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Our collaboration on production of this volume on the chemistry of the 
sulphonium group arose from a sabbatical visit from Wales to Israel. 

There is remarkably little review literature on the chemistry of this group, one of 
the most versatile in organic chemistry, and we have been most fortunate in the 
group of contributors who have brought this volume to fruition. Chapters on 
nuclear magnetic resonance spectroscopy and mass spectroscopy did not materialise 
in time for publication. 

We hope that assembly of so much up to date information on this functional 
group will stimulate further exploration of its wide-ranging and fascinating 
chemistry. 

The preface to the series contains the promise of further volumes on  the 
chemistry of sulphur-containing compounds. We are in the early stages of planning 
further volumes in the series on the chemistry of other sulphur-containing 
functional groups. notably those concerned with sulphonyl and sulphinyl groups. 

Bangor May 1980 Jerusalem 
CHARLES STIRLING 

SAUL PATAI 
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The Chemistry of Functional Groups 
Preface to the series 

T h e  series ‘The Chemistry of Functional Groups’ is planned to  cover in each 
volume all aspects of the chemistry of one of the important functional groups in 
organic chemistry. The  emphasis is laid o n  the functional group treated and on the 
effects which it exerts on the chemical and physical properties. primarily in the 
immediate vicinity of the group in question, and secondarily on the behaviour of 
the whole molecule. For instance. the volume The Chemistry of the Ether Linkage 
deals with reactions in which the C-0-C group is involved. as  well as  with the 
effects of the C-0-C group on the reactions of alkyl or aryl groups connected to  
the ether oxygen. It is the purpose of the volume to  give a complete coverage of all 
properties and reactions of ethers in as  far as these depend on the presence of the 
ether group but the primary subject matter is not the whole molecule. but the 
C-0-C functional group. 

A further restriction in the treatment of the various functional groups in these 
volumes is that material included in easily and generally available secondary or  
tertiary sources. such as Chemical Reviews. Quarterly Reviews. Organic Reactions. 
various ‘Advances’ and ‘Progress’ scries as well as textbooks (i.e. in books which 
are usually found in the chemical libraries of universities and research institutes) 
should not, as a rule. be repeated in detail. unless it is necessary for the balanced 
treatment of the subject. Therefore each of the authors is asked t70f to give an 
encyclopaedic coverage of his subject. bu t  to concentrate on  the most important 
recent developments and mainly on material that has not been adequately covered 
by reviews or  other secondary sources by thc time o f  writing of the chapter. and t o  
address himsclf to a rcader who is assumed to bc at  a fairly advanced post-graduate 
level. 

With these restrictions. i t  is realized that no plan can be devised for a volume 
that \\\auld give a compktc coverage of the subject with t i o  overlap between 
chapters. while at the same time preserving the readability of the text. T h e  Editor 
set himself the goal of attaining rcwsoticrblr coverage with tnodcmtc~ overlap. with a 
minimum of cross-references betncen the chapters of each volume. In  this manner. 
sufficient freedom is given to cach author  to produce readable quasi-monographic 
chapters. 

X 
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The general plan of each volume includes the following main sections: 

(a) An introductory chapter dealing with the general and theoretical aspects of 
the group. 

(b) One or more chapters dealing with the formation of the functional group in 
question, either from groups present in the molecule. or by introducing the new 
group directly or indirectly. 

(c) Chapters describing the characterization and characteristics of the functional 
groups. i.e. a chapter dealing with qualitative and quantitative method of 
determination including chemical and physical methods. ultraviolet, infrared. 
nuclear magnetic resonance and mass spectra: a chapter dealing with activating and 
directive effects exerted by the group and/or a chapter on the basicity. acidity or  
complex-forming ability of the group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements which the 
functional group can undergo, either alone or in conjunction with other reagents. 

(e) Special topics which do not f i t  any of the above sections, such as 
photochemistry, radiation chemistry, biochemical formations and reactions. 
Depending on the nature of each functional group treated, these special topics may 
include short monographs on  related functional groups on which no separate 
volume is planned (e.g a chapter on ‘Thioketones’ is included in the volume The 
Chemistry of tlze Carbotzyl Grorip, and a chapter on ‘Ketenes’ is included in the 
volume The Chemistry of Alkenes). In other cases certain compounds, though 
containing only the functional group of the title. may have special features so as to 
be best treated in a separate chapter, as e.g. ‘Polyethers’ in The Chemistry of the 
Ether Linkage, or ‘Tetraaminoethylenes’ in The Chemistry of  the Amino Group. 

This plan entails that the breadth, depth and thought-provoking nature of each 
chapter will differ with the views and inclinations of the author and the 
presentation will necessarily be somewhat uneven. Moreover, a serious problem is 
causcd by authors who deliver their manuscript late or not at  all. In order to 
overcome this problem at least to  some extent. it was decided to publish certain 
volumes in several parts, without giving consideration to the originally planned 
logical order of the chapters. If after the appearance of the originally planned parts 
of a volume it is found that either owing to  non-delivery of chapters, or to new 
developments in the subject. sufficient material has accumulated for publication of 
a supplementary volume, containing material on related functional groups. this will 
be done as soon as possible. 

The overall plan of the volumes in the series ‘The Chemistry of Functional 
Groups’ includes the titles listed below: 

Tlit Chcmistry of Alkcnes (two volumes) 
Thc Chctnistry of the Carbotiyl Group (titso volirtnes) 
Thc Chctnistry of the Ether Litiknge 
Thv Clicvnistry of the Atnino Group 
Tltc Chivnistry of t h c p  Nitro atid Nitroso Groups (t1c.o parts) 
Tlic C’hc~niistry of Carboxylic Acids atid Estcrs 
Tlic Clinnistry of tkii Carbon-Nitrogiw Doitblc Bond 
Thii Chonistry of tlic Cyatio Group 
Thc. Cliiwiistry of Atnidcs 
Tliv Chctnistry of thc Hydrosyl Groirp ( t1 t .o  parts) 
Thr Clicvnistry of the Azido Groirp 



xii Preface to the series 

The Chemistry of Acyl  Halides 
The Chemistry of the Carbon-Halogen Bond (two parts) 
The Chemistry o f  Quinonoid Compounds (two parts) 
The Chemistry of the Thiol Group (two parts) 
The Chemistry o f  Amidines and Imidates 
The Chemistry of the Hydrazo, Azo and Azoxy Groups 
The Chemistry of Cyanates and their Thio Derivatives (two parts) 
The Chemistry of Diazonirim and Diazo Groups (two parts) 
The Chemistry of the Carbon-Carbon Triple Bond (two parts) 
Supplement A: The  Chemistry o f  Double-bonded Functional Groups (two parts) 
Supplement B: The Chemistry of Acid Derivatives (two parts) 
The Chemistry o f  Ketenes, Allenes and Related Compounds (two parts) 
The Chemistry o f  the Sulphonium Group (two parts) 

Titles in press: 

Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups 
and their Sulphur Analogs 

Future volumes planned include: 

The Chemistry of Organometallic Compounds 
The Chemistry of Sulphur-corztaining Compounds 
Supplement C: The  Chemistry of Triple-bonded Functional Groups 
Supplement D: The  Chemistry of Halides and Pseudo-halides 
Supplement F: The Chemistry of Amities, Nitroso and Nitro Groups and their 

Derivatives 

Advice or criticism regarding the plan and execution of this series will be 
welcomed by the Editor. 

The publication of this series would never have started, let alone continued 
without the support of many persons. First and foremost among these is Dr  Arnold 
Weissberger. whose reassurance and trust encouraged me to tackle this task, and 
who continues to help and advise me. The efficient and patient cooperation of 
several staff-members of the Publisher also rendered me invaluable aid (but 
unfortunately their code of ethics does not allow me to thank them by name). 
Many of my friends and colleagues in Israel and overseas helped me in the solution 
of various major and minor matters. and my thanks are due to all of them. 
especially to Professor Z .  Rappoport. Carrying out such a long-range project would 
be quite impossible without the non-professional but none the less essential 
participation and partnership of my wife 

The Hebrew University 
Jerusalem, ISRAEL S A U L  P A T A I  
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1. INTRODUCTION 
The methods of synthesis and the reactions of cyclic sulphonium salts mostly 
parallel those of their acyclic counterparts. The syntheses involve mainly the 
reaction of electrophilic reagents with the nucleophilic sulphur atom of a divalent 
sulphide. The principal reactions of sulphonium Salts are displacements ( s N 1 ,  s N 2 ) ,  
eliminations, and ylide formation and rearrangements therefrom. However, there 
are significant differences between cyclic and acyclic sulphonium salts. Three- and 
four-membered cyclic salts are difficult to prepare because of their enhanced 
lability caused by ring strain. The reactions of many acyclic and cyclic sulphides 
containing a good leaving group apparently proceed by cyclic sulphonium 
intermediates, the reactions of ~-halosulphides or  mustard gases being illustrative. 
Cyclic conjugated cationic systems in which the sulphur atom participates have no 
close analogues in the acyclic systems. These conjugated systems include the 
dithioliuni, thiazolium, oxazolium, and thiapyrylium cations, the thiabenzenes 
(thiapyrylium ylides), and a variety of mesoionic compounds. Addition reactions 
are common with such systems. 

This chapter covers the synthesis and reactions of cyclic sulphonium salts, starting 
with the smallest ring size, the three-membered, and proceeding to the four-, five-, 
six- and higher-membered rings. Cyclic sulphonium cation radicals are discussed in 
Chapter 14  and will be omitted here. Cyclic sulphoxides which may be considered 
as cyclic sulphonium zwitterions, because of the polarity of the S-0 bond, for the 
most part will not be discussed. 

For a general coverage of the chemistry of cyclic sulphonium salts (included with 
other topics) the following may be consulted. 

Organic Compounds of Sulphur, Selenium and Tellurium, The Chemical Society, 
London. These biennial Specialist Periodical Reports provide coverage of recent 
work on all aspects of organosulphur chemistry. 

Saturated Heterocyclic Chemistry, Specialist Periodical Reports. The Chemical 
Society, London. 

Aromatic and Heteroaroniatic Chemistry, Specialist Periodical Reports, The 
Chemical Society, London. 

J .  P. Marino, Sulphur Containing Cations, in Topics in Sulphltr Chemistry. Vol. 1 
(Ed. A. Senning), Georg Thieme, Stuttgart, 1976, Chapter 1. 

C. J. M. Stirling, Sulfonium Sclts, in Organic Chemistry of Sulfur (Ed. S .  Oae), 
Plenum Press, New York, 1977, p. 473. 

E. Block (Editor), Reactions of Organosulfur Compounds. Academic Press, New 
York, 1978. 

B. M. Trost and L. S. Melvin, Jr.. Sitlfitr Mides, Academic Press, New York. 
1975. 

II. THREE-MEMBERED RINGS 

A. Thiiranium (Episulphonium) Ions 

1. Reviews 
Various aspects of the synthesis and chemistry of thiiranium ions have been 

reviewed’-’. In particular, the additions of sulphenyl halides to alkenes may 
proceed via these intermediates and several reviews cover these The 
intervention of thiiranium ions in reactions of 0-halosulphides has been discussed’. 
The pioneering work of Helmkamp and co-workers on the synthesis and reactions 
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of thiiranium ions has been summarized8. Several reviews of thiirans discuss 
ring-opening reactions which may involve cyclic sulphonium ions9. 

2. Theoretical 
Non-empirical SCF-MO calculations on protonated thiirans favour a sulphurane 

structure 1 over the thiiraniurn ion structure 2 in the gas phaselo. In fact, 
evidence from magnetic resonance measurements support a sulphurane structure 
4 for an adduct derived by treatment of the stable thiiranium ion 3 with 
tetraphenylarsonium chloride (equation 1) l ' .  Extended Hiickel M O  calculations 

Ph,A*S CI- 

CDJNOZ 
S+- CH3 

CH3 

(3) (4) 

support a trigonal bipyramidal structure for the sulphurane" . In solution, the 
thiiranium structure may be favoured'", and proton magnetic resonance 
measurements at low temperatures on 2-methylthiiranI2 (equation 2) and cis- and 
trans-2,3-di-t-butylthiiranI3 protonated on sulphur by fluorosulphonic acid support 
the existence of the pyramidal cis and trans derivatives 5 and 6. According to M O  

(5) ( 6 )  

calculations, thiiranium ions should have the p configuration in which the 
substituent on sulphur is perpendicular to the three-membered ring'4*15. Higher 
energy configurations at  sulphur were sp3 and sp'. It was claimed that the extension 
of the lowest unoccupied molecular orbital (LUMO) in the region of the ring 
carbon atoms determined the site at  which a nucleophile attacked, the greater the 
extension of the LUMO the greater the likelihood of attackI5. 

3. Stable thiiranium ions 
Although stable S-alkyl or S-acyl thiiranium salts may have been obtained as long 

ago as 192216 or 195817, the structures of the compounds were not determined 
conclusively. and it  was not until 1963 that Pettitt and HelmkampI8 reported stable 
thiiranium ions 7 derived from cyclooctene (equation 3). These salts were 
reported to be stable at  room temperature. 

In general. the preparations of stable thiiranium salts require low temperatures 
and the absence of nucleophilic reagents or solvents which can cause ring opening. 
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N O ?  

( 7 )  

2,4,6-( N02)3CgH2S03- 

R = Me. Et, n-Pr, n-Bu, f-Bu 

The preparative methods fall into three categories: 

R2S+), to an alkene (equation 4). 
(j) The addition of RS+ or ArS+ derived from RSX or ArSX (X = Hal, ArS03, 

R 2  
+ R 1 \  / 

R4/c=c \R3  

R 

(4) 

(2) The reaction of the sulphur atom of an S-alkyl- or arylthio group with an 
electron-deficient carbon centre appropriately situated for three-membered ring 
formation via participation of the unpaired electrons on the sulphur atom 
(equation 5 ) .  

R 

(3) The alkylation (or protonation) of the sulphur atom in a thiiran (equation 6 ) .  
The above three methods will be discussed in turn. 

S 

Reagents RSX, where X represents a good leaving group. are capable of 
attacking alkenes to give thiiranium ions. The leaving group, X, if it is not to be 
removed completely from the reaction mixture, should be of low nucleophilicity to 
avoid ring opening of the thiiranium ion. The system used by Pettitt and 
Helmkarnp'8 illustrates this point. They converted an alkanesulphenyl bromide, in 
which the bromide ion, while a good leaving group, is also a relatively good 
nucleophile, to an alkanesulphenium 2,4,6-trinitrobenzenesulphonate in which the 
arylsulphonate ion is a much poorer nucleophile (equation 7). This stand-in for 
RS+ reacted with cyclooctene as described above. Unfortunately, the reaction with 
cyclohexene resulted only in tar formation. 

The  reagent, ArS020SR,  on the basis of conductivity and proton magnetic 
resonance data, is believed to furnish a complex 8 with acetonitrile, but in the 
absence of acetonitrile its low conductivity and reactivity suggests the covalent 
structure (or an intimate ion pair) given in equation 7". 

Thiiranium ions stable in solution for several hours at -20 to -50°C are 
obtained by treating alkenes with sulphenyl chlorides or bromides and silver 
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NO2 
/ 

RSBr + 0 2 N e S O 2 O A g  - ArS020SR (7) 

+ 
RSN =CCH3 ArS03- 

(8 ) 

tetrafluoroborate or hexafluoroantimonate in non-nucleophilic solvents (SO2, 
CH2C12, CH3N02, CICH2CH2Cl) (equation 8)20-22.30. A hexachloroantimonate salt 
also was obtained from 2-methylpropene, benzenesulphenyl chloride and antimony 
p e n t a ~ h l o r i d e ~ ~ .  

R 

Carbon magnetic resonance spectra of several of the thiiranium 
hexafluoroantimonates showed considerable deshielding (20-39 p.p.m.) of the ring 
carbons compared with the respective covalent t h i i r a n ~ . ~ ~  Thijranium ions also may 
be made by the addition of alkylthiosulphonium salts (R2SSR)’9*24.25 to alkenes 
(equation 9)26-28. The  2,4,6-trinitrobenzene~ulphonate~~*~~ and hexachloroantimon- 
ate25 salts have been used. Thiiranium hexachloroantimonates are said to be 
stable for several weeks at  -10°C if moisture is excluded. An alternate method 
of preparation of dimethylmethylthiosulphonium hexachloroantimonate is by 
treatment of methanesulphenyl chloride and dimethyl disulphide with antimony 
p e n t a c h l ~ r i d e ~ ~ .  

The proton n.m.r. spectra of these salts show singlets at 6 2.4-2.7 p.p.m. for the 
S-methyl protons, Protons on the ring carbons appear at 6 3.6-4.3 p.p.m. Only one 
isomer (rruns-S-methyl) is obtained from cis-alkenes. 

Another method for the preparation of relatively stable thiiranium ions involves 
treatment of P-halothioethers (usually prepared by addition of a sulphenyl halide to 
alkenes) with silver or  antimony salts (equations 10 and 1 1)18.2c23.29-32. 

1-Methyl- and I-phenylthioniacyclopropane are ‘stable’ in the gas phase with 
lifetimes greater than lop5 s33. They are generated by electron impact from 
P-methyl- or  P-phenylthioethyl phenyl ether. Their collisional activation spectra 
have been studied. Cyclic C2HSS+ ions (protonated thiirans) have been detected in 
the collisional activation spectra of cation radicals of t h i o l ~ ~ ~ .  

Alkyl iodides, which are used widely to prepare sulphonium ions from sulphides, 
cannot be used to prepare thiiranium salts by alkylation of thiirans because of the 
high nucleophilicity of iodide ion, which leads to ring opening (see reference 16 for 
a possible exception). The development of alkylating agents such as 
trimethyloxonium salts and methyl fluorosulphonate. which yield poorly 
nucleophilic anions [e.g. BF; 2,4,6-(NO2)3C6H2SOy, FSO?], has led to the 
synthesis of several thiiranium cis-2.3-Di-t-butylthiiran is methylated by 
methyl fluorosulphonate (equation 12), but the trans isomer, cyclohexene 
episulphide and 2,2,3.3-tetramethylthiiran are not”. The cis-di-r-butyl salt is very 
sensitive to moisture and decomposes on standing at  room temperature. 
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CHB ^. I -  

Cyclooctene episulphide is rnethylatedls or ethylateds by trimethyl- or 
triethyloxonium 2,4,6-trinitrobenzenesulphonate. 

Protonation of the sulphur atom of 2-methylthiiran, tetramethylthiiran, cis- and 
trnns-l,2-di-t-butylthiiran and the oxygen atom of thiiran 1-oxide by fluorosulphonic 
acid yields thiiranium ions observable at low temperatures by proton magnetic 
resonance s p e c t r o ~ c o p y l ~ * ~ ~ .  In the cis-di-r-butylthiiran, protonation occurs 80% at  
the side opposite the bulky 1-butyl groups (equation 13), whereas alkylation 
apparently occurs 100% at that sidei3. 

80% 20% 

4. Thiiranium ions as intermediates in reactions 
Thiiranium ions long have been postulated as intermediates in the very reactions 

which ultimately have yielded stable salts as described in Section 3: additions of 
RSX to carbon-carbon double bonds, reactions of thioethers substituted in the 
P-position with a good leaving group, and the reactions of thiirans with electrophilic 
reagents. 

Ionic additions of sulDhenv1 halides, RSCl, RSBr35-39, AcSSC140. 
(Me0)2P(0)SC141, C1SCN42, Sk1240..i3.44, Me2NSC145) to alkenes is usually interpreted 
on the basis of thiiranium ion intermediate~l-~,  although under certain conditions 
sulphuranes may be formedSc-3".46.47. The addition of RSX is usually t r a n ~ ~ ~ . ~ ~ . ~ ~ ,  and 
the thiiranium ion intermediates derived from bicyclic alkenes possess the ex0 
configuration (equation 14)5@52, except for 7,7-dimethylnorbornene where a methyl 
group at the 7-position forces endo attack by the sulphenyl chlorides3. 

The trans stereospecificity of addition may be lost if an open carbonium ion 
intervenes in the product-determining step46.47.54. Both Markovnikov and 
anti-Markovnikov regiospecificity for additions of RSX (RS+ and X-) to alkenes is 
observed (equation 1 5)30.3Mi.52.55.56. The anti-Markovnikov product may sometimes 
be isomerized to the Markovnikov product52.5s.s6, particularly if acid is present, and 
this potential isomerization should be taken into account in the evaluation of 
isomer ratios. 

The regioselectivity of nucleophilic attack on thiiranium ion intermediates 
(equation 15) depends on steric and electronic factors. A bulky R' group results in 
more anti-Markovnikov produ~t~ ' .~~- ' ' .  Addition of 4-chlorobenzenesulphenyl 
chloride to cis-1.2-r-butylethylene is cn. 7 x 10' times faster than that to 
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R R R 
I I I &- -&-+A R’ R’ R ’  

X- X- X- 

(15) 
X SR 

I - R S C H ~ C H R ’  + X C H ~ C H R ’  
I 

I CH~=CHR’ + RSX - 

Markovnikov product anti-Markovni kov product 

trans-l.2-di-t-b~tvlethvlene~~. Less steric hindrance was believed to occur in 
transition state 9 than in 10 since in 

C P  

10 the aryl group and a t-butyl group are in 

C P  

ti H 

close proximity. However, additions to trans-1 -arylpropenes were ca. 5 times faster 
than to the corresponding cis derivatives and a charge-transfer interaction was 
suggested in order to explain the results6’. The cis isomers of simple 
alkyl-substituted ethylenes reacted ca. 12-59 times faster than the trans isomers6’. 
These, however, were not as sterically hindered as the 2,3-di-t-butylethylenes. 

