobenzothiazoles.

The synthesis of 1H-1,4-benzothiazines from cyclic ylides has been accomplished by cycle-
dehydration of sulfoxides [127].
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A novel method for the synthesis of benzothiophenes is similar to the synthesis of in-
doles, namely by reaction of aromatic o-ketothiophenols or their xanthates with dimethylsul-
foxonium methylide [128]. Mercaptoketones give higher yields of the benzothiophene than the

mercaptoxanthates.
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A considerable advance in the chemistry of ylides was provided by the synthesis of the
first stable ylide with the thiaazulene system, by deprotonation of thiaazulenium salts. An
interesting property of the ylide is its ability to form thiaazulenium compounds by rearrange-
ment [129]. The mode of rearrangement is governed by the volume of the substituent on the
ylide sulfur atom. When R = Me, the reaction gives only the [1,4]-rearrangement product.
Replacement of the methyl by more bulky substituents results in the additional formation of
[1,2])-rearrangement products of the ylide, the proportion of this product increasing with the
bulk of the substituent R. This reaction therefore provides an interesting preparative method
for the introduction of alkyl groups into thiaazulenes.
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There have been many reports of the synthesis of benzofurans. Sulfonium ylides have
been shown to react readily with aldehydes possessing a nucleophilic center close to the car-
bonyl group. For example, the ylide (II) reacts with salicylaldehyde to give a mixture of
3-hydroxy-2,3-dihydrobenzofuran and benzofuran [130].
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It was previously believed that the hydroxy compound was extremely labile, undergoing
facile dehydration to benzofuran. It has, however, been shown [130] that the dihydrofuran
is stable over a period of months at ambient temperatures. On distillation, or on heating
an aqueous solution containing an acid catalyst, the dihydrofuran is readily converted into
the furan. It was shown that o-hydroxyacetophenone reacts similarly.

A further development of this method consists in the preparative synthesis of acylbenzo-
furans from carbonyl-stabilized ylides. In some instances, in addition to benzofurans there
were also formed small amounts of epoxychromans, which are the products of the addition of
two molecules of the ylide to the aldehyde molecule [131].
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A reaction with a similar mechanism to the above is that between carbonyl-stabilized
sulfonium ylides and ammonium salts. When the starting material is an ammonium salt of B-
naphthol, this reaction affords substituted dihydrobenzo- or dihydronaphthofurans [132].
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The reaction between a sulfonium ylide and an o,f-unsaturated ketone containing a semi-
cyclic double bond has given good yields of the dihydronaphthofuran, but no spiran ketone was
found [133]. No reason for this behavior was given, but it may be that the decisive step in
this reaction is the conversion of the intermediate betaine into the energetically more fa-

vored aromatic system.
CH,
o [s] [¢]
7 1 “ + 11
OOy = QY - LY
S [

A dihydrofuran is also formed when the ylide (II) reacts with a,R-unsaturated ketones,
generated in situ from the ammonium salts [134]. This method has been used to obtain steroids
containing the dihydrofuran ring [134].
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In contrast to the highly stable benzofurans, epoxybenzopyrenes undergo further reac-
tions with cleavage of the oxirane fragment to give 6-substituted benzo{a]pyrenes [135].

It has been found that substitution of the a-hydrogen atom in the ylide results in a
radical change in its reactivity [136]. For instance, the reaction between unsubstituted
carbonyl-stabilized ylides and succinic anhydride affords new ylides, whereas a-substituted
vlides give furofurans [136].
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As already pointed out, the reaction between ylides and o-hydroxybenzaldehydes sometimes
affords epoxychromans [131]. Using sulfur methylides, a synthesis of dimethylchromene has
been developed [137].
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As will be apparent from this review, sulfur ylides are highly efficient nucleophilic
reagents which have been successfully employed in organic syntheses, especially those of
heterocyclic systems, enabling otherwise difficulty-accessible, or even otherwise inaccessi-
ble, heterocyclic compounds with one, two, or three hetercatoms in the ring to be obtained.
The reactions of sulfonium ylides with natural compounds (epoxidation, formation of isoxazo-
line N-oxides, dihydrofurans, etc.) are worthy of note, as are the numerous reactions of sul-
fur ylides resulting in the formation of heterocyclic systems which are stereoselective and
sterically controlled.

The chemistry of sulfonium ylides has been investigated extensively, and is now of inde-
pendent interest. The chemistry of sulfur ylides has formed the subject of several reviews
[138-140], chapters in the monograph of Johnson [141] and in the book General Organic Chemis-
try [142], as well as in the monograph of Trost and Melvin [143], in which some theoretical
aspects of the formation of the ylide bond and their experimental confirmation are discussed.
Also given are the principal methods for the synthesis of sulfur ylides, together with their
physicochemical characteristics, reactions, and applications in organic synthesis.

There is, as yet, no generally accepted nomenclature for the ylides of groups V and VI
elements of the periodic system That most frequently used 1s based on the methyllde, with

all the substituting groups 1nd1cated for example dlmethylsulfonlum methyllde MeQSCH2 (1),

dimethylsulfoxonium methylide MeZSOCH2 (I1), dimethylsulfonium benzoylmethylide MeSCHCOPh
(III), etc.

The potentialities of sulfur ylides both from the theoretical and practical points of
view are far from exhausted, and further studies in this area hold promise.
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