The importance of steric factors in affecting nucleophilic attack on thiiranium 
ions has perhaps been overemphasized since the addition of acetate ion or other 
nucleophiles to pre-formed sulphonium ions (equation 16) in liquid sulphur dioxide 
shows predominantly Markovnikov regiosele~t ivi ty~~,  in contrast to the additions of 
arenesulphenyl chlorides, ArSCI, which show mainly anti-Markovnikov 
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Ar 

0 Ac 
AcO- I 

SbF6- - CH3C-CHzSAr 
C H 3 A  R A I (16) 

R = H, CH3 

regioselectivity. Sulphurane intermediates were favoured over thiiranium ions for 
additions of sulphenyl halides to olefins in non-polar media30. 

A substituent R1 (equation 15) which is good at stabilizing a positive charge 
gives more Markovnikov product, either because of greater development of positive 
charge on the substituted ring carbon in the transition state or because a fully 
fledged carbonium ion intermediate46.47.54 is formed from the thiiranium ion (or 
sulphurane). That ‘open’ carbonium ions occur after the rate-determining formation 
of the cyclic thiiranium ion is supported by the observation that while the 
stereospecificity and regiospecificity of addition of 2,4-dinitrobenzenesulphenyl 
chloride to cis- and trans-1-arylpropenes vary depending on the substituents on the 
aryl ring of the alkene, a linear Hammett plot relating the logarithm of the rate 
constant for addition with the Hammett substituent constants is obtained (p = -2.7 
for the cis- and -3.7 for the t rans-pr~penes)~~.  The product stereochemistry with 
electron-withdrawing substituents is stereospecific but non-regiospecific, as expected 
for an attack by the nucleophile on a thiiranium ion; that €or electron-donating 
substituents is non-stereospecific but regiospecific, as expected for an ‘open’ 
carbonium ion. The  Hammett correlation shows that the product-determining steps 
for these arylpropenes are independent of the rate-determining step (thiiranium ion 

R 

Ar electron- withdrawing 
stereospecific-trans attack 
non-regiospecific-paths a 
and b both likely 

A r  electron donating 
non-stereospecific-paths 
d and e both likely 
regiospecific- Ar stabilizes 
only one of two possible ions 

SCHEME 1 
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formation), which is a smooth, linear function of the electronic effect of the 
substituents. The discontinuous nature of the product-forming step as a function of 
the substituent on the aryl ring is summarized in Scheme I .  

The formation of an 'open' carbonium ion intermediate also seems to depend on 
the counter ion of the thiiranium salt. One commonly used criterion for the 
intervention of carbonium ions is the observation of rearranged products. 
Formation of a carbonium ion adjacent to the carbinol carbon in the allylic alcohol 
11 would be expected to lead to a rearranged product analogous to that expected 
from a pinacol-pinacolone rearrangement. Although 11 gave only the products of 
addition to the double bond under the usual conditions (only a trace amount of 
rearranged product was formed), in the presence of perchlorate ion up to 51% of 
rearranged product was obtained (equation 17)6244. Aryl groups substituted with 
electron-donating substituents (e.g. p-CH30C6H4) gave rearrangement even in the 
absence of perchlorate ions although more occurred in their presence. 

- 1 

PhSCl 

HOAc, 25OC 

clod- 

OH1 CH3 
I 1  PhfCl 

HOAC 

25OC 

CH3-C-C=CH2 - 
I 
Ar 

(11) Ar = o-ciC~H4- 

- 

I 
OH SPh OH CI 
I I  
I I  

CHJ-C-CC-CH~CI + CH3 

Ar CH3 Ar CH3 

0 CH3 
I I  I 

I 
CH3C-C-CH2SPh 

Ar 

In the absence of perchlorate ions, it is possible that the more nucleophilic 
chloride ion reduces the positive charge on the intermediate either by sulphurane 
formation or electrostatically in an intimate ion pairsc.E, thus decreasing the tendency 
for rearrangement. In the presence of perchlorate ions, intimate ion pairs with 
chloride ion may give way to solvent separated ion pairs and the sulphuranes may 
dissociate6244. The greater polarity of the medium caused by addition of 
perchlorate salts would favour dissociation of the sulphurane or intimate ion pair, 
preparing the way for rearrangements. A concerted process from the trigonal 
bipyramidal sulphurane to the unrearranged, normal products has been discussed6). 
The favoured sulphurane structure had chlorine and one ring carbon apical6). 
Lithium perchlorate has been used to facilitate the addition of nitriles to the 
intermediates (equation 18). In the absence of perchlorate ions only the 
p-chlorosulphide is obtained6s. 

Certain electron-withdrawing substituents (R1, e.g. COCl, COOCH). CN) cause 
considerably more of the Markovnikov product to be formed (equation 1 9)56.66.67. 
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(38%) 

R’  = COCl 94 6 

COOCH3 83 17 

CN 51 49 

The result was interpreted on the basis of a special interaction of the substituent 
with the attacking chloride ion as has been proposed to explain the high reactivity 
of a-halocarbonyl compounds to nucleophiles68. 

Substituents on sulphur exert an influence on the rates of formation and on the 
relative stabilities of thiiranium ions formed by addition of sulphenyl derivatives to 
alkenes. As mentioned previously, the substituent on sulphur tends to be oriented 
away from bulky substituents on the alkene (see 9 and 10)13*60. Electron- 
withdrawing substituents on sulphur tend to destabilize its positive charge in the 
thiiranium ion. The transition state for nucleophilic attack is shifted to  one with 
more positive charge residing on carbon and, thus, more Markovnikov product 
is Electron-donating substituents which can stabilize a positive 
charge on sulphur facilitate the addition of sulphenyl halides to a l k e n e ~ ~ ~ . ~ ~ .  The 
electron-deficient sulphenyl halide, pentafluorobenzenesulphenyl chloride, does not 
react with electron-deficient alkenes such as  a~ ry lon i t r i l e~~ .  

Sulphenyl halides can be generated by the action of halogen on disulphides; if 
the disulphide has a double bond located conveniently for intramolecular reaction 
with the corresponding sulphenyl halide, cyclizations may occur via thiiranium ion 
 intermediate^^^.^^. A synthesis of a thiaprostacyclin derivative was achieved by this 
route (equation 20)74. 

Similar cyclizations via sulphenyl derivatives have been observed in reactions in 
the penicillin and cephalosporin series (e.g. equation 2 1)75-7y. 
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The intramolecular addition of a sulphenamide to a carbonxarbon u u b l e  bond 
may proceed via a thiiranium ion (equation 22)80. 

Ts 
1 

N HTs NTs AH 

h e a t .  &c: - CH3 - 
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Intermediate thiiranium ions may occur upon protonation of a double bond in 

The  second type of reaction in which thiiranium ions are believed to be 
intermediates involves sulphides with a good leaving group in the i3-position which 
provided some early instances of neighbouring group participation (equation 
24)84*85. Much interest in these compounds arose because of their physiological 
properties as mustard gases. 

R R R 

\ \s R 2  
NU:  I / 3 +  

's R2  

R '  '~-CAR I / 3 -- R I A 2  - 1,C-CAR 
R4' I R d  I 

X R4 R3 R4 Nu 
X- 

(121 

R 

The consequences of p-sulphur atom participation in nucleophilic displacements 
(equation 24) are  (i) usually an increase in rate compared with a 
non-sulphur-containing model compound, (ii) essentially retained stereochemistry at 
the carbon atom bearing the leaving group X (as in 12), and (iii) occasional 
rearrangement (as in 13) or elimination, depending on the structure of the substrate 
and thiiranium ion intermediate. 

Large rate enhancements may attend the formation of a thiiranium intermediate 
in these systems. In 3-substituted 2-a-5-epithio-5-a-cholestane, which has a sulphur 
atom bridged between the C(Z) and C(S)  positions, the rate enhancement of 
solvolysis of the 3-0 isomers (bromide or mesylate) in aqueous dioxan containing 
sodium acetate may be as great at 10" 86. Participation by sulphur can occur with 
the 3-p but not with the 3-u derivative. Retention of configuration at C(3) is 
observed in solvolysis of the 3-8 compounds (equation 25). 

Other examples of rate enhancements by a neighbouring sulphur atom which 
may involve thiiranium ions demonstrate that the importance of sulphur 
participation decreases if the carboniurn ion formed by cleavage of the C-X bond 
is stabilized by other substituents. The solvolyses in 80% aqueous acetone of some 
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p-nitrobenzoate esters demonstrates this point as the rate differences between 14 
and 15 and between 16 and 17 showg7. 

(14) (15) (16) (17) 

kxls 5 . 9 x  106 1 k x l  91 1 

Acetolysis of chloromethylthiiran or 2-chloroethylmethyl sulphide shows a 
common ion rate depression supporting the presence of an intermediate; in the case 
of chloromethylthiiran, a rearranged product was obtained (equation 26)g8. 

- [d 1 (Et0)2PS * i DS (26) 

However, in the acetolysis of 2-endo-chloro-7-thiabicycloheptane, no chloride ion 
rate depression was observed although the endo isomer reacted 5 x lo9 times faster 
than the exo isomer. A sulphurane with a bound chloride ion was suggested in 
order to explain the lack of rate depression by chloride ions (equation 27)g9. 

Rearrangements involving thiiranium ion intermediates may manifest themselves 
as a migration of an alkylthio group (e.g. equation 28)90-92, ring expansion 
(equation 29)93, or ring ontraction (equation 30)". 

s 
I I  - 

(Et0)2P--S &CH.CI 

= 

CI- CI 
+ I 

-c I 

r -l 

C H ~ S C H Z ~ ~ C H ~ O H  7 Ph3P 1 C r  1 - CH3SCH213CH2CI + CH3S13CH2CH2CI 

(28) 
b C  H 
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Eliminations also may occur via a thiiranium ion (equation 3 1)95. 

(31 1 0 \**'I r-Collldlne [ 9;- J 2 8 
Evidence for an unusual sulphurane intermediate 18 was obtained by carbon 

magnetic resonance spectra of a mixture of 2,6-dichloro-9-thiabicyclo[3.3.l]nonane 
and fluorosulphonic acid in liquid sulphur dioxide at low temperatures (equation 
32)96. Only four carbon resonances were observed at -60°C; at -30°C formation 
of the thiiranium ion occurs. 

r 1 

A carbene or carbenoid centre f3 to a sulphur atom can lead to formation of 
thiiranium ylides. Several reactions have been suggested to involve these 
intermediates (e.g. equations 33 and 34)97-'00. 
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A thiiranium ion has been suggested as an intermediate in the silver-ion catalysed 
rearrangement of 19 to  20 (equation 35)'O'. Here, the silver ion plays a role in 
generating an electron deficiency in proximity t o  a sulphur atom. 

T h e  third type of reaction in which thiiranium ions have been suggested as  
intermediates is found in reactions of electrophilic reagents with thiirans. Such an 
intermediate ion may occur in the reaction of methyl iodide or iodine with 
cis-l,2-dimethylthiiran, which yields cis-2-butene (equation 36)Io2-'O4. 

3 

y 3  1- 

CH3 

/ 
-I- CH3SI 

H\ /H c=c 
CH3' 'CH3 

Addition of trimethyloxonium 2,4.6-trinitrobenzoate to  cyclooctene episulphide 
also yields ring-opened products26. 

T h e  reaction of a - c h l o r o e t h e r ~ ' ~ ~ ,  a-haloaminesIo6, and trityl cationsIo7 with 
thiirans also may involve thiiranium ions, as may the acid-catalysed ring opening of 
t h i i r a n ~ l ~ ~ . ~ ~ ~  and the reaction of thiirans with electron-deficient carbonyl 
compounds (e.g. CF3COF, equation 37)"0."1. Thiiran S-oxide undergoes alkylation 
at oxygen with a-chloroethers to  give oxythiiranium ions'12. Carbenes effect 
desulphurization of thiirans, possibly via thiiranium ylides (equation 38)'13. 

Finally, it may be noted that photolysis of cyclic compounds with a sulphur atom 
in proximity to an unsaturated site yields products often rationalized on the basis of 
intermediate thiiranium ions (e.g. equations 3941)"6"'. 
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5. Reactions of thiiranium ions 
In this section reactions at carbon of thiiranium ions will be discussed first, and 

then reactions at sulphur. 
Equation 42 summarizes the ring-opening reactions of thiiranium ions involving 

reaction at carbon. The regioselectivity and the stereochemistry of reactions of 
thiiranium ions with nucleophiles have been discussed in Section 4. Occasionally, a 
fluoride ion originating from the tetrafluoroborate ion intervenes in the capture of 
a thiiranium ionzo. Some variation in regioselectivity of attack dependent on the 
nature of the nucleophile has been observedz2. Nucleophilic attack apparently can 
occur readily even at  a neopentyl carbon if it is a member of a thiiranium ring13. 
The stereospecificity of the ring opening and lack of rearrangement seems to weigh 
against an open carbonium ion intermediate (equation 43). 

R 

NU: / 
R 
\ 
S R2 .’-st-”” 
R4 Nu 

Chloride and bromide ions demethylate S-methylthiiranium salts, derived from 
adarnantylideneadamantane, to give the thiiranZZb; this reaction is the first of its 
type. 

Rearrangements can occur via the open carbonium ion (e.g., equation 44)”, and 
oligornerization can occur by reaction of the open ion with a molecule of alkene 
(e.g. equations 45 and 46)20.1z0. 

A neighbouring nucleophilic centre may intramolecularly attack a thiiranium ion 
to give rearranged products (e.g. equations 47 and 48)3L.J3.L06.’zL-L2J. 

Thiiranium ylides are unstable and decompose to a variety of products (e.g. 
equations 33, 34, 38 and 40)y7-100.L13.115 and. as noted in Section 4, alkenes may be 
produced in eliminations involving thiiranium ions (equation 3 1)”~9s.’”’-127. 

Sulphur as well as the ring carbons of thiiraniurn ions may be attacked by 
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CH3 CH3 

nucleophiles, and sulphurane intermediates may result (e.g. equation 1). The 
sulphurane 4, according to the proton magnetic resonance spectrum, is stable at 
-5°C for at  least 30 minl'. Decomposition to the ring-opened product occurred on 
warming the solution of 4 to room temperature or on addition of excess of chloride 
ions, even at -5°C (equation 49). 

The stable cyclooctyl thiiranium ion 3 reacts with a variety of nucleophiles to 
yield cyclooctene (equation 50). Only with acetate ion was attack on carbon 

This desulphurization has been interpreted as proceeding either 
through a sulphurane intermediate or an Sd-like displacement on sulphur'R.128. 
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(49) 

+ 
CH3S-P(n-Bu)3 ArS03- 

+ 

The generation of RSNu from the action of nucleophiles on thiiranium salts has 
been demonstrated by isolation or by trapping experiments with cyclohexene and 
other a l k e n e ~ ~ ~ ~ ~ * ~ * ~ ’ ~ ~ .  The ring size of the parent cycloalkene is important in 
determining the ease of attack on sulphur. Nine- and eight-membered rings are 
superior in this respect to seven- and five-membered rings which, in turn, are better 
than six-membered rings12y. However, no evidence for sulphurane formation was 
obtained in the reaction of l-methylcis-2,3-di-t-butylthiiranium fluorosulphonate 
with chloride ions: no methanesulphenyl chloride was trapped by cyclohexene 
and there was no reaction between methanesulphenyl chloride and cis-l,2-di-t-butyl- 
ethylene13. The only product was 0-chlorosulphide from attack of chloride ion on 
carbon. 

Attack on  sulphur of thiiranes by carbenes yields thiiranium ylides which, as 
mentioned in Section 4, decompose to the alkene and a thiocarbonyl compound 
(equation 38)Il3. This decomposition can be considered a displacement on sulphur 
by the pair of electrons on carbon in the thiiranium ylide (equation 51). 

6. Thiirenium Ions 

1. Re views 
Thiirenium ions. both stable and as intermediates in reactions, have been 

reviewed1.4.Sb.130. 

2. Theoretical 
An early theoretical paper touched briefly on thiirenium ions as a member of a 

class of potentially heteroaromatic compounds containing three-membered rings131a. 
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Molecular orbital calculations on S-protonated thiiren indicate that a pyramidal 
configuration is more stable than other conf igura t i~ns '~ '~ .  The barrier to inversion 
at sulphur was calculated to be 72.9-85 kcal mol-' 132-134. The barrier to 
interconversion to an open-chain valence tautomer also was calculated, the 
thiirenium ion being 66 kcal mol-' more stable (equation 52)135. 

3. Stable thiirenium ions 
The first stable thiirenium ions were prepared by treatment of acetylenes with 

methanesulphenyl chloride in the presence of antimony pentachloride at  - 120°C 
or  by treatment of acetylenes with methyl(bismethy1thio)sulphonium hexa- 
fluoroantimonate at low temperatures (equation 53)'36-137. The di-t-butyl 
derivative can be precipitated from pentane as white crystals, m.p. 151-152"C, 

y 3  

R C E C R  + (CH3S)2SCH3 + SbC16- 5 0 2 ,  & b c 1 6 - -  

R 
(53) 

R = CH3,C2Hg,(CHg)3C- 

stable a t  room t e m p e r a t ~ r e ' ~ ~ .  The trimethyl thiirenium salt is unstable above 
-40°C. An X-ray analysis of l-methyl-2,3-di-t-butyl-2-thiirenium tetrafluoroborate 
shows the configuration about the sulphur atom to be pyramidal138. The stable 
tetrafluoroborate was prepared by addition of methanesulphenyl chloride to 
di-t-butylacetylene at  -60°C followed by treatment with silver t e t r a f l~o robora t e '~~ .  
The initially formed chloride salt was stable for several days in liquid sulphur 
dioxide but decomposed slowly in methylene chloride. Earlier, stable thiirenium 
ions were observed by proton and carbon magnetic resonance t e c h n i q ~ e s ' ~ ~ .  In 
the carbon magnetic resonance spectrum (acetone-d6, - 60°C) of the trimethyl- 
thiirenium cation139 the ring carbons show resonance at  6 103.1 p.p.m. and 
the methyl carbon on sulphur shows a resonance at  6 25.1 p.p.m. relative to the 
tetramethylsilane; the carbon magnetic resonance spectrum (CD2C12, room 
temperature) of the l-methyl-2,3-di-t-butyl cation'36 shows absorption of the ring 
carbons at 6 115.1 p.p.m. and the methyl carbon on sulphur absorbs at 6 30.6 
p.p.m. and the methyl groups on the ring at 6 9.1 p.p.m. The proton magnetic 
resonance spectra of the S-methyl protons show absorption at  6 2.51 p.p.m. for the 
trimethyl derivative'jy and at  6 2.62 p.p.m. for the. di-t-butyl d e r i ~ a t i v e ' ~ ~ .  

4. Thiirenium ions as intermediates in reactions 

Additions of sulphenyl halides (CH3SCl, ArSCI) and sulphur d i ~ h l o r i d e ' ~ ~  to 
acetylenes are often interpreted on the basis of a thiirenium ion as  an intermediate 
although sulphuranes also may be involved. A kinetic study by proton magnetic 
resonance and conductance methods of the addition of alkyl and aryl sulphenyl 
chlorides to acetylenes in liquid sulphur dioxide at  -67°C indicated a two-step 
process, a fast step involving formation of a thiirenium ion followed by a slow 
attack of chloride ion to give trans ( E )  products. The intermediacy of a sulphurane 
was considered, particularly in less polar solvents (equation 54)14'. 
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R R 

RSCI c R ’ C = C R ~  v 
R’ 

From data on the effect of substituents on the rates of reaction of arylacetylenes 
with p-chlorophenylsulphenyl chloride, it was concluded that the positive charge in 
the thiirenium ion was delocalized into the aryl x-orbital system as in 1914*, 
although in reactions with 2,4-dinitrobenzenesulphenyl chloride an opposite 
conclusion was reached, the aryl x-orbital system being conjugated with the double 
bond of the thiirenium ion as in 20143. 

Ar 

Olefinic compounds with a good leaving group at  one terminus of the 
carbon-carbon double bond, and a trans-thioalkyl or -thioaryl group at the other 
terminus, can undergo loss of the leaving group with formation either of a vinyl 
cation or a thiirenium ion (equation 55). Chemical, stereochemical, and kinetic data 
have been used to support the intervention of thiirenium ions in these 
 reaction^'^"'^^. 

- c=c ,c=c - (55) 
+ R: ,c=c /x 

RS ‘R2 RS ‘R2 I R1/ \SR 
R 

In solvolysis of 14C-labelled vinyl derivatives, the two vinyl carbon atoms were 
shown to become equivalent, evidence which supported a symmetrical intermediate 
such as a thiirenium ion (equation 56)145. 

Ph OSOpR \c- 14 / 

P h d  ‘Ph 
- c  phY’ph = 

I 
Ph 

(56) 

The trans (E) stereochemistry of attack by a nucleophile also is consistent with a 
thiirenium ion intermediate (equation 54). 

Large rate enhancements in solvolysis are caused by the presence of a 
p-trans-thioalkyl or -thioaryl group in vinyl sulphonate esters. e.g. the solvolysis of 
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21 in methanol-nitromethane at 25°C is 37,000 times faster than that of 22lS0. Such 
large increases in rate imply neighbouring group participation by sulphur and are 
consistent with the formation of a thiirenium ion. 

CH3 ,OS02Ar CH3, /OS02Ar 

‘c=c, ,c=c \ 
CH3 

/ 
CH3S CH3 CH3 

(21 1 (22) 

Another finding in favour of thiirenium intermediates was the obtention of the 
same product composition (same proportions) from treatment of mixtures of 23 and 
24 with hydrogen chloride as  from treatment of acetylene 25 with benzenesulphenyl 
chloride (equation 57). The same intermediate thiirenium ion was postulated for 
both  reaction^'^'.'^^. 

I 
s+ ci- CHC13 

Ar /SPh Ph SPh - PhC3CAr  4- PhSCl nci - \ /  

‘Ph Ar’S020 \Ar Ph (25) 
\c=c + ,c=c CHCl j  AAr 25’C / 

Ar’S020 

t 

SPh PhS Ar 

CI’ \Ar Ph ‘CI 

An example of a 1,2-thiirenium ion postulated in a reaction of a different type 
from those discussed above is the one proposed as an intermediate in the 
photochemically induced rearrangement of mesoionic compound 26 (equation 
58)’53. 

- (58) 

-0 “CH3 Ph &H3 ,N-CH3 CH3 

ph2=fscH3 
h v  

- /  
(26) c=o 

5. Reactions of thiirenium ions 
Some reactions of thiirenium ions have been mentioned above. To summarize, 

ring-opening reactions occur via attack on either carbon or on sulphur. Sulphurane 
intermediates (equation 54) and open vinyl cations (equation 56) may also be 
involved. 

The attack of a nucleophile at a ring carbon atom of the thiirenium ion may 
occur either at the least sterically hindered site’” (the product being designated as 
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anti-Markovnikov) or at the site most able to stabilize a positive charge154-155 (the 
product being designated as Markovnikov). The trans ( E )  product is observed. 
S-Aryl derivatives are more reactive to ring opening than S-alkyl derivatives, 
presumably because of resonance of the lone-pair electrons of sulphur in the 
ring-opened sulphide with the  aryl ring14'. The anti-Markovnikov mode of attack 
seems to be preferred in weakly polar solvents (in which sulphurane formation may 
be a complication), in systems in which the substituent on sulphur is capable of 
stabilizing its positive charge, and in systems in which one carbon site is not 
hindered sterically. The second factor does not seem particularly important except 
with o-nitro- and 2,4-dinitrobenzenesulphenyl chloride additions to acetylenes in 
which the destabilizing effect of the electron-withdrawing nitro groups on the 
positive sulphur atom (and the stabilizing effect on neutral sulphur) leads to more 
Markovnikov addition'56. Steric hindrance is not completely effective in blocking 
attack at  a vinyl carbon of a thiirenium ion since l-methyl-2,3-di-r-butylthiirenium 
chloride in methylene chloride readily yields the vinyl chloride of the E 
configuration (equation 59), although in liquid sulphur dioxide this di-t-butyl salt 
seems much more stable than the trimethylthiirenium derivative 136.139. 

The Markovnikov mode of attack is preferred for thiirenium ions in which more 
positive charge may be developed on carbon or where there is hindrance to 
nucleophilic attack. Polar solvents seem to favour Markovnikov addition15' and the 
extent of this mode of addition of p-toluenesulphenyl chloride to phenylacetylene 
increases more in accord with the measure of polarity of solvent, ET158,  rather than 
dielectric constant, D (equation 60). 

SAr 
/ 

ArS, H Ph\ 
ArSCl + P h C E C H  - c=c/ + 

Ph' %I 
(60) 

anti-Markovnikov Markovnikov 
Solvent D ET product product 

EtOAc 6 38.1 100% - 
CHC13 4.7 39.1 65% 35% 

HOAc 6.2 51.9 29% 71 % 

Nucleophilic attack on sulphur by chloride ion with the formation of sulphenyl 
chloride and an acetylene has been observed (equation 61)152. The sulphenyl 

Ph 
I s+ CI- 

Ph ,SPh - - Ph-CGC-Ph + PhSCl (61 1 
ArS020  ' \Ph Hc" Ph APh 

\c=c 

Ar = 2,4,6-(N02)3C6H~- 

chloride could be trapped by addition to bis-p-tolylacetylene. The ratio of attack at  
sulphur to attack at carbon was estimated at 1:101s2t. A sulphurane intermediate 
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has not yet been detected in reactions of thiirenium ions, although evidence for 
them has been obtained in reactions of thiiranium ions”. 

C. 1,2-Dithiiranium Ions 
These ions have been suggested as intermediates in several  reaction^'^^^'^^, 

e.g. equations 62I6l and 63162. 

A+ - N’ A S 

* H  -P 
N/ S-S 

-s 

Ar 

NU : + R’ Ar-S - -2s 

Anode * A r - $ X R 2  Ar / 

111. FOUR-MEMBERED RINGS 

A. Saturated Rings 

1 .  Reviews 
Two reviews on thietanes have touched briefly on cyclic, four-membered 

sulphonium s a l t ~ ’ ~ ~ J ~ .  

2. Stable thietaniurn salts 
Treatment of thietane with methyl iodide originally was believed to yield a 

bis-methylated thietanium salt’65, but subsequently it was shown that ring opening 
had occurred and that the compound obtained was dimethyL(3-iodopropy1)- 
sulphonium iodide166. 

Relatively stable, simple thietanium salts have been prepared by alkylation of the 
corresponding thietanes with trimethyloxonium fluoroborate a t  low temperatures 
(equation 64). Salt 27a is reported to be a white solid which decomposes on 
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~ a r m i n g ' ~ ~ * ' ~ * ,  but 27d is reported to have a melting point of 156-158"C*69. A 
brief mention of the 3-ethylthietanium salt was made, but details of its preparation, 
presumably via triethyloxonium fluoroborate, were not given169. 

The proton magnetic resonance spectra of these salts show absorption for the 
S-methyl protons a t  6 2.75-3.25 p.p.m. and for the ring protons adjacent to sulphur 
at 6 3.674.63 ~ . p . m . ' ~ ~ .  S-Protonated thietane has been observed at  -60°C by 
n.m.r. techniques. The S-H proton absorbed at 6 7.40 p.p.m. as a multiplet and 
the ring protons were observed as multiplets at  6 3.204.40 p.p.m.'2. 

Ionization of sulphurane 28 to a thietanium salt at  -40 to -20°C was indicated 
by the collapse of the two doublets observed in the I9F n.m.r. spectrum (equation 
65) 'O. 

128) 

Stable S-ethoxy171, S - m e t h o ~ y ~ ~ ~ ,  and S-aminosulphonium salts'73 have been 
obtained (equations 6558) .  

(671 

(77%) 
\ 

CH3 

A stable spirosulphonium dibromide 29 has been reported174 

Br-S + w - B r  2Br- 

3. Thietanium ions as reaction intermediates 
Treatment of thietanes with electrophilic reagents in the presence of nucleophiles 

leads to ring-opened products by way of intermediate thietanium ions16*166.175. The 
reaction of ally1 bromide with thietane is part of a synthetically useful procedure in 
the preparation of five- and eight-membered rings (equation 69)176.177. The 

S- i-Pr2NLI ~ ("Y" cs + eBr - 



414 Donald C .  Dittmer and Bhalchandra H. Patwardhan 

reactivity of thietane to the trityl cation is greater than that for the corresponding 
five- and three-membered heterocycles107. 

Intramolecular examples of the formation of thietanium ions as intermediates 
have been r e p ~ r t e d ~ ~ . ' ~ ~  (e.g. equation 70)17y. 

The tendency for thietanium ion formation from y-halosulphides is 

(70) 

much less 
than that for ihiiranium or  thiolanium ion formation from 0-halosulphides and 
6-halosulphides, r e s p e c t i ~ e l y ~ ~ ~ ' ~ ~ . ~ ~ ' .  Carbonium ion formation y to a sulphide 
function or introduction of a superior leaving group at that position may be 
effective in promoting thietanium ion f o r m a t i ~ n ' ~ ~ . ~ ~ ~  (e.g. equation 71)Ig4. 

n 

The cationic polymerization of thietanes by triethyloxonium fluoroborate involves 
ring opening of an initially formed S-ethylthietanium ion by nucleophilic attack by 
the sulphur atom of another molecule of thietaneIss. Intermediate thietanium ions 
also may undergo ring cleavage by way of an elimination reaction (equation 72)'86. 
Chlorine and bromine react with thietanes to yield sulphenyl halides via cyclic 
S-halosulphonium ions'64. 

CH3' H3 I- -HI q c H 3  0 (72) 0 -0 
R2 COOCH3 ~2 COOCH3 R2 COOCH3 

Reaction of dimethyl diazomalonate with thietane yields a polymer, probably via 
the ylide 30; in the presence of copper(I1) sulphate a 26% yield of a 
tetrahydrothiophene is obtained (equation 73)'87. Ylides also may be formed by 

c(COOCH3)2 

cs + N2C(COOCH3)2 7 cusoq L;' - pJ(COOCH312 (73) 

(30) 
interaction of a sulphur atom with a neighbouring carbenoid ~ e n t r e ~ ~ . ~ ~ * . ' ~ ~ .  
Formation of a bicyclic ylide from 31 did not appear to occurIyo. 

Thietanium ion intermediates have been suggested as being involved in several 
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NNNaTs 
II 

415 

(31) 

transformations of cyclic sulphides with a double bond ( >C=O191, >C=NIg2) in 
proximity to the sulphur atom (e.g. equation 74). 

c y C H  = C H - Ph 

(74) 
N 

SCHj 

The photochemistry of several five-membered sulphur-containing cyclic 
compounds has been interpreted in terms of thietanium ion intermediates116 
(equation 75)Ig3. 

Intermediates of the type 32 are believed to be involved in the reaction of 
N-bromosuccinimide or  sulphuiyl chloride with acyclic ~-hydroxysulphoxides194~~gs, 
and the intermediate 33 is believed to be involved in hydrindane formation via an 
S-phenylthiirane S - ~ x i d e ’ ~ ~ .  

Ph 

R2$F=0 R3 0 .+!’ 
R4 R2 

(32) (33) 

4. Reactions of thietanium ions 
Nucleophilic reagents may attack thietanium ions either at  the a-carbon atoms o r  

at the positive sulphur atom. A number of reactions involving nucleophilic attack at  
a ring carbon of a thietanium ion intermediate have been described in Section 3. 
Nucleophilic attack may be intermolecular (e.g. equation 69) or  intramolecular, as  
shown in equations 71IE4 and 76Ig2. The nucleophilic centre can be an aromatic 
ringIg4 or a caibon-carbon triple bondIg6. 

OH 

S- 
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The  relief of strain is presumably the reason why attack by a nucleophile occurs 
at  a carbon atom of the four-membered ring, although this is not true with the 
alkoxyoxosulphonium ions 32 (equation 77)194,195. If R '  is phenyl, attack then 
occurs on a ring carbon atom, presumably by an sN1 process (equation 78)19'. 

Ph 
CH3 I 

CHz=CH I 
(78) +fZo CI- - PhS02CH2-C-CH=CH2 

CI 
CH3 

The propagation of polymerization of thietane by formation of thietanium ions 
followed by ring opening has been d e ~ c r i b e d ~ ~ . ' ~ ~ .  Ring opening also may occur via 
elimination reactions (equations 721g6 and 74192). 

Thietanium ylides, obtained by the action of carbenes centres with a divalent 
sulphur atom, undergo a variety of  reaction^^^.^^^ (equations 79 and 

- 
Ph 

(79) 

S-CH+h 

C H 3 e ; t i 2 - P h  / CH3t Ph 

cH3%Ph CH2Ph 

c% Ph CH-CH =CH2 
CH3'f--$-CH2CH=CHR CH3 / 

\Ph 

" t -H  
Ph 

The attack of n-butyllithium on cis- or  fruns-l,2,4-trimethylthietanium 
tetrafluoroborate occurs at the sulphur atom, effecting a low yield but stereospecific 
desulphurization, the cis salt giving trans- 1,2-dimethylcycIopropane and the 
rruns-cis salt giving the cis-cyclopropane (equation 81)167.168. Several 
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t7-BuLI 
-7BOC I 

conrotatory I 

rationalizations cf the results were considered. Pathway C (equation 81) was 
deemed unlikely because 1,2,2,4-tetramethylthietanium tetrafluoroborate gave 
1,2,2-trimethylcyclopropane in a yield (30%) comparable to those from the cis- and 
trans-trimethyl salts, despite its seemingly greater steric hindrance to an 
intramolecular sN2 displacement reaction. Pathway A was believed unlikely 
because it involved a strained transition state. 

Displacement reactions occur on an S-ethoxythietanium ion with inversion at 
sulphur. Sulphurane intermediates were considered as well as a mechanism 
involving direct displacement on s u l p h ~ r ' ~ ' .  Displacement on sulphur occurs in the 
hydrolysis of the sulphonium dibromide 29 (equation 82)'74-197. The salt 29 is said 
to be unique among thietanium bromides in not undergoing ring cleavage. 

o=sw=o B r L S X g - B r  B' 2 

Br Br 
2Br- 

(29) 

(82)  

The acidity of the protons on the carbon atom adjacent to the positive sulphur 
atom in several relatively stable thietanium salts has been i n ~ e s t i g a t e d ' ~ ~ .  In 
1,3,3-trimethylthietanium tetrafluoroborate, the 1-methyl protons exchange more 
than 3 x lo4 times more rapidly (D20-OD-) than do the a-methylene protons 
whose lability to exchange may be affected by the steric effects of the two adjacent 
methyl groups. Interestingly, the four a-methylene ring protons in I-ethylthietanium 
tetrafluoroborate exchange very rapidly but the a-methylene protons of the ethyl 
group are not readily exchanged. The proton exchange in four-membered 
sulphonium ions is approximately 1 00-times faster than exchange in sulphonium 
ions of larger ring size. The faster rate was attributed to more s-character in the 
bonding from sulphur to carbon in the four-membered compounds; this increase in 
s-character was expected to have an acidifying effect on the protons attached to the 
a-carbon atoms. 
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B. Unsaturated Rings 

1. Theoretical 
An MO calculation on the thiacyclobutadiene 34, which may have a zwitterionic 

resonance structure, indicates that the most stable conformation has all atoms 
nearly in the same plane except for the proton bonded to the sulphur atom, the 
latter having a pyramidal configuration'96. 

2. Stable thiacyclobutenonium salts 
The fused thiacyclobutene (thiete) derivative 35 is alkylated by trimethyloxonium 

fluoroborate to give a stable salt, m.p. 146147°C (equation 83). The S-methyl 
protons absorb at  6 3.82 p.p.m. in DMSO-d6'99. 

(35) 

Several stable, yellow l-phenylthiacyclobutenonium ions have been reported to 
be obtained by treatment of ketosulphides 36 with phosphorus oxychloride and 
perchloric acid'"" (equation 84). They are relatively high melting and show a single 

(36) 
R = CH3, Ph 

proton absorption in their nuclear magnetic resonance spectra around 6 2.95 or 3.5 
p.p.m. The vinyl proton is concealed under the absorptions of the phenyl protons. 

3. Thiacyclobutenonium ions as reaction intermediates 
These unsaturated sulphonium ions were proposed to account for the apparent 

interchange of a phenyl group with a hydrogen in the cyclization shown in equation 
8S20'. Another kind of ion was suggested as an intermediate in the reaction of 
thietes with acidic 2,4-dinitrophenylhydrazine (equation 86)'O'. 
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1-Substituted thiazacyclobutenonium ions have been proposed in the 
rearrangement of oxime derivatives with a thiomethyl group substituted in the 
a-positionZo3 (equation 87)204. 

/ 
RO 

R = --CF(NEtz)(CHCI F )  

4. Reactions of thiacyclobutenonium ions 
The stable ion obtained by the methylation of 35 (equation 83) undergoes 

demethylation in reflwing pyridine, cleavage to a sulphoxide on treatment with 
hydroxide ion, and cleavage to two thioethers on reduction with lithium aluminium 
hydride (equation 88)Ig9. 

I 

+ 

Green S-phenylthiacyclobutadiene derivatives are obtained by treatment of 
S-phenylthiacyclobutenonium ions with sodium hydride (equation 89)Z00. The salts 
may isomerize as shown in equation 90200. 

p h e P h  ao, = NIH P h ) $ - P h  
(89) 

H H +  
I 'R R 
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Ph 0 ph)-y-ph ClO, H20 Ph-S-CH-CH2-C-CH3 I -& HC104 H20 cH3q-;: (90) 
II 

CH3 

H H ClO, 

Nucleophilic attack on thiacyclobuienonium ion intermediates by water causes 
ring opening (equations 91202 and 92203a). 3-Phenylthiete reacts readily with 
triethyloxonium tetrafluoroborate to yield the S-ethyl salt which undergoes both 
ring opening and dealkylation on treatment with n u c l e ~ p h i l e s ~ ~ ~ ~ .  

0 

(91 I 
II - HC-CH2-CH2-SH E S +  

0 NH 
I I  II 

C H 3 f & X - l 3  N __c 1420 C H 3 q A - C H 3  Ph - Ph-C-C(CH3)2-S-CH3 (92) 

OH 
Ph 

C. Rings with More than One Sulphur Atom 
bithiete radical cations with a variety of substituents have been identified by 

e.s.r. spectroscopy (equation 93)205a. 2-Dialkylamino-1,3-dithietenium salts are 
obtained by treatment of benzylidenebis-(NN-dialkyldithiocarbamates) with 
perchloric acid or  sulphuric acid20sb. Electrochemistry of some dithietenium salts 
has been reported205c. 

A structure containing three sulphur atoms was suggested for the yellow solid 
obtained by treatment of dithiobenzoic acid with sulphur 

0 OH 
II I 

R'-C-CH--R~ - 
dichloride. Treatment 

(93) 

with aniline or  morpholine gave the thioamide and sulphur (equation 94)205d. A 
blue, cyclic S i +  species is obtained by oxidation of sulphur with SZO6F2, AsF5, or  
SbF5. It is unstable and tends to form S2+205e. 

(94) 

S Php; CI- PhNH2 - Ph-C-NHPh 
II 

4 2  
Ph-C-SH + SClz s-s 

IV. FIVE-MEMBERED RINGS 

A. Saturated Systems with One Sulphur Atom (Thiolanium Ions) 

1. Structure 
Carbon magnetic resonance spectra have been reported for several 

S-methylthiolanium salts, and the data are said to support a half-chair conformation 
with a quasi-equatorial orientation of the S-methyl group206. 

Molecular orbital calculations on ylides derived from thiolanium ions 3740 
confirm that the major stabilizing factor in the ylide is the orbital interaction 
between the carbanion lone pair orbital and the antibonding sigma orbital of the 
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adjacent S-C(,, bondzo7. Further details are provided in a publication dealing with 
hydrogen-deuterium exchange in six-membered cyclic sulphonium ionszo8. The 
arrangement depicted in 41 is more stable than that depicted in 42. 

2. Synthesis 
Unlike three- and four-membered cyclic sulphonium salts, the synthesis of cyclic 

five-membered salts poses no particular problems because of their greater stability. 
The availability of thiolanes (tetrahydrothiophenes) makes their reactions with 

electrophilic reagents one of the most convenient methods of preparation. Dimethyl 
sulphate and alkyl iodides, bromides, and chlorides which are not hindered 
sterically in displacement reactions ( S N ~ )  are often used. Ally1 and propargyl 
halides and a-haloketones and esters react well. Perchlorate salts may be obtained 
by exchange of halide by means of silver p e r c h l ~ r a t e ~ ~ ~  and tetrafluoroborate salts 
may be obtained similarly210. Huoroborate salts may be converted into the less 
water-soluble and less hygroscopic hexafluorophosphate salts by treatment with 
aqueous ammonium hexafluorophosphate211. Oxonium and sulphonium salts also 
alkylate thiolane211.212. For long-term storage of these sulphonium salts, a 
non-nucleophilic anion is preferred over halide. S-Vinylthiolanium salts are made 
conveniently via p-bromoethyl alcohol (equation 95)*13. 

CH =CH2 

Polymers containing thiolanium ions have been prepared from 
p-chloromethylstyrene and thiolane2I4. 

Short-lived carbonium ions can be trapped by thiolane. The sulphate salts 
obtained as the example of equation 96 shows are converted into their Reineckate 
salts, [Cr(SCN)4(NH3)2]-, picrates or chlorides for characteri~ation”~. 

c HS04-  (96) 
I 
I 

HS04- 4- 
LJ OH OH 

I I  

CHj-C-CH3 
I 
I 

CH3 

70% H 2 S 0 4  
(CH3)2C-C(CH3)2 

CH3-C-CH3 

C H3-C- O H /c* I CH3 CH2 
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S-(4-Chlorobutyl)thiolanium chloride is one of a number of products obtained by 
treatment of thiolane with tungsten hexachloride2’6. 

Displacement by thiolane on a sulphonium ylide in the presence of 
bistrifluoromethyldisulphide gives a thiolanium ylide (equation 97)217. The reaction 

1 
-C(COOCH3)2 

of thiolane with diazoalkanes in the presence of acid yields sulphonium salts 
(equation 98)176 or,  in the absence of acid, sulphonium ylidesIs7 (equation 99)218. 

HC104 + PhCOCHN2 CHJCN- 
I 
CH2COPh 

Stable ylides of thiolanes are obtained by reaction of thiolane S-oxides with several 
compounds having acidic hydrogen atoms219 (equations 1 0O2?O and 101221). 

C H - J O O C / & O O C H ~  

C H 3 0 0 C  COOCH3 

+ 

0 

@ S O o c H 3  

C H 3 0 0 C  

C H 3 0 0 C  COOCH3 

0 

Anhyd. H3PO4 

CH3 CH3 

(100) 

S-Arylthiolanium salts can be obtained by treatment of thiolane S-oxide with 
phenols or anisoles in the presence of Lewis acids’22.223 (equation 102)224. Thiolane 

0 
I I  0 PhOH HCI B t o -  

CHgOH 

0-5OC 

(102) 

has been used directly but hydrogen peroxide is added to the reaction mixture to 
generate the S-oxide225. Protonated quinones or quinone imines react with thiolanes 
to give the corresponding S-aryl salts226. 
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Another route to thiolanium ions is by cyclization of a sulphide via attack of the 
sulphur atom on an electrophilic site (e.g. equations 47, 103227, 104228, 105229. 
1 06230, 1 07222, 1 08231, 1 09232). Five-membered ring formation is less favoured than 
threemembered ring formation when appropriate precursors are compared233. 

ci- 

CH~COOH 

* tl-BUSH 

CN CN 
C H2 = CH CH 2 OSO 2 C H=C H2 

I I 
( C H J ) ~ C - N = N - C ( C H ~ ) ~  

60°C 

n-Bu 

Thiolanium ions in which a sulphur atom is attached to one or more heteroatoms 
also are known. In some cases, the positive charge on sulphur may be diminished 
by resonance involving p d  backbonding. Treatment of thiolane with 
0-mesitylenesulphonylhydroxylamine yields the S-aminosulphonium salt173. The 
sulphoxide reacts similarly (equation 1 10). Zwitterionic structures may be obtained 
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(equations 110 and l l l )173 .  S-Amino derivatives may be obtained via 
N-bromoacetamide (equation 1 12)234 or via the S-chlorothiolanium salts and 
a r n i n e ~ ~ ~ ~  (equation 1 1 3)236. 

Mes = 2,4,6-(CH3)3C~Hz 

(1) (N-Cl, CH2C12. -5OOC 

* v C H 3  cI- 
(2) PhCH-NH2 

I 
CH3 I I  

(113) 

NHCH-Ph 

Salts containing oxygen and nitrogen atoms attached to sulphur have been 
reported (equations 110 and 1 14237). 

S-Alkoxythiolanium ions may be prepared by treatment of the S-halo salts with 
alcohols (equation 11 5)235 or  by 0-alkylation of sulphoxides with triethyloxonium 
t e t r a f l u o r o b ~ r a t e ~ ~ ~ ~ .  

0 
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Transannular interaction of a thiolane sulphoxide with a proximate positive 
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centre yields the cation 43 (equation 1 16)238b. 

(43) 
Treatment of thiolane 1,l-dioxide with aryldiazonium fluoroborates or 

hexafluorophosphates yields aryloxyoxosulphonium salts (equation 1 17)239. 

(1  17) LJ + Ari2X- = -N2 Q x- 
X- = BF4-, PFg- 

Oh 'OAr 
o// +o 

S-Thioalkylthiolanium ions have been prepared as shown in equation 1 1 P .  
CH3SCI + SbC15 

* SbC'6- (118) 
or (CH3)1; - SCH3 SbCls- 

I 
SCHj 

LJ 
The structure of the 1:l  adduct of thiolane with bromine has been investigated 

by X-ray analysis. The tricoordinate sulphur atom is pyramidal. The proton n.m.r. 
spectrum is similar to that of the 1-methylthiolanium ion, suggesting that 
considerable positive charge is localized on 

3. Thiolanium ions as intermediates 
The reaction of p-tolyl 4-bromobutyl sulphide with alkoxides proceeds through 

the thiolanium ion (which can be isolated) followed by a fast reaction with the base 
to give a mixture of alkene and ether. A common ion retardation is observed in 
dilute solutions and lithium perchlorate accelerates the reaction. Intimate ion pairs 
may be involved241. Cyclizations to five-membered intermediates are slower than to 
three-membered but faster than to four-membered Variations 
in the transition states for formation of three- and five-membered cyclic ions have 
been discussed with respect to structural variations and the entropy of activation for 
three-membered ring formation was determined to be more negative than for 
five-membered ring formation233. 

A bicyclic thiolanium ion was suggested as an intermediate in a synthesis of 
d-biotin (equation 1 19)242. 

The stereospecific cyclopropane formation shown in equation 120 was believed 
to involve a thiolanium ion intermediate243. A Stevens-type rearrangement of an 
intermediate thiolanium ylide was postulated in the decomposition of the diazo 
compound 44 (equation 121)244. 

A photochemical reaction of a sulphide in proximity to a carbonyl group has 
been interpreted as involving a thiolanium ylide (equation 1 22)24'. The interaction 
of tungsten hexachloride with thiolane may involve an S-halosulphonium ion2I6. 
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COOCH3 H COOCH3 H 
+ \ 1 ' I  C 5 H g N H  Br3- 

P h i - . - Q B r +  = - 

(CH2 )2COOCH3 - 
H H - (CH2)2COOCH3 

CH2-Ph 

(122) 

-CHp 

4. Reactions of thiolanium ions 
Ring opening of thiolanium ions by nucleophilic attack occurs, but much less 

readily than with thiiranium and thietanium ions. Azide and rnethanethiolate ions 
preferentially attack a ring carbon rather than the methyl group in 
S-methylthiolanium iodide, although the reverse is true for the six-membered 

Only when the thiolanium salt is substituted at both the 2- and the 
5-positions does attack predominate at the exocyclic S-methyl Halide ions, 
however, under vigorous conditions attack the S-alkyl group rather than a ring 
carbon a t ~ m ~ ~ ~ . ~ ~ ~ .  The ability to break carbon-sulphur bonds in S-arylthiolanium 
perchlorates was observed to decrease in the order KOH-CH30H > CI- > Br- > 
I -  > 2.4,6(N02)3C6H20-.  The last two anions did not effect ring opening. and 
only exchange with perchlorate ion occurred24Y. Amines readily open thiolanium 
rings at  55°C223.250. The bridged sulphonium ion 45 reacts with nucleophiles to 
yield first a thiiranium-thiolanium ion. followed by rupture of the three-membered 
ring (equation 1 23)'322". 
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The thiolanium salt 46 isomerizes to an allenenic sait on treatment with 
thiophenol and sodium ethoxide followed by elimination of thiolane (equation 
124)25’. The zwitterionic thiolanium salt 47 polymerizes on heating (equation 
125)222.224. 

phsxcH3 PhSH 

N a O C 2 H S  
- 

H SPh 
I 
CHz-CECH 

(46) 

(47 1 

Ylides derived from thiolanium ions may undergo displacement of t h i ~ l a n e ~ l ~ . * ~ ~ ”  
(equation 1 26)252b, fragmentation253 (equation 1 27)25J, ring expansion (equation 
128)’76, or rearrangement (equation 1 29)255. These ring expansions are useful 
synthetically in the preparation of large rings177.21 1.2s6-258. Most ylides derived from 
thiolanium salts show the usual behaviour of sulphur ylides, additions to 
carbon4arbon double bonds2ss26’ giving cyclopropanes and additions to 
carbon-oxygen double bonds giving oxirans260. In certain cases a new, stable ylide 

CN 
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G L  - Q + COPh 

-CH -COPh 

(1281 

COPh 

R- 
I I 

CH2COPh 

may be formed by addition to  a carbon<arbon double bond substituted with highly 
electron-withdrawing substituents262. 

a-Arylfuran derivatives are obtained in low yield via thiolanium y l i d e ~ ~ ~ ~ .  Phenyl 
and p-nitrophenyl isocyanates give new ylides when treated with thiolanium ylides 
48 (equation 1 30)264. S-Carboxymethylthiolanium bromide gives an amide with 
p-nitrophenyl isocyanate and a tetrahydropyrimidine with phenyl isocyanate 
(equation 131)265. Silicon and tin derivatives have been obtained from thiolanium 
ylides (equation 132)266. 

I 
- C H CO Ph 

Ph 
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Ylides derived from S-amino-substituted thiolanium ions yield cyclopropanes or 

oxirans with activated alkenes or carbonyl compounds (equation 1 33)237. 

COOCH3 

( rrans) 
A recent process for ortho-alkylation of aromatic amines or phenols involves a 

rearrangement of a thiolanium ion via an ylide (e.g. equation 134)267. 

S-Halosulphonium salts may lose hydrogen halide (HCI, HBr) to give an 
intermediate ion which is responsible for the various products obtained by 
halogenation of thiolanez68a. Displacement on the sulphur atom of 
S-succinimidothiolanium chloride by indole gives indole 3-thioethers (equation 
1 35)268b. 

The rate of pyramidal inversion at the sulphur atom in thiolanium perchlorates 
38 and 49 has been determined from the rate of racemization and 
e p i m e r i z a t i ~ n ~ ~ ~ .  These rates are lower than those of acyclic sulphonium salts, 
possibly because of added angle strain in the cyclic salts when passing through a 
planar configuration about sulphur. 

Hydrogen4euterium exchange in thiolanium ions is believed to have a transition 
state which resembles a carbanion (ylide)16' and the importance of the anti-bonding 
o orbital (a*) of the S-C(,) bond in stabilizing the carbanion centre has already 
been m e n t i ~ n e d ~ ~ ~ . ~ ~ ~ .  The  protons bearing a cis relationship to  the S-methyl group 
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w C H 3  c104- 
I 

CH3 

(49) 
in the corresponding thiolanium ions exchange most rapidly (NaOD, D20).  In 
S-methylthiolanium iodide, the protons of the S-methyl group exchange fastest’69; 
of the protons on carbon atoms u to the sulphur atom, those that are  cis to the 
S-methyl group exchange 12 times faster than those that are truns270.271. In the 
fused, bicyclic thiolanium salt 50, the four a-protons in the ring exchange at  
different rates, the ratio of exchange for H(2):H(3):H(4l:H(l) being 200:3:3: 127’.273. 
Again, the fastest exchange rate is found for a proton cis to the S-methyl group. 

(50 ) 

Oxidation of a bicyclic sulphonium ion gives the corresponding sulphoxonium ion 
(equation 136)274. 

B. Saturated Systems with One Sulphur Atom and One or More 
Heteroatoms (0, M) 

Five-membered cyclic sulphonium ions which include oxygen as one of the ring 
atoms were suggested as intermediates in reactions involving neighbouring group 
participation by sulphoxides. One of these intermediates has been isolated 
(equation 137)275. Attack by water on the sulphur atom (with inversion at  sulphur) 
gives the iodohydrin. Some reactions may be synchronous, and not involve an 
intermediate276. 
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Oxidation of 4-hydroxythianes yields principally the equatorial sulphoxides and a 
cyclic intermediate has been suggested (equation 138)277. 

H Ph 'P h l!i 

Cyclic sulphoxonium intermediates (51) have been proposed for the reactions of 
P-phenylsulphinylcarboxylic acids, amides27a282, and alcohols with sulphuryl 
chloride (e.g. equation 139)27. 

0 
It 

Ph-S-CH2CH2CONH2 

An oxathiolanium ion is 

PIl,+//O - 
-HCI 5 PhS02CH2CH2CN 

N H  

believed to be involved in the sensitized Dhotolvsis of 
2 

oxathiolanes in fluorotrichloromethane (equation 140)279. Ring cleavage of 

- 
CI 

0 CI - [ ? F R  - RCOSCHzCHzCl (140) 
h Y 

O R  

C F C l j  S 

oxathiolanes by halogen presumably proceeds via an S-halosulphonium ionzs0, and 
a cyclic zwitterion is proposed as an intermediate in the thermolysis of 
benzoyloxymethyl phenyl sulphoxide (equation 141)28'. 

Ph 

The sulphur atom in penicillin derivatives is relatively unjegctive to electrophilic 
reagents and the most powerful alkylating agents [(CH3)30 BF4, CH30S02F]  are 
required for the formation of sulphonium salts which readily undergo an 
elimination reaction with rupture of the five-membered ring282. A similar ring 
opening proceeds via ylides derived from diethyl azomalonate (equation 1 42p3. 

A bis-salt 52 was obtained by S-alkylation of NN-dialkylthiazolidinium salts 
with trimethyloxonium tetrafluoroborate'". An azasulphoxonium salt has been 
obtained from a s u l p h ~ x i m i n e ~ ~ ~ ,  and treatment of aryliminothiadiazolidienediones 
with triethyloxonium tetrafluorcborate gave unusual sulphonium Nitrogen 
analogues of the oxathiolanium ions are the nitrogen atom (or atoms) 
may bear a large share of the positive charge so that the compounds may be 
considered more as ammonium than sulphonium salts. 
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C. Saturated Systems with Two Sulphur Atoms 
S-Methylation of the 1,2-dithiolane ring of lipoic acid with methyl 

fluorosulphonate a t  25°C occurs 37-times faster than the S-methylation of diethyl 
disulphide and 11 times faster than the S-methylation of 1,2-dithiane, the increased 
reactivity being attributed to the greater repulsion of the non-bonded electrons on 
sulphur in the five-membered ring287. 

A colourless, bicyclic 1,Zdithiolium dication has been obtained by oxidation of 
1,s-dithiacyclooctane with nitrosonium tetrafluoroborate. It gave a monosulphoxide 
on treatment with aqueous bicarbonate (equation 143)288. The dication also was c> - CHsCN [ c> ] --ZNq cf> 2BF4- 

/ 

suggested as an intermediate in the reduction of the sulphoxide by hydrogen 
iodide289. A similar dication in which one sulphur atom has been replaced by 
methyl-substituted nitrogen also has been preparedZ9O. 

Alkylation of one or both sulphur atoms of 1,3-dithiolanes has been 
accomplished. Methyl i ~ d i d e ~ ~ ' . ~ ~ * ,  dimethyl sulphate2y2, and phenacyl 
b r o r n i d e ~ ~ ~ ~ . ~ ~ ~  undergo monoalkylation; both mono- and dialkylation products may 
be obtained with trimethyl- or triethyloxonium tetrafluorob~rates~~'.~~~-~~~ or 
methyl fluorosulphonate292~2y6~2y~29y. 

Phenacyl ylides derived from 1,3-dithiolanes react with electrophilic alkenes and 
acetylenes and are acylated by benzoic anhydride and phenyl isocyanate (e.g. 
equation 144)2y3300. 
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C H ~ O ~ C C  E CCO~CHJ 

C=CHCOOCH3 
I - 

S D - C H 2 C O A r  - o n  S j + - E H C O A r  C02CH3 

(144) 

PhNCO 

0 - 7 - C O A r  

CONHPh 

S-Mono- and SS-disubstituted 1,3-dithiolanium salts are cleaved by nucleophiles 
[water29s.301, methanolzg9, 1 , 2 - d i o l ~ ~ ~ * ~ ~ ~ ~ ,  HSCHzCH20H299, OH-292,297, ammonia 
solution, or water-copper(1) ~ u l p h a t e ~ ~ ~ . ~ ~ ~ ] ,  the reaction being a useful method of 
dethioacetal- or dethioketalization (equation 145)296; it also has been used to 
prepare acetals298.299 (equation 146)298. Removal of 1,3-dithiolane protective 
groups via ditholanium salts also has been accomplished with mesitylsulphonyl- 
hydroxylamine-water (equation 147)302 or benzeneseleninic anhydride (equation 
148)303. Ring expansion of the 1,3-ditholium ring via the S-amino salt has been 
observed (equation 149)304. 

I 
H ClOz 

OH 

R' R2C0 + (PhSe)2 + -fSCH2CH2SO2* (1481 
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1,3-Dithiolanium salts in which the positive charge is delocalized between the 

(1) Addition of electrophiles to a 1,3-dithiolane with an exocyclic doubly bonded 
two sulphur atoms can be prepared in the following ways: 

function . .  at the 2-position (equation 150)305-310. 

(2) Removal of an anionic group from the 2-position of a 1,3-dithiolane 
(equation 15 1)311-313. 

(3) Cyclization of appropriately substituted acyclic d e r i ~ a t i v e s ~ l ~ ~ ~ '  (e45 
equation 152)314. 

(4) Removal of electrons from tetrahydrotetrathiafulvalenes and related 
compounds (equation 1 53)322-324. 

These 1,3-dithiolium salts react with a variety of nucleophiles305-310~3'3~3'8~32s327 
(e.g. equations 154306, 15S309, and 156310). 

[ s ) ( ' ~ ~ p h  s o  (1  55) 

Ph 
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Bases may remove a proton from the dithiolanium ion3I1 (equation 157)32s, and 
semiconducting (at 20-90°C) complexes 53 with the radical ion of 
7,7,8,8-tetracyanoquinodimethane (TCNQ) have been reported328. 

NC CN 
\-/ 

C 

c-  
NC' \CN 

D. Unsaturated Systems with One Sulphur Atom 

1 .  Theoretical 
Barriers for pyramidal inversion of the unsaturated structures 54, 55, 56, 57, 58, 

and 59 were calculated to  be 19.1, 27.4, 23.2, 26.7, 14.6, and 19.4 kcal mol-I, 
r e spec t i~e ly '~~ .  Molecular orbital calculations and a discussion of the absorption 
spectra of polymethine dyes, including 60, have been given329. Related material is 
given in the theoretical section in Section E which discusses dithiolium salts. 

CH 4- I 

QZ S -CH3 

CH3 

(56) 

C H3 

(57)  

2. Synthesis 
For the most part. unsaturated, 

thiophenes and dihydrothiophenes) 
five-membered cyclic sulphonium salts (from 
can be obtained by alkylation of the sulphur 
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atom by the methods discussed in earlier sections. The low nucleophilicity of the 
sulphur atom in thiophenes requires the more powerful alkylating agents such as 
alkyl fluor~sulphonates'~~~~~~, trialkyloxonium t e t r a f l u o r ~ b o r a t e s ~ ~ ~ ,  alkyl halides 
plus silver p e r c h l ~ r a t e ~ ~ ' - ~ ~ ~  or f l u o r ~ b o r a t e ~ ~ ~ . ~ ~ ~  (e.g. equation 158). Yields are 
low with thiophene itself, but are higher with substituted thiophenes. 's3 + R'OS02F - Rs3 (158) 

R2 
I FSO3- 
R' 

R5 R 2  R5 

N.m.r. data for the thiophenium salts indicated that the S-alkyl group is out of 
the plane of the ring334. The carbon n.m.r. spectrum (TMS reference) of 
1,2,3,4,5-pentamethylthiophenium fluorosulphonate has been compared with that 
of the precursor thiophene. A considerable change is observed for the carbon at the 
3-position, (tetramethylthiophene) 132.4 and 6 q 3 )  (salt) 148.5 p.p.m.'93,330. 
The change in chemical shift at  C(2) was negligible. The S-methyl carbon resonance 
is a t  6 26.0 ~ . p . r n . ~ ~ O  and the proton n.m.r. spectrum of the S-methyl group showed 
a singlet at  6 3.28 ~ . p . m . ~ ~ ' .  

Novel, diamagnetic thiophenium complexes are obtained by treatment of 
hexafluoro-2-butyne with manganese carbonyl mercaptide complexes (equation 
159)335. 

CF3 CF3 

(1 59) $ZR CF3C!GCCF3 + Mn(C0)4(SR) - 
CF3 

M n ( ~ 0 ) 3  

S-Aryldibenzothiophenium derivatives have been obtained by the action of aryl 
Grignard reagents on the corresponding S-alkoxythiophenium salts336 (equation 
160). Other nucleophiles (C5Hy, piperidine) react similarly332. 

Dimethyl diazomalonate reacts with thiophenes to give new ylides'"; 
rhodium(II1) acetate catalyses the reaction3". Ylide 61 is a crystalline solid, stable 
at room temperature for more than a year"38. The reaction also is catalysed by light 
or by copper(I1) 

(61 1 

The synthesis of S-alkyldihydrothiophenium ions poses no particular problems. A 
typical synthesis is given in equation 161'J0. Ions 62"' and 6334' (equations 162 
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and 163, respectively) have fluctuating structures, as indicated by 
variable-temperature n.m.r. experiments. 

@$ 
0 0  dry HCI  - 

CHBOH 

CH3 

(63) 

An unusual cyclization of a propargyl sulphide to a cyclic sulphonium ion was 
observed when the sulphide was treated with methyl iodide (equation 164)343. 

I- 

Ph 

The formation of S-methylsulphonium salts of benzo[b]dihydrothiophenes by 
treatment of the S-alkoxysulphonium salts with methylmagnesium bromide or with 
dimethylcadmium occurs mainly with inversion344. An S-phenylbenzodihydro- 
thiophenium salt was obtained via o-thiophenyldiazoacetophenone (equation 1 65)345, 

n 

(165) 

Ph 

and stable sulphonium ylides were obtained by treatment of sulphides with either 
dicyanodiazomethane or freshly prepared tetracyanoethylene oxide, the latter giving 
higher yields (e.g. equation 166)346. 
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S-Aminosulphonium salts (via 0-mesitylsulphonylhydroxylamine) and ylides (or 
sulphilimines) have been obtained from benzo[c]-l,3-dihydrothiophene (equation 
1 67)347. A transfer of cationic alkylsulphur group to 1,4-diphenylbutadiene to give 
an S-methyldihydrothiophenium salt has been reported (equation 168)348. 

CI 

NO2 

Stable C-alkylated thiophenium ions have been observed by n.m.r. techniques in 
the alkylation of thiophenes by alkyl halides (equation 169)349 or in the protonation 
of a lky lmercap to th i~phenes~~~~ .  The n.m.r. spectra of C-protonated thiophenes has 
been recorded350b. Similar salts have been obtained by oxidation of derivatives of 
benz0[~]-1,3-dihydrothiophene~~’. The thiophene cation-radical 64, shown in its 
allegedly most stable conformation, has been observed by electron-spin resonance 
spectroscopy in a mixture of thiophene with Lewis acids such as aluminium chloride 
or boron t r i f l ~ o r i d e ~ ~ ~ .  

(64 1 

Several polycyclic aromatic cations which have a five-membered sulphur- 
containing ring have been reported3ss3s6. In these, the positive charge may be 
considerably delocalized (e.g. equation 170)3s3. 
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Several cations similar to that whose €onnation is shown in equation 17l3S7 have 
been r e p ~ r t e d ~ ~ ' - ~ ~ ~ .  

R = H, CH3 

X- = c104- BF4- 

3. Intermediates in reactions 
The photolysis of certain vinyl aryl sulphides may involve the intermediate 

formation of cyclic sulphonium ylides- (thiocarbonyl ylides) as shown in equation 
172360.361. 

"I I. 

Ring expansion of 2,5-dihydrothiophene on treatment with dimethyl 
diazomalonate is believed to occur via a sulphonium ylide (equation 173)362. 
Thiophenium ions, of course, are intermediates in electrophilic substitution 
reactions of thiophenes such as the detritiation of 2- and 3 - t r i t i o t h i o ~ h e n e s ~ ~ ~ .  

a ( C O 2 C H 3 ) 2  (173) 

0 + N2C(C02CH3)2 - 
I 

-C(C02CH3)2 

4. Reactions 
S-Alkylthiophenium ions are powerful alkylating agents and most decompose 

readily in hydroxylic solvents to the parent t h i ~ p h e n e ~ ~ ~ . ~ ' ~ . ~ ~ ~ .  
1-Methylbenzo[b]thiophenium salts add bromine; the resulting dibromide can be 
dehydrohalogenated without affecting the S-methyl group (equation 1 74)333.334. Ion 
63 reacts with methanol with ring cleavage via elimination and substitution 
reactions342h. 

S-Methylthiophenium salts are inert in Diels-Alder reactions. even with good 
dienophiles such as hexafluoro-2-butyne. The ylide generated from the 
S-methylthiophenium cation reacts with p-nitrobenzaldehyde to give the expected 
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~ x i r a n e ~ ~ ~ .  Ylide 61 is a useful Source of bis(methoxycarbony1)carbene (equation 
1 75)338. The ylide from S-methylbenzo[c]-l,3-dihydrothiophenium iodide undergoes 
fragmentation with recombination of the fragments from two molecules (equation 
176)364. Rearrangement of a thiophenium ylide has been observed (equation 
1 77)365. Refluxing the ylide derived from the S-phenacyl salt of 2,s-dihydrothio- 
phene results in extrusion of 1,3-butadiene (equation 1 78)366. 

86% 

(175) 

CH3SCH 8 
reflux 

Q 'p - 'sH6 &y:OPh -I- CHz=CH-CH=CHz 

-CHCOPh Ph I 
CH2COPh 

Thermolysis of the sulphilimine shown in equation 179 yields the reactive 
isobenzothiophene, which can be trapped as its Diels-Alder adduct with 
N-phenylmaleimide347. 

-"Ts - 
2300c 03 (179) 

The ylide derived from the salt whose formation was given in equation 165 reacts 
with the salt to give a diacylethylene derivative (equation 180)345. Some ylides 
derived photochemically undergo 1,3-dipolar addition reactions (e.g. equation 

Additions of nucleophiles to a -C=S- bond in five-membered rings occurs 
readily367. Facile reductions also are known354. Attack on the positive sulphur atom, 

181)360. 
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Ph 

-Ph 

in addition to attack on carbon, has been observed particularly in the case of 
S-alkoxy cations in which the alkoxy group is displaced by an anionic 
g r o ~ p ~ ~ ' . ~ ~ ~ . ~ ~ ~ .  Sulphuranes are suggested as intermediates in the reaction of aryl- 
or vinyllithium reagents with S-aryldibenzothiophenium tetrafluoroborates 
(equation 1 82)336. Path a (equation 182) is favoured by electron-withdrawing 
groups in Ar  or  Ar' and path b by electron-donating groups. Treatment of 
S-methylbenzo[c]-l,3-dihydrothiophenium iodide with phenyllithium results in 
desulphurization to yield a diene364. A similar reaction of a 2,s-dihydrothiophenium 1"- Ar-Ar' + 

Ar' 
I 

& 
Ar 

S Ar' 
I 



442 Donald C. Dittmer and Bhalchandra H. Patwardhan 

salt reveals that the stereochemistry of diene formation is a consequence of the 
disrotatory extrusion of dialkyl sulphide from an intermediate sulphurane (e.g. 
equation 1 S3)368. A p-elimination reaction rather than sulphurane formation is 
observed to occur with the sterically hindered 2,2,5,5-tetramethyl salt368. 

Loss of a proton occurs easily from C-alkylated thiophenium ions resulting from 
the attack of electrophiles on t h i o p h e n e ~ ~ ~ ~ .  Rearrangement of a methyl group has 
been observed in the photolysis of 1,2,3,4,5-tetramethylthiophenium fluoro- 
sulphonate (equation 1 S4)193. 

(1  841 

I 
CH3 FS03- FS03- 

E. Unsaturated Systems with Two Sulphur Atoms 

1. Reviews 
A number of reviews of 1,2-dithiolium  ion^^^^-^^^.^^^^ and 1,3-dithiolium 

 ion^^^^^^^.^^^^.^^^ exist. Precursors of 1,2-dithiolium salts, the 1,2-dithiole-3-thiones, 
also have been 1,3-Dithiolium dyes have been discussed375. 

2. Theoretical treatment and physical properties 

Structure and bonding in 1,2-dithiolium and 1,2,4-dithiazolium salts have been 
discussed in The delocalization energies of the 1,2-dithiolium and 
1,3-dithiolium cations are less than that for the thiapyrylium or tropylium ions, the 
values in p units being 1.57, 1.16, 2.12, and 2.99, respectively378. Some variation in 
these values was obtained depending on the parameters used and whether 
d-orbitals were involved. The 1,2-dithiolium ion has been treated inde~endent ly~~ ' .  
Calculations predict that nucleophiles and radicals will attack the 3-position of a 
1,2-dithioliuni ion and the 2-position of a 1,3-dithiolium ion380.381. Non-empirical 
calculations by means of a linear combination of Gaussian orbitals indicated only 
trivial d-orbital participation381b. The positive charge in both 1,2- and 
1,3-dithiolium ions was calculated to reside mainly on sulphur and hydrogen 
atoms381b. 

Proton n.m.r. data support delocalized electronic structures for 1,2- and 
1,3-dithiolium ions. greater electron deficiency existing at of 1.3-dithiolium ions 
than at  C(3) of 1.2-dithiolium ions36y.3R2. Aromatic-type anlsotropy (diatropy) was 
observed for 1,2-dithioIium ions383. C.m.r. spectra also support aromatic character 
in 1.3-dithiolium salts38J. A comparison of proton and carbon chemical shifts for 
the 1.3-dithiolanium ion 65 and the 1,3-dithiolium ion 66 are given (carbon shifts in 
parenthesis in p.p.m. downfield from t e t r ame thy l~ i l ane )~~~ .  Binding energies of the 
sulphur p-electrons in 1.2-dithiolium ions correlate with 19F magnetic resonance 
chemical shifts observed with 3-(p-fluorophenyl)- 1.2-dithiolium ions and are related 
to the amount of positive charge on sulphur38H". 
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4.50 (46.4) 11.4 (146.2) 
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H "$!>I4 11.4 ln> H 9.39 
H s (221.2) S (179.5) 

(651 (661 

CND0/2 calculations on cation 67 indicate that only two localized 
sulphur-sulphur bonds exist with no appreciable bonding between two sulphur 
atoms in different rings386 despite an X-ray analysis of a phenyl-substituted 
derivative which indicated such an action387. Half of the positive charge in 67 
resides in each ring although the two sulphur atoms do not share the charge 
equally386. A very short sulphur-oxygen distance (2.18 A)388a in 68 suggests 
interaction of the electrons on oxygen with a sulphur atom. Molecular orbital 
calculations (CND0/2-SCF) support this interaction and indicate that the sulphur 
d-orbitals play an important role388b. An X-ra analysis of 3,5-diamino-l,2-dithiolium 
iodide gives an S-S bond distance of 2.08 x389, larger than that observed in other 
1 ,Zdithiolium salts390 and which indicates that considerable charge is delocalized on to 
the nitrogen atoms. 

Spectroscopic properties for various 1,2- and 1,3-dithiolium ions have been 
c a l c ~ l a t e d ~ ~ ~ - ~ ~ ~ .  Calculations of the spectra of 1,2-dithiolium ions which agree well 
with the observed spectra were carried out using d - ~ r b i t a l s ~ ~ ~ .  Calculated and 
observed u!traviolet absorptions for phenyl derivatives of meso-ionic compounds 69 
and 70 were in agreemenPg3. In addition to the ultraviolet spectra of 1,Zdithiolium 
ions, the charge-transfer spectra with iodide ion and polarographic properties have 
been calculated and compared with measured quantities391d. The effects of 
substituents on the ultraviolet spectra were not determined by the electron distri- 
bution in the ground state and the proton n.m.r. spectra correlated with x-electron 
charges391d. Calculations indicate that 71 is more basic (cf. equation 185) than 72394. 

m-m 
s-s s-s s-s s-s 

9 
0- 0- 
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R5 

,! (72) 

pKR+ values for 4-aryl-l,3-dithiolium salts correlated well with Hammett 0 

values395. A variety of charge-transfer complexes have been observed with 
1,2-dithiolium ions396 and the salt 73 has semiconducting proper tie^^^'. 

Ph 

3. 1,2- Dithiolium salts 

follows: 
a. Synthesis. The methods of synthesis of 1,2-dithiolium salts are classified as 

(1) R’ +)( - R 1 q . y  Or RI+y (186) 
Y +  

R 2  R 2  R 2  

(3) Ring closure of acyclic intermediates. 
(4) Miscellaneous methods. 
At the outset, it should be noted that 1,2-dithiolium resonance structures may be 

written for compounds in which electron delocalization with an exocyclic functional 
group can occur (e.g. equation 188)398. 

In the first method of synthesis (equation 186), probably the most important one, 
an exocyclic doubly bonded group, X (S, CR2, 0, NR), either gives up electrons to 
an electrophilic reagent Y (e.g. R+, H’ equations 189-191, 193-195) or is replaced 
by a group Z (e.g. H, halogen equations 196, 197), which cannot as readily 
neutralize the positive charge in the dithiolium ion as the displaced group. Some 
illustrative examples follow (equations 1 8939’, 1 YO4Oo, 191401. 1 92j02, 1 93403, 
1 9qJood, 1 9gJo4. 1 96396a.405, 1 97j06, 1 98407). 
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R 2 9 N , R 4  s-s x- 

R~QN R’ - R 3  

R 3  R’  \ 

445 

(189) 

(193) 

clcococl (X = 0) 

R2+x or CCI3N=ICCI;? (X = S)* 

R‘ 
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A less useful method is the removal of hydride ion from 1,2-dithioles (method 2, 
equation 187)400m. 

The dithiolium ring system may be obtained by cyclkation of acyclic 
intermediates. The  cyclization of 1,3-diketones (equation 199) may be 
accomplished by H2S2-HC1408, H2S-HC1-12409, H2S-FeC1i410, H2S-12-CH30H411, 
and P4Sl0 (or P4Slr12)409a.412. Derivatives of 1,3-diketones also may be converted 
into 1,2-dithiolium salts (equation 200)400a,e;413-415. 1,3-Dithiocarbonyl compounds 

equation 201). A reaction which also may proceed via a 1,3-dithioketone is shown 
in equation 202390c,418. 

may be cyclized by 124’6, FeX3416a,d;417 , C 7Ht ClO; 416a or H20rHC141k,d;417 (e*g. 

0 0 
II I I  

R 1  CCH(R2]CR3 - 
R 

Y 2 

(199) 

Cl 

Several alkenes give 1,2-dithiolium salts when heated with elemental sulphur 
(equations 203419 and 204420). 

The ring contraction of 1,3-dithiacyclohexenes (1,3-dithiins) is a useful 
miscellaneous method, especially for the preparation of benzodithiolium salts 
(equation 205)421. Other syntheses which involve modification of pre-formed 
dithiolium salts may be found in the following section on reactions. 

cI~c=c(cI)cc13 - heat s.3 CI + ci- (2031 

I 

CI 
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Ar H 

C F.2 C104- -t ArCHO (205) 

b. Reactiotzs. The reactions of 1,2-dithiolium ions are categorized as  follows: (1) 
attack by nucleophiles or  electrons on a carbon or sulphur atom of the ring; (2) 
reactions of substituent groups on the ring; and (3) miscellaneous reactions, 
including rearrangements, dipolar cycloaddition reactions, and the reactions of 
metal complexes. 

The attack of a nucleophile at  a ring carbon atom may result in expulsion of 
another group or in opening of the ring. Nucleophilic attack by the following 
reagents has been observed: hydride ion (equation 206)422, oxygen nucleophiles 
(e.g. equations 207 and 208)396a*406a,c.d.j*408b*41gc, sulphur nucleophiles (e.g. equations 
209 and 210)396a,400a~k~405c~406a.c.42~27, nitrogen nucleophiles (e.g. equations 

S (1) Br2-CH$02H or SOpClp 

(2) H C 1 0 4  
R* i$ R’ R’ 

2 1 1-2 1 ~)400c.e.k,403a.b.404g.h.405b.f,406c.408b.e.418.423-425.428b.42~50, and carbon nucleophiles 
(e.g. equations 2 1 7-22 ~)399b.400b,f.~.k-m,403a.404b.408c.420a~:.423.425.432,435.45 1473.  

I 
R2 
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RNH2 or ArNH2 s-s s -s 
c 

or R2NH R2 V N R  Or R 2 T N R 2  (21 1) 
R3 = CI, SCHJ 

R’ R’ 

R’ 

Rl+s 

R2 

R ’  R 2  S 
RNH2 or ArNH2 I I II 

* RNH-C==C--C-R3 (212) 
R3 = OCzH5. SCHJ. Ar. H 

‘Ph 

84% 9.5% 

(217) 

X = SCH3, SC2Hg. H 

Y and/or Z = anion-stabilizing groups 
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Y = H; X = SCH3, NR2 

Z =  -C(R3)=C(CN)2 

-C(R3 )=C(CN)C02C;!H5 

-NO;! 

x=s,o 
Y = CN, RCO, C02CzH5 

Z =  NH2, SCH3.OC2H5 

R3( R4 R31 R4 

R2 F ~ +  @ y  or & z H  - 
R5 R5 

X = CI, SCH3, H, NR2 

y = NR2.OCH3; ZH = OH, NH2 

(221 
Z H  
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The  introduction of a thiono group at the 3-position by reaction of a dithiolium 
salt with sulphur (equation 209) probably proceeds via a nucleophilic sulphur 
species (e.g. Nu-S7S-) produced by the action of a base or nucleophile on S8 (but 
not apparently by a tertiary amine)474. In some cases, the action of oxygen 
nucleophiles (e.g. ROH) on certain 1,2-dithiolium salts (e.g. the 3-chloro 
derivatives) yields 1,2-dithiole-3-thiones, which probably result from some ring 
cleavage to give sulphur, the latter reacting with the dithiolium salt as in equation 
209 to give the thione399b.424,427,475. The reaction of the 4-phenyl-1 ,Zdithiolium ion 
with 1,Zdiaminoethane or  1,2-diaminopropane (cf. equation 212) has been used in 
the synthesis of a corrin ring440. 

While a carbon atom in 1,2-dithiolium ions is the principal site of attack by 
nucleophiles, the sulphur atoms also are susceptible. Intramolecular attack at  
sulphur is most common (e.g. equations 222-225)47M79. Experimental observations 
and theoretical considerations indicate an intramolecular oxygen-sulphur 
interaction as shown in equation 226420a.b.480. 

r\ R3 

/@&pa 
I R ’  

k 2  R14---R3 0 

N 

(225) 

I 
R 2  
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Intermolecular attack on sulphur by hydride ion or hydroxide ion may be 
involved in the reaction shown in equation 2274’6”*416d. 

(227) 

Dithioliurn salts are one-electron acceptors. One-electron reductions have been 
a c ~ o r n p l i s h e d ~ ~ ~ * ~ ~ ~ ~ ~ ~ ,  and the salts also form charge-transfer complexes with a 
variety of electron d o n ~ r ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ * ~ ~ ~ . ~ ~ ~ .  Most one-electron reductions of dithiolium 
salts yield radicals which are in equilibrium with their dimers, but radical 74 is not 
dirneric from 19 to 95”C4I4. The products of two-electron reductions of 
1,2-dithiolium ions are unstable and ring opening 

(74) 

The protons of a methyl, methylene, or methine group attached directly to the 
1,2-dithiolium ring at the 3-(or 5)position are acidic and can undergo exchange 
with deuterated protic solvents486. The methylene groups also can undergo 
condensations of the aldol type (e.g. equation 228)400d.i.k.448,462.487. 

s-s Z 

CH2R3 + R4’ C I1 \x - or--H2X -HaZ R ’  +& Or R’&R4 + 
R2 R 3  R 2  R3  

+ 
Z = 0, S, SCH3 

X =  SR, N H R ,  N R 2  

(228)  

Side-chains conjugated with the 1,2-dithiolium ring undergo various reactions, 
such as the hydrolysis or  addition-elimination reaction of enarnines (e.g. equation 
229)487.488. Addition-Aimination reactions of thioenol ethers of 1,2-dithiolium salts 
also occur (equation 230)404”.c. 

ROH 

R ’  

R ’  R’  

(229) 

(230) 
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Among the reactions discussed so far in this section were a number of ways 
electrons could be released to the 1,2-dithiolium ion. A last, more complicated, 
example is given in equation 23 1400b.jg9. 

s-s 1 s-s 
\ \  I -  - 

Ar t - B U  

Derivatives of 4-hydroxy-l,2-dithiolium salts readily form a 
(75)400a,408a,c. Demethylation of 3-methylthio-l,2-dithiolium salts 

R' /qR2 
0- 

(75) 

1,2-dithiole-3-thiones may occur in addition to displacement of the 
g;rOUp400e,403a 

(231 

zwitterion 
to give 

methylthio 
- -  

Treatment of 3,4,5-trichloro-l,2-dithiolium chloride with aluminium chloride 
containing radioactive chlorine resulted in replacement of the non-radioactive 
halogens419c. Protons directly attached to the carbon atoms of the dithiolium ring 
undergo exchange with D20427.486,490. 1,2-Dithiolium salts with attached aryl groups 
undergo electrophilic substitution at the aryl 

Attempted 1,3-dipolar addition of a mesoionic, dithiolium zwitterion to 
acetylenes gave thiophenes (from sulphur and the acetylene) and a quinone 
(equation 232)39k. 

ph+ Ph - PhCGCPh Ph xph + ph$$ph Ph (232) 

0- 0 

Thermal fragmentation of 1,2-dithiolium salts has been observed in the ion 
source of a mass spectrometer; a dithiolyl radical is believed to be an intermediate 
and loss of a hydrogen atom is The photochemical behaviour of a 
1,2-dithiolium salt apparently yields a dithiolyl radical followed by ring opening 
(equation 233)493. 

Ph 

Ph 

h u  

A 
Ph Ph Ph 

(233) 
A number of complex metal halide salts (e.g. FeCIz-, CoCI:-, PtCla-, CuCIz-, 

SbCI,, SnCIa-) of 1 ,Zdithioliurn ions have been reported396b.494.495; nickel(I1) ions 
and base cause the ring to break496. 

4. 1,3- Dithiolium salts 
a. Synthesis. The methods of synthesis parallel those for the preparation of 

1,2-dithiolium salts and the principal ones are summarized below (equations 
234-242). 
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(234) 

R3 / 
x = s , c  * NPh 

‘R4 

YZ = CH3497, CH30S02F4” ,  CH30S03CH3400i ’  49’b* 499 , HCI, or HClOs(i.e H+)500 

YZ’A- = ( C 2 H 5 ) 3 6  i F 4 5 0 1  

y+Z- = NO+ 81F4308 

(refs. 497e. 499c. 506). - & H R 2  (refs. 503d. 507). 
H /H 

XA = (ref. 505). >S 
‘R ‘CH3 

H 
(4) Cyclization of acyclic intermediates: 

R 1  = O H 5 0 9 ,  alky1408h.409b.499c.Sl0 , ary1507a.509a.510 

R 2  = H408h,409b.507a,509a.b.d, aIky1499c.509b.e.510 , ary1507a.509b.c.e 

R3 = R2N499C.507a.5 10 9 RS509a.C , a~ky1408h.409b.509b.c, ary~S09.510 
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H 

E+ = H+. PhCO' 

A cyclization similar to that illustrated in equation 240 utilizes the bisulphite 
addition product of 2-chloroacetaldehyde (equation 243)514. Diselenium salts have 
been prepared by the method shown in equation 24O5I5. 

OH 

CICH2CHS03 Na 
I (1) RCS2-  

(2) HzSO4 
(3) N a X  

(243) 

R = Ph,(CH3)2N 

Several other methods have been used for the preparation of particular 
1,3-dithiolium ions. Cycloaddition of carbon disulphide to benzyne intermediates 
followed by protonation yields benzo-l,3-dithiolium salts5I6. Elimination of 
hydrogen bromide from a 1,3-dithiolanium salt either by heat or with triethylamine 
has been ~ b s e r v e d ~ ' ~ - ~ ' ~ .  Treatment of tetrathiafulvalenes with oxidizing agents 
gives bis-l,3-dithiolium salts via intermediate cation radicalsSl7; the latter are 
relatively good semiconductors and their electron-spin resonance spectra have been 
studied. The oxidation also can be accomplished electr~chemical ly~ '~.  

b. Reactions. The principal reactions of 1,3-dithiolium ions are (1) attack by 
nucleophiles or electrons on the ring, nucleophiles adding to or displacing a group 
at C(2), and electrons affecting dimerization through C(?),  (2) reactions of 
substituents on the ring (e.g. aldol condensations), and (3) miscellaneous reactions 
such as the formation of carbenes and ylides, photochemical transformations, 
dipolar cycloaddition reactions, and the formation of complexes. 

The types of compounds which add to the 2-position of the 1,3-dithiolium ring 
are as follows: hydride ion sources ( B H ,  A I H ,  5: 1 acetonei-PrOH)4y7e~49y3~so~~ 

516b.S 19.S20a-c (e.g. equations 24S5OSc. 246520h, 247520a), sulphur n u c l e ~ p h i l e s ~ ~ ~ ~ ~ ~ ~  

nitrogen nucleophiles4'3~4y7h~jgY".'O"d~s22a-c (e.g. equations 249503dd, 250522c, 25 1 522b), and 
carbon 
51 6a.S 173.5 18.5 1 9 . 5 2 0 a . 5 2 3 a ~ . ~ 2 4 a . b . S ~ S a ~ . S 2 6  (e.g. equations 252503c, 253526, 254524h, 

503a.d.506.507 (e.g. equation 2444Y%l), oxygen nucleophiIes395.423.499a.503d.504a.b.5OSc. 

503d.514.516b.520a.c.S2la.h (e.g. equations 247520". 2484971, selenium nucleophiles51h-C, 

nuc~eophi~es400i.J~Ob."9 I . 4 6 4 h . 4 9 7 b - d . 4 9 8 . 4 9 Y a ~ ~ . 5 0 0 b . S 0 2 a . b . 5 0 3 . 5 0 7 b . 5 0 ~ . 5  13c.d. 

). 255S?ia. 256451. 257503' 258497d.5O6.52SC 



13. Cyclic sulphonium salts 455 a4) 1CHJ)pCHOH-acetone 

(1:s) (244) 
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Ph 
I 
CH 
II 

(253) 
CH = CHPh 

0- OH 

.. 
CH3S‘ ‘CH2R4 

@) oJN_ (258) 

As the above examples show, a 2-S-methyl group is easily displaced by 
nucleophiles from a 1,3-dithiolium salt. Displacement reactions also may occur 
directly on the methyl carbon of an S-meth$ group to give the thione (equation 
2 5 9)497c. 

Electrons also may be added to 1,3-dithiolium salts either electrochemically or  
via a reducing metal (e.g.  in^)^^^^^^^^^^^^^^^ 1b.s18.s27a.b.528.529. The usual result is 
formation of a dimer from the radicals initially formed (e.g. equation 260528). 
Cleavage of carbon-sulphur bonds was observed when sodium was used (equation 
261’OSa). 

Protons on a carbon atom at the 2-position of a 1.3-dithiolium salt are acidic, 



13. Cyclic sulphonium salts 457 

(e-g. 
and several reactions of the aldol type have been demonstrated408h,499b.513d 
equation 262)499b. 

Dimerization reactions involving these intermediates may be viewed either as  
nucleophilic substitutions on a 1,3-dithiolium salt or as carbene dimerizations. The 
tetrathiafulvalenes from 4-substituted 1,3-dithiolium salts are mixtures of 
isomers523d. 

Photolysis of a mesoionic 1,3-dithiolium salt is believed to proceed via a 
diphenylthiirene (equation 264)530. 
0- - pxlxph i- PhCECPh (264) 

Ph Ph Ph 

The cycloaddition reactions of similar mesoionic compounds have been 
investigated509c.d.531a-d (e.g. equation 265). 

Complexes of tetrathiafulvalenes (ITF) with electron acceptors may involve the 
1,3-dithiolium ions, at least fornially497d~502b.s07b.532a~. Such complexes are of 
interest because in a number of cases high electrical conductivity is observed. The 
reader is referred to a recent summary for more information on this 
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F. Unsaturated S stems with One Sulphur Atom and One or More 

1. Re views 

Heteroatoms (PI, d ) 

Discussions of thiazolium, isothiazolium, and oxathiazolium salts may be found in 
reviews on t h i a z o l e ~ ~ ~ ~ ,  i s o t h i a ~ o l e s ~ ~ ~ ,  and mesoionic compounds536. 

2. Theoretical 
Molecular orbital calculations have been made for thiazolium, selenazolium, and 

oxazolium salts537-539. As expected, is the most electron-deficient carbon 
atom537. Dipole moments, charge distributions, bond lengths, polarographic 
half-wave potentials, and spectra of various derivatives have been c a l ~ u l a t e d ~ ~ ~ - ~ ~ ~ .  

3. Thiazolium salts 
Thiazoles invariably alkylate at  the nitrogen atom and thiazolium salts are 

therefore probably more ammonium than sulphonium salts. For this reason, the 
discussion of these compounds will be limited. The thiazolium moiety is important 
as a component of thiamin (vitamin B1) and of certain cyanine dyes. 

The  two principal methods of syntheses are alkylation of t h i a z o l e ~ ~ ~ ~  and 
cyclizations analogous to  those used in the synthesis of thiazoles proper, e.g. 
equations 266541 and 267542. 

Br- 
I 
Ph 

R1-C-NHPh i + R2CHBrCOCI - tCZH5)JN “)f&’ ( C ~ H S I J O +  BF4- * R1yy 
P h’ 0- Ph’ OCZH5 

(267) 
BF4- 

Alkylation of the thione sulphur atom in thiazoline-2-thiones also results in 
thiazolium ion formation (equation 268)543, as does the addition of other 
electrophiles to an exocyclic double bond (equation 269)544. 

(268) 

OCH3 
OCH3 

a : ) C C H 2  + &J - (269) 

H I I 
R R 

Treatment of 5-acylamino-A4-thiazoline-2-thiones with methyl iodide followed by 
alkali yields mesoionic compoundss4s. Other syntheses of mesoionic thiazolium 
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derivatives have been describeds46. For example, 1,3-polar cycloaddition of 
mesoionic oxazolium sal!s to carbon disulphide yields mesoionic thiazolium 
sa~ts2".s47 

An N-aminothiazolium salt has been obtained by treatment of a thiazole with 
0-mesitylenesulphonylhydroxylamine ( M ~ S S O ~ O N H ~ ) ~ ~ ~ .  

Oxidation of thiazoline-2-thiones also yields thiazolium salts54s551 (equation 
270)5s0. 

H 0 (C H2 1 2 X A 3 S  HO(CH212 

-CH2Ph (2) (1) Hz02 BaClZ * JC,,-\ Ct- (270) 

CH2Ph CH3 CH3 

The three most important reactions of thiazolium salts are their reactions with 
nucleophiles, the reactions of the aldol type involving active methylene side-groups, 
and the reactions of thiazolium ylides, the last being involved in the biological 
action of thiamine. Nucleophilic additions of hydroxide ion occur readily, frequently 
with ring opening (equation 271 and 272)s48.552 or with displacement of a good 
leaving group (via additi~n-elimination)~~~ (equation 273)553". Sodium borohydride 
reduces the 2,3-double bond of the salts554. 

N H2 I - N H  

Condensation of carbonyl compounds with the active methylene groups of 
2-alkylthiazolium salts is a useful method for extending the side-chainsss as, for 
example, in the synthesis of the photochromic spiropyran shown in equation 274556. 

I 

Various thiazolium ylides have been used to model biological reactions involving 
thiamine catalysis. They have been used to effect acyloin-type condensationsss7, and 
asymmetric induction of the beczoin condensation by asymmetric thiazolium salts 
gave products of relatively high optical purity (up to 51%)558. Thiazolium salts 
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catalyse the addition of aliphatic aldehydes to activated double bondGs9. A variety 
of products are obtained by addition of thiazolium ylides to  c a r b o d i i m i d e ~ ~ ~ ~ ”  
(equation 275) and i s o t h i o ~ y a n a t e s ~ ~ ~ ~ .  

NAr 

HO ( C H 2 I ~~12 - fi Ar 
H o ‘ c H 2 ’ 2 ~ ) L  + ArN=C=NAr - + 

R 
\ 

CH3 R CH3 

/ Ar 
N 

Decarboxylation of thiazolium 5-carboxylates gives the 5-ylides, which are 
generated lo3 times more readily than ylides from imidazolium ions but 250 times 
less readiIy than 5-ylides from oxazolium ions561. The formation of the 2-ylide from 
3,4-dimethylthiazolium ions is about 3 x lo3 times faster than for the 
corresponding imidazolium ion and 100 times slower than for the oxazolium ion562. 
Ylides are involved in the dimerization of benzothiazolium salts (equation 276)563, 
and extensive polarographic studies on the dimer have been carried 

(C2H5)3N= a>- - a:): - 
N a+& I ~ l I 

CH3 CH3 

CH3 

Another useful reaction which proceeds via the 

I 
CH3 

CH3 

ylide is the ring expansion of 
thiazolium salts to 1,4-thiazines- (equation 277); the so-called Takamizawa 
reaction565. Treatment of the 3-methylbenzothiazolium ion with phenacyl bromide 
and triethylamine gave 2-benzoyl-4-methyl-1,4-benzothiazine, probably via an 
~ l i d e ~ ~ ~ .  

I 
CI- CH2Ph 

Among miscellaneous reactions may be mentioned the 1.3-dipolar cycloaddition 
reactions of mesoionic thiazolium ~ a l t ~ ~ ~ ~ ~ . ~ . ~ ~ ~ . ~ ~ ~ ~ . ~ . ~ ~ ~  and their photochemical 
transformat ions’-”. 
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4. lsothiazolium salts 
The N-alkylation of isothiazolcs by alkyl halides428b,568, t o ~ y l a t e ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  

s u l p h a t e ~ ~ ~ ~ ~ . ~ ~ ~ ,  methyl f l u o r o ~ u l p h o n a t e ~ ~ ~ ~ ~ ~ ~ ' ,  or triethyloxonium tetra- 
f l ~ o r o b o r a t e ~ ~ ~  is generally a satisfactory method of preparation for isothiazolium 
salts, although the reaction of alkyl iodides with simple isothiazoles was 
slow and led to decomposition upon heating568a. Yields may be low in some 
cases56o. Alkylation of benzo-l,2- and benzo-2,l-isothiazoles with methyl iodide is 
faster than the alkylation of the corresponding benzoxazoles568b. 

N-Substituted isothiazol-3-thiones may be alkylated at  the thione sulphur atom to 
yield isothiazolium salts434d. Treatment of 6-substituted 1,6a-dithia-6-azapentalenes 
with methyl iodide gives 5-(2-methylthiovinyl)isothiazoliurn salts (e.g. equation 
278)573. An X-ray analysis has confirmed the structure of one of the products574. 

R3 R2 R3 R 2  

R 4 M 1  

R4*R1 __t C H j l  O.5 SCH3 (278)  

Oxidative cyclizations have been used to  prepare isothiazolium salts428b.433.44'*575 

R /N-S-S R 2- 

(e.g. equation 279)433. 

Various transformations of isothiazolium salts result from treatment with 
nucleophiles. Rupture of the ring is common576 (e.g. equation 280)428b. 

Loss of an N-alkyl group can occur via acyclic intermediates (equations 281 and 
282)428b.572a, and displacements of good leaving groups can occur (equation 
283)57'b. Nucleophiles may attack the N-alkyl group directly to remove the group 
(equation 283). 

The 3- or 5-thione function may be introduced into isothiazolium salts by a 
mixture of sulphur and pyridine434d,441.446b, but 3-unsubstituted N-aryl (but not 
N-alkyl) salts give 1 ,2-d i th io le -3- imine~~~~~.  



462 Donald C. Dittmer and Bhalchandra H. Patwardhan 

heat 

+ (283) 

Q 6Ph 

OH 

A new class of hypervalent heterocyclic compounds, 6a-thia-l,6-diazapentalenes, 
is obtained by treatment of 2-methyl-5-(2-methylthiovinyl)isothiazolium salts with 
methylamine (equation 284)573. 

R 2  R3 R 2  R3 

CH3S R*R4 S-N+ - CHBNH~ R*R4 ,N-S-N, (284)  

'CH3 CH3 C"3 

The hydrogen-deuterium exchange (via the ylides) of isothiazolium and related 
salts has been 

The 3-methyl group of the 1,3-dimethyl-2,1-benzoisothiazolium ion condenses 
with aldehydes, ketones, orthoesters, and diazonium salts to give new types of 
styryl cyanine and azo dyes578. 

5. Oxathiolium salts and related compounds 
The cations to be discussed are the S-substituted salts of SH-1,2-oxathiole 76, 

3H-1,2-oxathiolium salts 77, and 1,3-oxathiolium salts 78. In the latter two ions, 
there may be considerable delocalization of the positive charge. 

(76) (77) (78) 

Examples of the first type 76 have been obtained from s u l p h u r a n e ~ ~ ~ ~  (equation 
285)s7ya and allene sulphoxides (equation 286)580. As expected, these salts are 
readily hydrolysed to the sulphoxides. presumably with inversion at sulphurs7ya. 

Ph 
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Ph 

The infrared carbonyl stretching frequency for the sulphurane 79 varies from 
1609 and 1832 cm-I depending on the ligand L and the varying importance of 
several resonance structures in the representation of the hybrids8'. 

Ph Ph Ph ' .L 
0 0 0 

0 
(79a) (79b) (794 

A cation analogous to 79b was proposed as an intermediate in the reduction and 
racemization of 2-methylsulphinyl benzoic acid by halide ionss82, and a similar 
resonance structure was proposed for an intermediate in the free-radical 
decomposition of t-butyl 2-phenylthiopero~ybenzoate~~~. A nitrogen-containing 

(equation 287)584. variant of 76 has been reported 

0 

(287) 
+ C N C I  - q , g - R  CI - 

0 

The first example of a cation of type 77 was observed by n.m.r. methods in the 
protonation of 1,6-dioxa-6a-thiapentalenes (equation 288)s85. Previously, such 
cations had been suggested as intermediates in the nitrosation of 
1,6-dioxa-6a-thiapen t a l e n e ~ ~ ~ ~ .  

The  1,3-0xathiolium salts 78 are more common. They may be prepared by 
various cyclization methods (e.g. equations 28958x and 29058ss92 1 511a.s86-s94. 

0 0  

ArCSCH2CPh II II - H2S04 &YAr HS04- 

Ph 

(289) 
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Alternatively, they can be generated by removal of an anionic group (H-, RO-) 
from an o x a t h i ~ l e ~ ~ ~ ~ ~ ~ ~ .  

The principal reaction of 1,3-oxathiolium salts is nucleophilic attack at the 
2-position. Addition of hydride ion (via NaBH, or LiAlH,) followed by hydrolysis 
results in a method for conversion of carboxylic acids58"s92 or  nit rile^^^^ into 
aldehydes (equation 291)s90*s92. Ketones can be prepared in a similar manner by 
first treating the salt with a Grignard reagent instead of a hydride ion source before 
hydrolysis, although some reduction and dimerization is observed in the process. 

A variety of other nucleophiles (H20s87.s96, HO-s96 , C PhSHS96, 
m o r p h ~ l i n e ~ ~ ~ ,  PhCHCOPhSB8) have been added to the 2-position of 
1,3-oxathiolium ions. Zinc metal causes reductive dimerization and manganese 
dioxide effects rupture of the rings96. A de-ethoxylation of a 
2-ethoxybenzo-l,3-dithiole was observed (equation 292)s96 and the reaction with 
hydroxide ion leads to cleavage of the ring and another. nucleophilic additions96 
(equation 293). Water can also effect ring cleavagesB7. 

OH- - as- OCOPh 

dCOPh 

Thiophenes can be obtained by treatment of 1,3-0xathiolium salts with active 
methylene ~ o m p o ~ n d s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  (e.g. equation 294) and aminothiazoles are obtained 
by treatment with ~yana rn ide '~~ .  

6. Thiadiazolium salts and related compounds 
A number of these cyclic salts with one sulphur atom and two nitrogen atoms 

exemplify mesoionic derivatives, which have been reviewed60', and molecular 
orbital calculations have been carried out on them393. 

Thiadiazolium salts are similar to thiazolium or isothiazolium salts and are more 
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like ammonium than sulphonium salts. Thiadiazoles602 and thiatetrazoles603 have 
been reviewed. 

1,3,4-Thiadiazolium derivatives can be prepared by cyclization reactions from 
acyclic thiocarbonyl compounds6-11 (e.g. equations 2956w, 296607-609, 297611). 

(297) 

Alkylation612 or acylation613 of the nitrogen atom of 1,3,4-thiadiazoles also yield 
salts. Mesoionic lY3,4-thiadiazolium salts may be obtained by disproportionation of 
the 2,2’-disulphides6 4. 

The dipole moments of a number of mesoionic compounds including derivatives 
of 1,3,4-thiadiazoles have been obtained615, the ultraviolet absorption bands of 
1,3,4-thiadiazolium 2-thiolate zwitterions have been assigned, and correlations of 
the n + n* transition at 330-440 nm with solvent polarity have been made616. 

Nucleophiles add readily to the 2-position of 1,3,4-thiadiazolium salts (e.g. 
equation 298)617 and the kinetics of the ring cleavage by water of 
2-methy1thio-4,5-diphenyl-1,3,4-thiazo1i~m iodide to N-benzoyl-N-phenyldithio- 
carbarnate have been studied618. Alkyl hydrazines cleave the salts; recyclization then 
occurs to  give tetrazines619. Aryl hydrazines give triazolium salts6I9. 

+,Ar NAr 

CH-CH=N + 3(2g8) J-J + CH3CH=CH-N 3- J--- 
Ar’ 

I 
CH3 

Ar ’ 

An ylide is a likely intermediate in the conversion of 4-substituted 
1,3,4-thiadiazolium iodides into thiadiazine derivatives by treatment with 
dialkylbenzoylphosphonates (equation 299)620. 



466 Donald C. Dittmer and Bhalchandra H. Patwardhan 

Photolysis of mesoionic 1,3,4-thiadiazolium derivatives results in ring opening 
(equation 300)621, and these mesoionic compounds also condense with dimethyl 
acetylenedicarboxylate to yield the tetramethyl ester of thiophenetetracarboxylic 
acid (equation 301)622. 

CH S CH3 S 
<hPN hu II I II CHJCN- Ph-C-N-N=C=S - PhCNHCH3 (300) 

1,2,4-Thiadiazolium compounds, isomers of the 1,3,4-salts discussed above, may 
be obtained by cyclization reactions (e.g. equation 302)623 or by alkylation of 
1,2,4-thiadiazole~~~~.~~~. Methylation may occur at  both N(2) or  N(4) (the ratio for 
attack is 4:l in equation 303)624. 

4 1 

These salts react readily with nucleophiles to give ring-opened products (equation 
304)624. The attack may occur at C(5) [RO-, RNH2, R2NH, (NC)ZC-] or at  the 
sulphur atoms (RS-, BH,, CN-). 

Ph Ph 
c2u50- I I 

C H j N =  C - N = C - O C ~ H I ~  

Ph S 
I II 

C H 3 N X C - N H C P h  + PhSSPh 
Phs- 

1,2,3-Thiadiazolium ions can be prepared by alkylation, which occurs at the 
3-position (equation 305)625. Unlike the salts of 1,2,4-thiadiazoles, no ring cleavage 
occurs with nucleophiles, simple dealkylation occurring 
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Treatment of a mesoionic 3-aryl- 1,2,3-0xadiazolium ion with thionyl 
chloride-dimethylforarnide gave a 1,2,3-thiadiazolium salt, which was prepared 
independently from a mesoionic 3-a@- 1,2,3-thiadiazolium ion (equation 306)626. 
Oxidation gave a new mesoionic derivative626. 

A 1,2,3-thiadiazolium ion intermediate was suggested in order to account for the 
formation of thiatetrazapentalenes and their reversible exchange with aryldiazonium 
tetrafluoroborates shown in equation 307627. 

R ~ O H  - 
(--RIOCHO) 

'A,' 

NA$y I \ (307) 

A number of methods for the  preparation of mesoionic derivatives of 
thiadiazolium salts have been discussed by Ollis and Ramsden6O1. 
2,1,3-Benzothiadiazolium salts and their selenium analogues have been obtained 

by treatment of N-methyl+-phenylenediamine with thionyl chloride or with 
H2Se03 (equation 308)628. 

N-S-N 

Ar '1 Arl 

Isomerization of 1.2,3,4-oxatriazolium-5-thiolates by treatment with ammonia 
solution was reported to give the corresponding thiatriazolium zwitterions (equation 
309)629. Treatment of the ethoxythiatriazolium zwitterion in equation 309 with 
primary aromatic amines, sodium sulphide. or the dicyanomethide ion results in 
displacement of the ethoxy group with formation of new mesoionic compounds630. 

The interesting sulphur-trinitrogen ylide 80 loses nitrogen o n  treatment with 
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N‘SY0CZH5 II (309) 
fy- 

(Cz H 51 3 0  + I3 Fa 
S- 

N-N * +N-N 
;N-N YOY - + 

Ar A/ Ar’ 

dilute acid or o n  heating (equation 3 1 0 y .  Mesoionic oxathiazolium compounds 
have been prepared; they react with certain 1,3-dipolarophiles and alkenes to give 
isothiazoles. Photolysis (R = Ph) gives carbon dioxide and benzonitrile sulphide 
(equation 31 l)632. 

Ph 

NH 
NH 

A 1 1  cH3?5cH3 O - ! - - P h  

+ 

G. Unsaturated Systems with Two Sulphur Atoms and One or More 
Nitrogen Atoms 

T h e  alkylation of phenylthiuret is believed to  occur a t  the sulphur atom to give 
an intermediate sulphonium ion which rearranges to a 1,2,4-thiadiazoline (equation 
3 121633. 

1.2.4-Dithiazolium salts can be obtained by alkylation of the thione sulphur atom 
of 1.2.4-dithia~ole-3-thiones~~~ (equation 31 3)634J” or the imino nitrogen atom of 
3-imino- 1 . 2 . 4 - d i t h i a z o I e ~ ~ ~ ~ .  
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Oxidation of d i t h i o b i u r e t ~ ~ ' ~ . ~ ~ ~ ~ . ~ ~ ~  (equation 314)63k, arylthioamides, and their 
N-aminomethylene or N-hydroxymethylene derivatives also yields 1,2,4-dithiazoliurn 
salts (equation 315)637. 

(314) 

ArCSNH2 X- 
H X  

Ar N Ar 

A novel formation of 1,2,4-thiadiazolium ions by alkylation of certain substituted 

Hydride ion abstraction from a 1,2,4-dithiazole by triphenylmethyl tetra- 
dithiazoles has been observed (equation 31 6y3? 

fluoroborate gives the cation (equation 31 Ga)638. 

CH3 

X =  NCSN(CH3)2, NCH3, 

s-- 
Ph 

CH3 

S 

S 
* (316a) 

Ph3: EF4- BIN BF4- 

Ph 

These 1,2.4-dithiazolium salts react with nucleophilic reagents either with 
cleavage or alteration of the ring635a.636a.637.63Y (equations 3 1 7637. 31 863yb, 3 1 9636a 1 
or with displacement of a g r ~ ~ p ~ ~ ~ ~ . ~  (e.g. equation 320)634c. 

H Z  NCS NHCSN H 2  

(319) 

(320) 
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1,2,3-Dithiazolium ions have been obtained by treatment of arylamines640, 
nitrosoben~enes~40~,6~', or N-sulphinylani l ine~~~"~.~~'  with disulphur dichloride or by 
treatment of o-aminothiophenols with thionyl (e.g. equation 321)@3a. 

Donald C. Dittmer and Bhalchandra H. Patwardhan 

0 
II 

i H 3  CI- 

. BF3 ' E f 2 0  

Y 

The ions are hydrolysed by water to S-oxide derivatives, which can be converted 
into the more stable perchlorate or tetrafluoroborate 1,2,3-dithiazolium 

A 1,3,2,4-dithiadiazolium salt was prepared by treating p-bromobenzoylimino- 
1,3,2,4-dithiadiazoIe with methyl fluorosulphonate (equation 322)644. 

V. SIX-MEMBERED RINGS 

A. Thiapyrylium Salts and Related Compounds 

1. Reviews 
Among six-membered cyclic sulphonium salts, the thiapyrylium salts and their 

ylides, known as 'thiabenzenes', are most important; they have been reviewed more 
or less extensively64s647. A comparison of !he electronic structure of thiapyrylium 
ions with other sulphur-containing 6-n-electron systems has been made648. 

2. Theoretical 
Because the thiapyrylium ring is a 6-n-electron system, considerable theoretical 

interest in it has been generated. A number of molecular orbital calculations have 
been reported378.380.381b.3y~d.e.64y. Experimental and theoretical studies indicate that 
the thiapyrylium ion 81 has the charge more localized on the heteroatom than does 
the pyrylium ion 82, the latter being more reactive to nucleophilic attack at carbon 
than the former649a. The energies of the occupied molecular orbitals are generally 
lower in 82 than in 8164Ya. Delocalization energies, charge densities, and 
spectroscopic properties of thiapyrylium salts have been obtained in the various 
theoretical treatments. In thiapyrylium ions the a- and the y-positions to sulphur 
are predicted to be most electron and n.m.r. spectra support 
the p r e d i ~ t i o r . ~ ~ ~ ~ . " ~ .  The n.m.r. signals for the p- and y-protons for the 
thiapyrylium cation are superimposed, unlike those for the oxygen and nitrogen 
anaIogues"jgh. 
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The  extent of d-orbital participation in thiapyrylium ions is controversial, some 
workers claiming that it is trivia1381b.64yc and others supporting the involvement of 
d-orbitals378b.380.649b. Calculations on mesoionic thiapyrylium compounds indicate 
that d-orbitals can be neglected393. 

Molecular orbital calculations of the spectra of polymethine dyes, including some 
containing thiapyrylium moieties, have been r e ~ o r t e d ~ ~ ’ . ~ ~ ~ ~ .  

Barriers to pyramidal inversion at the sulphur atom in ‘thiabenzene’ have been 
calculated as 42.5651 or 56Ig8 kcal mol-’. 

3. Synthesis 
The principal methods of synthesis of thiapyrylium salts are summarized as 

follows. 
a. Treatment ofpyryliuni salts with sulphide ion. This reaction involves ring opening 

and recyclization (equation 323)649g.h.652457. The reaction apparently does not 
always succeed6s8. 

R 3  R3  

R ’  

52- 

or HS- 1323) 

X- X- 

b. Cyclization r e a c f i o n ~ ~ ~ ~ ~ ~ .  (E.g. equations 324-331). Some of these (viz. the 
cyclizations of 1 , 5 - d i k e t o n e ~ ) ~ ~ ~ . ~ ~ O  are analogous to  steps involved in the first 
method above. Disproportionation reactions occur frequently (e.g. equations 
324659e and 3266691. Cyclizations of the Friedel-Crafts type are frequently used to 
prepare thiapyrylium salts200~201.669.670.671 (e.g. equations 326669f and 327671). 

R3 R3 R3 

X- 

(325)“’ 

+ aCH3 13261669f 
polyoholohoric HC10.q . 

acid 



472 Donald C .  Dittmer and Bhalchandra H. Patwardhan 

(329)663 

a C H 3  ' 

HC104 + CH3COCH2COCH3 

SH 

R 2  R3 

R' CH =C - C  =CHR4 
I I  

c. Via thiapyrans or  their dihydro 

ci- 

(331 )668 

or tetrahydro derivatives. Hydride ion removal 
from thiapyran derivatives or dehydration of an hydroxythiapyran is involved in 
many of the cyclization reactions (method b) (e.g. equations 33265yJ and 333670b). 

H R 3  'OR4 R 3  R 

R' \ 1 R5 
0 0  

R 2 e 4  HCI R 2 0 R 4  H R3 - - . I I  +/ 

H 25 

HCI 
C H B C O ~ H  R '  R5 R' 

R3 H R3 "hR4 + "@[ R' (332) 

R' S. R5 

H+ 
-H20 (333) 

The direct removal of hydride ion from a thiapyran can be accomplished by 
the use of the triphenylmethyl  ati ion^^^".^^^.^^^.^^^-^^^ (e .g  equation 334)674, 
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)-perchloric or carbonium 
ions derived from the same thiapyrans by protonation (i.e. the disproportionation 
reaction exemplified by equation 332. in which ultimately some tetrahydrothiapyran 
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is obtained as well as the thiapyrylium i 0 n ) ~ ~ . ~ ~ ~ ~ 9 j * ~ ~ ~ .  In some cases, the 
triphenylmethyl cation, DDQ-HC104, or o-chloranil-HC104 also effects both 
hydride ion removal and elimination of ~ a t e r ~ ~ ~ ~ * ~ ~ ~ ~ . ~ ~ ~  (equation 335)649e. Simple 
dehydrations and similar elimination reactions involving appropriate thiapyran 
derivatives can give thiapyrylium salts652”.657b.6s5-692 (equations 336685 and 337688). 

H OH 

CI 
I 

HC104 

SCH3 AcpO CH3S’ 
soc12 5, C H B C O ~ H -  

CH3S b \ S C H 3  - CH3S 

Several thiapyran derivatives have been observed to aromatize to thiapyrylium 
salts on treatment with methyl iodide693, triethyloxonium t e t r a f l u ~ r o b o r a t e ~ ~ ~ ,  
dimethyl ~ u l p h a t e ~ ~ ~ ,  sulphuryl chloride-HC104681*685.694696 (equation 338)685.694, or 
phosphorus p e n t a ~ h l o r i d e ~ ~ ~ .  

Six-membered cyclic sulphoxides have been converted into thiapyrylium ions 
(usually concomitantly with dehydration of an alcohol function) on treatment with 
strong acids681.695.697-699 (equation 339)695. Debenzylation of a 4H-thiapyran by 

OH &-a 
CI 04- 

I I  
0 

(339) 

treatment with perchloric acid-iron(II1) chloride gives a thiapyrylium salt in 
addition to a product arising from rearrangement of the benzyl g r o ~ p ~ ~ ~ ~ . ~ ~ ~ .  A 
copper(I1) perchlorate oxidation procedure yields bisthiapyrylium ions (equation 
340)’O’. 

Ph 

(340) 

Ph 

Ph Ph Ph 2CIO4- Ph 
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d.  Aromatization of exocyclic thiapyran derivatives. Thiapyrans with an exocyclic 
doubly bonded oxygen703, nitrogen66', or carbon704 atom can often be 
converted into thiapyrylium salts by treatment with electrophilic reagents (equation 
341). Examples are given in equations 342702f, 343703b, and 344704b. 

X XE 

Ar Ar 

I -  

u u  

e. Miscellaneous methods. The thiapyrylium ion itself was first prepared by ring 
expansion of thiophene (equation 345)705. 

Thiapyrylium ions previously had been suggested as occurring in the mass spectra 
of a l k y l t h i ~ p h e n e s ~ ~ ~ .  

4. Reactions 
a. Nuclcophilic nttnck 011 carbon. Nucleophiles attack either the C(?) .  C(4). or c(6) 

atoms of the thiapyrylium ring. Frequently. a group (SR. C1. NR2) at these 
positions is displaced or eliminated (e.g. equations 346707, 347708. 348702h) and ring 
opening may occur (e.g. equation 3497"'1). Intermediates resulting from nucleophilic 
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attack may react further to give structures distantly removed from those of the 
original salts (e.g. equations 350710 and 35l7I1). 

c1 
I 

SP h 
I 

CHPh 

Ph 
Ph Ph 

OH- 0 - [HSCH=CH-CH=CHCHOl 

Ar 
Ar 
I 

CH3NHNH 

I 
Ph Ph 

- 4  Ph Ph Ph 

X (or Y )  

X 
I KO-f-8u 

f -8uOH 
+ CH2-Y 

Ph 

X = CN. COCH3, C O ~ C ~ H S ,  N02, H 

Y = CN. COCH3. C02CzH5, N02, CONH2, H 

’CN 

(347) 

(349) 

(350) 

Reduction with lithium aluminium hydride or sodium borohydride gives 2H- and 
4H-thiapyrans6s9h~66yf.683~.6y3.7~y.712-7~4. Trichloro~i lane~’~ and phosphonium iodide683c 
have also been used, although not as widely. 

OXygen687.707.70Y.715-717 7 sUlphUr668.687.707. selenium702a, nitrOgen6S7a.702dc.707.710. 

718-721, phosphorus7>2.723, and carbon (organometallic reagentS6S4.6SYb.d.h.672.683i. 
691.696.707.709.723-726, cyanide ion727, active methylene COmpOUndS469.h58.662.h88.701h.708.7 I I .  

72a731, activated aromatic r i r ~ g s ~ ~ ~ . ’ ~ ~ )  nucleophiles have been investigated. Examples 
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of these reactions are given in equations 352-356. The K,  value for hydrolysis 
(RC + H 2 0  = ROH = H+) of the thiapyrylium cation is 1.87 X lo-' as compared 
with a value of 1.8 x for the tropylium ion736. The phenazathionium ion 
generated in siru from phenothiazine is attacked by nucleophiles at the 3-position 
(equation 357)737. 

Ph 

Ph Ph 

H H  

CH3 H H 

Ph g h  

(355)658 
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C H 3  CH3 a;;n + - 1357) 

L C H 3  
0 0 CH3 

b. Nucleophilic attack on sulphur to give ‘thinbenzenes’. Attack on the sulphur 
atom of thiapyrylium salts by carbanionic reagents (e.g. aryllithium compounds) 
may occur to give substances called t h i a b e n z e n e ~ ~ ~ ~ . ~ ~ ~ .  Recent evidence shows that 
the reaction products are better formulated as ylides676.739.7Jo, which formulation 
was considered by the early workers as part of a resonance representation 
(equation 358) in which the major emphasis was on covalent structures involving 
expansion of the valence shell of s u l p h ~ r ~ ~ ~ . ~ ~ ~ .  Many of what were previously 
called stable thiabenzenes were identified as 01 igomers~~~ .  Thiabenzenes which are 
relatively more stable contain groups which can stabilize a negative charge on  
Carbon727c,739a.74 1-743 

I 
R 

I 
R 

I 
R 

I 
R 

In addition to the use of organolithium reagents to prepare t h i a b e n z e n e ~ ~ ~ ~ . ~ ~ ~ .  
6y3.6y4.739-744.74s, they also are obtained by treatment of thiapyrylium salts with 
Grignard reagents725.739.7J6.747b or  by deprotonatim of 2H- or 4H-thiinium salts676. 
694,727c.739.740b.74 1.743.747c.d (e equation 3 5 9)74 I .  

2 equiv. CH350CH2Na ~ 

Q Q 
OH 0- 

(359) 
H 

II 
0 

Thiabenzene derivatives undergo the Stevens rearrangement6Y3.738a.b.73Y.731.713.743. 
7J6.747a.c.d.748 (e.g. equation 360)6y3 and act as dipolar reagents in additions to 
dimethyl acetylenedicarboxylate. diphenylcyclopropenone, and diphenylcyclo- 
 ropen net hi one'^^.^^^ (e.g. equation 361 )743. 

Treatment of thiinium ion 83 with methyllithium gave the 4H-thioxanthene and 
methylene which was trapped with c y c l o h e ~ e n e ~ ~ ~ ~  (equation 362) .  
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Ph APh I 2%-+ ,,ha3 + phxph 
qs\ CH3 + 

CN 

I 
Ar 

Ar = p-CHsOCsH4 

(360) 

Ph Ph 

1361 1 

I 
Ar CH3 CH3 

(83) 
U 

Thiabenzenes are susceptible to ~ ~ y g e n ~ ~ ~ . ~ ~ ~ ~ . ~ ~ ~ ~  (e.g. equations 363727c and 
3 64 73 Ha). 

The ‘configuration of the sulphur atom in thiabenzenes is pyramidal. and an 
optically active thiabenzene was obtained by deprotonation of the sulphoniurn salt 
precursor with b r ~ c i n e ~ ~ ~ ~ .  

Ph Ph 

(21 ( I )  H C I  0 2  * &- Ph Ph Ph 6’ Ph 
I 

(363) 

Ph 
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CN 0 

0 0 

PhCEC-CPh f CH2=S -((CH3I2 I 1  phyJph I I  

o// 'CH3 

479 

(364) 

(365) 

ck'3y3 cH3QN 

o' 
0' 'CH3 CH3 

Thiabenzene oxides (see equation 365)740c also have ylide character676.740a.c*749*750, 
and an X-ray analysis of 84 and 85 indicates that they are in a half-boat 
conformation with an appreciable contribution of pn-dn bonding to the S-C and 
S-N bonds751. 
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Although not strictly thiabenzenes; the thiapyrylium betaines, e.g. 86, dimerize 
via sulphonium ylides682.752 (equation 366). Finally, a thiabenzene structure was 
proposed as resulting from an interaction of a negative oxygen atom with a positive 
sulphur atom in a thiapyrylium structure 87753. 

c. Reactions of side groups. a-Methyl o r  a-methylene groups in thiapyrylium salts 
possess acidic hydrogen atoms and a number of aldol-type condensations have been 

Such reactions have been used to prepare cyanine dyes657b,658,734. 
Equations 367-370 exemplify these reactions. 

( 3 6 7 1 ~ ~ ~  

Ph Ph Ph 

CH - N =N -Ar 

* & k P h  

ArN; CI- 

CH3COZNa 
Ph 

A dimer is obtained by treatment of a y-methylthiapyrylium salt 
pyridine (equation 371)701; the reaction probably proceeds by proton removal and 
a one-electron transfer from the deprotonated species to the thiapyrylium salt 
followed by dimerization of the resulting radical ions with further loss of protons757. 
An intermediate formed by proton removal has been trapped by tetracyanoethylene 
(equation 372)758. 

(368)658 

(369)657b 

( 3 7 0 ) ~ ~ ~  

88 with 
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oyridine (NCl2C=C(CN)2, 

Ph Ph Ph Ph Ph Ph 

1-Methylthiabenzene 1-oxides can be alkylated or acylated at the methyl 

d. Oxidation. Oxygen649f (equation 373), manganese d i o ~ i d e ~ ~ ~ . ~ ~ ~ , ~ ~ ~ . ~ ~ ~  
(equation 374)760, and hydrogen p e r 0 x i d e 6 ~ ~ ~  (equation 375) oxidize some 
thiapyrylium salts. Photo-oxygenation via triplet oxygen leads to rupture of the 
thiapyrylium ring, but singlet oxygen does not react649f. The hydrogen peroxide 
oxidation probably proceeds by initial addition of the reagent to the thiapyrylium 
ring. 

0 

0 

e. Addition of electrons (one-electron reductions). Treatment of several 
thiapyrylium salts with one-electron reducing agents ( z i n ~ ~ ~ ~ . ~ ~ ~ ~ . ~ ~ ~ ,  c ~ b a l t o c e n e ~ ~ ~ ~ .  
d i t h i ~ n i t e ~ ~ ~ ~ ,  phosphonium iodide683c, and alkali metals683e) yields dimers via 
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or 

0 0  
R 

(376) 

intermediate radicals. When steric hindrance inhibits dimerization at  carbon, 
dimerization at sulphur occurs, at  least initially (equation 376)683c. The radical 
intermediates react with oxygen to give thiapyrones. Electron-spin resonance has 
been used to investigate the symmetrical 4,4'-bithiopyrylium radical cation761. 
Polarographic studies on thiapyrylium ions have revealed two reversible 
one-electron transfers702d.762.763. r-Butylmagnesium chloride has been reported to 
yield a dimer as well as the expected addition compound and a product of a 
two-electron reduction6y4. 

f. Miscellaneous reactions. Charge-transfer complexes of thiapyrylium ions with a 
variety of electron donors have been i n v e ~ t i g a t e d ~ ~ ~ . ~ ~ " ~ ~ ~  and the photo- and 
semiconductive properties of complexes with anions of cyanocarbon acids 
(resistivities lOIO-1 0l2 ohm cm at room temperature) have been reported764b. 

An unusual exchange of an ethyl group in thiopyrylium iodide 89 with the 
methyl group of solvent acetonitrile has been described (equation 377)702h. The 
tetrafluoroborate salt did not undergo alkyl group exchange. 

YCZH5 SCH3 phyJph - C H j C N  

C2H5S SC2H5 

1377) 

i- I- 

B. Other Six-membered Sulphonium Salts with One Sulphur Atom 

1. Structure and conformation 
Conformational energies of all possible conformers of the thianium salt 90 have 

been calculated, and the high pharmacological activity of the trans compound is 
believed to be related to its conformational stability768. A study of 34 
S-alkylthianium salts established that AGOnxinl ecquatorial for S-methyl was small (0.0-0.3 
kcal mol-l) because of flattening of the six-membered ring at the sulphur end769. 
Equatorial substituents at C(2) or c(6) which inhibit the flattening increase AGO for 

O C O C H j  

I 
C"3 

(90) 
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S-methyl. An axial methyl group at C(4) stabilizes the conformation of an axial 
S-methyl group. Groups larger than methyl favour an equatorial S-alkyl group. 

Carbon magnetic resonance substituent effects are  a blend of a, f3, y ,  and 6 
effects; values of chemical shifts for more or less conformationally fixed systems 
may be used (in addition to proton n.m.r.) to assess the position of conformational 
equilibrium in more mobile  system^^^".^^^. For instance, the trans to cis ratio for 
4-isopropyl- 1-methylthianium tetrafluoroborate in water at  100°C is 1 .32206; the 
frmzs to cis ratio for 4-t-butyl-1-methylthianium perchlorate in chloroform at 100°C 
is 1.45772a. C.m.r. spectra of equatorial and axial S-methylthianium yields have been 
reported772b. 

Rates of alkylation of cis- and trans-3,5-di-f-butylthianes and 4-phenylthiane have 
been determined. Both kinetic and thermodynamic stereoselectivities favour 
equatorial S-methyl Twist conformations of thianes were believed to be 
unimportant. S-Protonated thianes have the proton in the axial position77J. 

Activation parameters have been determined for pyramidal inversion a t  sulphur 
for the bicyclic sulphonium salt 91 and its ~ l i d e ~ ~ ~ .  The equatorial conformer is 
favoured in the salt and the axial conformer in the ~ I i d e ~ ~ ~ .  m-p BF4- 

(91 ) 

The energy barrier for pyramidal inversion in 9,g-dimethyl- 1 O-phenylthioxan- 

An X-ray analysis of sulphonium salt 92 indicates a greater contribution from the 
thylium perchlorate is 25.4 kcal mol-l 699. 

zwitterionic structure than from the thiabenzene structure776. 

0- CH3 0 CH3 

C H 3 p & 3  H3 \ N ~ , ~ ~ c '  0 
AN 

I 
CH3 

0 -  0 
I 

CH3 

0 

(92 ) 

2. Synthesis 
The preparation of six-membered cyclic sulphonium salts can be accomplished by 

alkylation methods (previously described) via alkyl halides, alkyl halide-silver 
ion332, alkyl halide-mercury(I1) iodide777, alcohols or ethers plus HX, alkenes-HX, 
trialkyloxonium salts, alkyl fluorosulphonates, or alkyl trifluoromethanesulphonates 
(triflates)2s6. Alkylation of the sulphur atom of a cephalosporin with methyl 
fluorosulphonate results in epimerization at C(6)77x. 

Cyclization of halosulphides to thianium salts is facile77y ( e .g  equation 378)760. In 
alkylation reactions assisted by silver perchlorate. the use of its acetonitrile complex 
is said to be safer than use of the salt alone in d i c h l ~ r o m e t h a n e ~ ~ ? .  An improved 
synthesis of l-thioniabicyclo[4.4.O]decyl bromide has been reported (equation 
379)775.7n1. Thianes have been t-butylated by treatment with t-butanol and three 
equivalents of perchloric acid770. 
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* a BF4- (379) 
( C H 9 0 ) z b H  BF4- 

Br- 

Bis-thiazinium dications can be prepared by cyclizations of dithiooxamides 
(equation 380)782. 

R2 

(HOCHCH2CHNHC)2 R’ I T 2  I;; soc12 p’;$’..l- S (380) 

R ’  R’ 

A tricyclic salt was obtained by a transannular ring closure (equation 381)783. 
Several zwitterionic S-arylthianium salts have been prepared, either directly from 
the thiane and a or from 1,5-dibromopentane and 4-(methy1thio)- 
pheno1222v224. 

CI- (381) ”* or H O a o H  ___) HCI  Cl&cl 

\ 
- 

S-Chlorothianium salts are intermediates in the reactions of thianes with t-butyl 
h y p o ~ h l o r i t e ~ ~ ~ - ~ ~ ~ ,  and S-aminothianium salts are obtained by treatment of 
thianes with O-mesitylenesulphonyIhydr~xylamine’~~~*~~~~~ or by N-alkylation of 
~ u l p h i l i m i n e s ~ ~ ~ .  Sulphiliminyl sulphonium salts have been prepared from thianes 
and N-halodiphenylsulphilimines (equation 382)788. A sulphurane structure is 
proposed to account for the behaviour of the salt in non-polar solvents788. 
S-Azathianium salts are intermediates useful in the alkylation of aromatic 
a r n i n e ~ ~ ~ ~ ~ . ~ .  

i- Ph2S=NCI - 0 CI- - 0 (382) 

/ \  
‘N=SPh2 CI N=SPh2 

0 
Ylides can be obtained directly from thianes and diazoalkanes187~339362.78y (e4 .  

equation 383)362. They are frequently unstable and rearrangements occur362.7y~7y2. 
A cephalosporin has been converted into a penicillin via this diazoalkane 
rearrangement route7”. Attack of carbenoid species on the sulphur atom of 

(383) 0 + N2C(C02CH3)2 - 
\- 

C(CO2CH3)2 
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4-r-butylthiane gives mainly the axial ylide, whereas nitrenes are less specific789. 
There is a substantial barrier to inversion of the sulphonium y l i d e ~ ~ ~ ~ .  

Thianes and other sulphides react with tetracyanoethylene oxide to give 
zwitterionic sulphonium salts (or ylides) as intermediates in the formation of 
dicyanome t h y l i d e ~ ~ ~ ~ . ~ ~ ~ ) .  

Interaction of electrophilic reagents with a thiocarbonyl group can give 
six-membered cyclic sulphonium salts79J (e.g. equation 384)639”. 
Dimethylamino-1-oxathioniacyclohexane tetrafluoroborates have been obtained by 
N-alkylation of an -S(0)=NCH3 group2”. 

(384) 
cn3i + F3 u$w +S jl“‘ \N - - 1 

R2N A A N  R R 2 N  / s N l  NR2 R2N A A N R 2  

Removal of hydride ion from the a-position of a thiane yields a salt (equation 
385)673. Protonation, alkylation, or acylation of the oxygen atom of a ketone 
function of certain cyclic ketone sulphoxides yields bicyclic sulphoxonium ions 
(e.g. equation 386)795. 

Ph3:C1o4- * a+ C104- (385) 

I 
H 

oJ3 I 

H 

3. Reactions 
As is the case with the sulphonium salts discussed previously, the principal 

reactions are those with nucleophilic reagents, those involving ylide formation 
(acidity of the a-protons) and those involving inversion at sulphur. Reactions which 
are closely similar to reactions discussed earlier will not be reviewed in detail. 

Displacement reactions with strong bases as nucleophiles frequently result in 
considerable e l i m i n a t i ~ n ’ ~ ~ . ~ ~ ~ . ~ ’ ~  which is particularly apparent in thianium salts 
(equation 387)779. Nucleophilic attack on the S-methylthianium ion occurs mainly 
at the methyl group (equation 388), in contrast to results with five-membered cyclic 
salts in which the greater ring strain favours ring opening2J6. 

RONa - PhS(CH2)sOR + PhS(CH2)3CH=CH2 (387) 

I C104- R z C 2 H 5  32% 68% 
Ph 

100% 

0 
R = t-Bu 0% 

88% 11.5% 
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Determination of the stereochemistry and regioselectivity of hydrogen-deuterium 
exchange in cyclic sillphonium salts has been the object of a number of 
investigations. Conformational analysis in heterocyclic systems has been 
reviewed797. Variation in the kinetic acidity (exchange rates) of axial and equatorial 
protons in S-methylthianium salts and the results of molecular orbital calculations 
have led to the suggestion that overlap of the carbanionic carbon orbital with the 
antibonding (o*) orbitals of the groups attached to sulphur plays a major role in 
stabilization of the carbanion, which in turn is important in determining the 
exchange rateszo8. The protons of the methyl group were observed to exchange 700 
times faster than the protons of the a-methylene  group^'^',^^^, and the successive 
exchange rates of the four a-methylene protons indicate little selectivity of one 
disastereotopic pair of a-hydrogens over the other pair, which contrasts with the 
greater selectivity in the five-membered ringsZ7O. The overall exchange rate of the 
a-methylene protons was slower than in the five- or seven-membered cyclic 
sulphonium saltsz7I. Exchange in the bicyclic sulphonium salts 93 indicates that 

(93) 
there is no particularly strong geometrical constraint on  formation of an 
~i-carbanion~’~. The pK, values for a number of conjugate acids of phenacyl 
sulphonium ylides, including a thianium derivative, have been determinedsooa. 
Methylation of 6-membered cyclic ylides is reported to be highly stereoselectivesoob. 

Rearrangements of ylides derived from six-membered cyclic sulphonium salts are 

derived from 1-dimethylamino-1-oxathioniacyclohexane tetrafluoroborate reacts 
with p-chlorobenzaldehyde to give an epoxide (equation 392)237. 

c0mm0n209.2S6.2S8.362.366.790,792.801 (equations 389362, 390790, 391 2.58). The ylide 

(390) 
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Cyclic sulphilimines react with methoxide ion to yield a-methoxysulphides 
(equation 393)s02 and the sulphilirnine derivative 94 decomposes thermally with 
elimination (equation 394)803. Ring expansions of certain sulphilirnines have been 
observed803d. The ylide 95 is alkylated at oxygen and not at carbon (equation 395) 
and no evidence could be obtained for formation of a stable thianaphtholso4. 

-N-TS 

H i;’ Ts 
I 

R~ CON ’ N-Ts 
p-CH3C6H4S02NaCI  

* I 

(394) 

H Ts 

&s< - d s \  (CH3136 CHC13 BF4-  - 
CH3 CH3 

(95) (395) 

The barriers to inversion at sulphur of thianium salts have been 
i n v e ~ t i g a t e d ~ ~ ~ . ~ ~ ~ .  The rates of stereomutation of some five- and six-membered 
cyclic sulphonium salts are considerably slower than the rates for acyclic analogues, 
presumably because of angle strain in the planar intermediate state26Y. 
Displacements on the sulphur atom of S-alkoxythianiumso5 and S - a m i n o t h i a n i ~ r n ~ ~ ~  
salts result in inversion at sulphur. 

S-Alkoxythianium tetrafluoroborate is rapidly and quantitatively reduced to the 
sulphide by sodium sulphite or sodium hydrogen sulphiteao6. Photolysis of a 
P-ketosulphonium salt in methanol yields a variety of products (equation 396)807. 
Photolysis of pyrimido-l,4-benzothiazinesulphonium ylides gave ring expansion 

C H 3 O H  h v  ~ d C H 2 S C H 3  + 5 other products (396) 

CH20CH3 

major product 

&s\cH3 

B F4- 
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(equation 397)808. Attempted conversion of an S-amino salt into a sulphilimine by 
treatment with a basic ion-exchange resin resulted in the formation of a dimer 
(equation 398) 73b. 

R 
I 

O R  

hu 

I I H  
CH3 CH3 

- N H  (398) 

The zwitterionic salt 96 decomposes thermally with the loss of carbon 
oxysulphide (equation 399)809. 

0 
CH3 S COCl 
I II I -cos - 

3 
PhN-CNHPh + PhC=C=O - 

-0 
'Ph 

0 (96) 

Q(yPtCH3 N (399) 

'Ph H 

6. Six-membered Cyclic Sulphoniurn Salts with Two or More Sulphur 
Atoms 

7. Structure and conformation 
The stereochemistry of 1.3-bis-dithianium salts has been investigated by n.m.r. 

techniques"". The 1.3-diethyl salt was a mixture of cis and trotis isomers (62:28).  
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and rapid ring inversion occurred810. The C(2) hydrogen atoms of the cyclic salts 
(S-CH3, S-C2H5) are less acidic than analogous hydrogen atoms in acyclic 
systems. The relative acidities of the diastereotopic C(2) hydrogen atoms depend on 
the medium and the configuration and conformation of the molecules’0. The 
conformations and configurations of both mono- and di-S-ethyl- or S-methyl- 
sulphonium salts of 1,3-dithiane have been studied by n.m.r. measurements8”. 
Molecular orbital calculations on 97 and 98 have been reported378c. 

(97) (98 1 

The mono- and diprotonation of 1,3-dithiane and the exchange of the protons in 
fluorosulphonic acid have been investigated by proton and carbpn n.m.r. 
techniques; protonation gives the equatorial conjugate acid8I2. Fast >H proton 
exchange and fast ring reversal is observed8l2. Mono- and diprotonated forms are in 
the ratio 85: 15. Proton exchange (equilibration of axial and equatorial protons) 
does not interconvert the 4- and the 6-positions, the base which delivered a proton 
to the sulphur atom remaining in proximity to that atom8I2. 

2. Synthesis 
Either or both sulphur atoms in 1,3- or 1,4-dithianes can be alkylated by the 

usual variety of reagents: alkyl halides291.800.”’3-s16, oxonium salts291.*95.810,817-820, 

sulphates2l, or f l ~ o r o s u l p h o n ~ t , ~ ~ ~ . ~ ~ ~  esters. Apparently, the more powerful 
alkylating agents, e.g. (C2H&0 BF4 or CH30S02F,  are required for disubstitution 
(equation 400)295. 1,4-Dithiins are monoalkylated only (equation 401)819. 

-S (CH3)$ BFq- CH3-gA6-CH3 
c 2BF4- (400) U 

112-Dithiane can be monoalkylated by trimethyloxoniufn 2,4,6-trinitrobenzene- 
sulphonate (equation 402)822. 1 ,ZDithianes also are monoalkylated by methyl fluoro- 
sulphonate a t  rates only slightly greater than for diethyl d i s ~ l p h i d e ~ ~ ~ .  

Treatment of 1.3-dihalopropanes with salts of NN-dimethyldithiocarbamic acid 
gives dithienium ions (equation 403)320.321, and dimerization of p-chloroethyl 
sulphides gives 1,4-dithianium saltss23. 

A sulphur atom in 1.3-dithianes can be aminated with 0-mesitylenesulphonyl 
hydro~ylamine~~3~h.302; a dihydro- 1.4-dithiin can be aminated with ethyl 
N-ch1orocarbamate3O4 to give S-aminosulphonium salts. 1.4-Dithiane reacts with 
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(403) 

tetracyanoethylene oxide to give the S-dicyanomethylene ~ l i d e ~ ~ ~ .  An ylide is also 
obtained by treatment of dihydro-1 ,4-dithiin with biscarbometho~ycarbene~~~.  

Trityl fluoroborate removes a hydride ion from 1,3-dithiane to give the 
1,3-dithienium ion, which reacts with dienes to give bicyclic 1,3-dithianium salts 
(equation 404)824. The same dithienium ion can be obtained from 1,3-dithiane 

Br(CH,),Br + [(CH3)2NCS2-1 2(CH312Sn2+ - 

(404) 
sAs Ph&BFq- ' S P S  '2: 
U- U 

and N-chlorosuccinimide followed by ionization of the 2-chlorine atom in liquid 
sulphur dioxide312. A dithienium ion has been pro osed as an intermediate in 
reactions of a bromotetrathiaadarnantane derivativer25. Protonation of the exo- 
cyclic double bond in 3-methylene-l,3-dithianes also gives 1,3-dithienium 
intermediates826. Oxidation of 3,3-disubstituted 1,3-dithianes, in which one 
substituent bears an a-hydroxy group, with lead tetraacetate gives 1.3-dithienium 
intermediates (equation 405)827. 

OH 
I 

The bis-salt of dithiabicyclodecane 99 is obtained by oxidation of 1,6- 
dithiacyclodecane with the nitrosonium cation (equation 406)288. Oxidation of 
certain 1,4-dithiins electrochemically828.82y or with PhIC12830, HC104 828, or 
OTAIC13 828 has given bis-salts and radical cations (equation 407). 

99 

3. Reactions 
Six-membered cyclic sulphoniurn salts with two sulphur atoms are. as expected, 

susceptible to nucleophilic attack. They are reduced by sources of hydride 
[NaAIH2(0CH2CH20CH,)2326 (equation 408). NaBH4326. LiA1H43?6. 
(C?H5)3SiHx26h]. and they undergo either d e a l k y i a t i ~ n ~ ' ~ . ~ ~ ' . ~ ~ '  (equation 409)832. 
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H3)2 
s A \s+ NaAIH2(0CH2CH20CH3)2 sxs 
I I  - 1  I (408) 

OH 

s-2 PhOH (41 2 )  

N-Butyllithiium attacks the sulphur atom of l-methyl-2,5-diphenyl-l .4-dithiinium 
tetrafluoroborate to effect ring cleavage (equation 41 3)8'6. Attack by a phenolic 
oxygen atom on  the positive sulphur atom of the S-phthalimido-1.3-dithianium ion 

Ph 

(41 3)  
I n-auLI 

~ ~ ~ p h  - PhCECH + n-BuS-C=CHSCH3 

I 
CH3 

Ph 
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is believed to occur in the first step of a novel synthesis of o-phenol aldehydes 
(equation 414)s34. 

x x X 

Ylides can be obtained from 1,3-dithianium salts by treatment with bases2Ys. 
8 1 0 ~ 8 1 4 ~ s 1 ~ ~ 8 1 7 ~ s 2 4 ~ 8 3 3 ~ 8 3 5 ,  although with strongly nucleophilic bases ring opening may 
occur. Rearrangement of the ylides is frequently observed and has uses in synthesis 
(equation 415)8'4. Ylides derived from mono-S-alkyl-l,3-dithianium ions react with 
the salt precursor to give dimers (equation 416)836. The pK, of the 
1-(4-bromophenacyl)-1,4-dithianium ion is 6.63, compared with 7.00 for the 
monosulphur (thianium) ionsoo. 

n n  
RS , f S  + r;" ' SR RS <S su u 

The formal carbon-sulphur double bond in 1.3-dithienium salts shows 
dieneophilic (equation 404)R24 and electrophilic activity towards alkenes (equation 
4 1 7)x37. The S-methyl-1.2-dithianium ion reacts with 1.3-dienes and with ethylene. 
propene. 1 -pentene. cis- and irons-2-butene. and cyclohexene to give ring-expanded 
products (equation 41 S)xz2. 

equations 4 1 3N16. 4 1 6K36. 4 1 O t i 2 ( ) ) .  
The cvclic sulphonium salts also undergo elimination reactionsfi1h.R"'.Rz".""6 (e.g. 
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CH3 
I 

493 

The intermediate N-ethoxycarbonyliminosulphonium chloride, obtained from 
2-phenyldihydro-l,4-dithiin and ethyl N-chlorocarbamate, in the presence of 
hydrogen chloride yields 2-chloro-3-phenyl-5,6-dihydro-l ,4-dithiin304. 

VI. SEVEN- AND HIGHER-MEMBERED RINGS 

A. Reviews 
Seven-membered sulphur heterocycles. including their salts, have been 

r e v i e ~ e d ~ ~ 8 . 8 3 ~ ,  and the Stevens rearrangement of macrocyclic sulphonium salts has 
been surveyed in connection with the various methods of preparing 
2 , 2 - ~ y c l o p h a n e s ~ ~ ~ .  

B. Synthesis 
Alkylation of larger ring sulphides usually proceeds readily, and difficult cases 

yield to the use of the more powerful alkylating agents. The use of alkyl halides is 
~ 0 m m 0 n ~ ~ ~ . ~ 5 7 . 8 ~ ~ - ~ ~ 3 ,  iodides being preferred for less reactive sulphides. The silver 
ion assisted alkylation by halides frequently is advantageous844.s45. Alkyl and other 
trifluoromethanesulphonates have been used as alkylating agents for cyclic 
sulphides, step in ring expansions2j6. the alkylation being an intermediate 
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Dibenzothiepinium salts can be obtained from 2,2’-bisbromomethylbiphenyl and 
thi01s~~O. The dimethoxycarbocation846 (e.g. equation 420)846j, trimethyloxonium 
tetraf lu~roborate~~’,  or methyl f l u o r ~ s u l p h o n a t e ~ ~ ~ ~ ~ ~ ~  have been used to prepare 
the large-ring cyclic salts used in cyclophane syntheses. Benzyne has been used as a 
phenylating agent; it gives an ylide directly (equation 421)849. 

S r+ 
ws a””‘ C 0 2  H 

;-Am ON 0 * 

A thiepanium ylide is obtained as a colourless solid by treatment of thiepan with 
dimethyldiaz~malonate~~~, and I-dimethylamino-1-oxathioniacycloheptane and its 
ylide have been prepared237; 

Thiacycloheptane reacts with protonated quinones to give sulphonium salts of 
hydroquinones (equation 422)226. 

The thiepin derivative 100 disproportionates presumably via thiepinium 
intermediates (equation 423)Hs0. 

Cyclization of ethyl 6-chlorohexylsulphide to S-ethylthiepanium chloride occurs 
less readily than cyclizations to five- and six-membered ringsxsS1. A bicyclic 
sulphonium salt has been proposed as an intermediate in the rearrangement of an 
eight-membered cyclic sulphide (equation 424)x5’. A seven-membered sulphonium 
salt intermediate was proposed in order to account for the rearrangement of 
alcohol 101 (equation 42S)H53. and similar intermediates involving the 
corresponding ketone have been suggested854. 

Eight- and ten-membered cyclic sulphonium salts with two sulphur atoms are 
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B ~ C H Z ~ ~  - B r C H * - @ C H 2 3  - 
BrCH2 0 BrCH2 0 BrCH2 0 

(1001 

495 

(101) 

obtained by treatment of the S-methyl salts of 1,Z-dithiane with alkenes and dienes 
(equation 418)822. 

The S-methyl salt of dibenzothiepin was not resolvable841, and a study of the 
nuclear Overhauser effect on the conformations of another dibenzothiepin salt has 
been reporteds45. The proton and carbon n.ni.r. spectra of salt 102 show that for 
n = 6 two conformations can be detected, the aromatic carbon atoms becoming 
non-equivalent for this ring sizess5. 

(102) 

Macrocyclic sulphoxides can be converted into S-hydroxy or S-alkoxy salts on 
protonation or a l k y l a t i ~ n ~ ~ ~ . ~ ~ ~ .  The former are intermediates in the reduction of 
sulphoxides by hydrogen iodide (equation 426)289. An 0-t-butyl salt is obtained on 
treatment of thiepane with 1-butyl h y p o c h l ~ r i t e ~ ~ ~ .  

Thiepane is N-substituted with diphenyl N-bromosulphilimine to give a salt"'. 
An S-chlorosulphonium salt of a benzothiepane has been obtained by treatment of 
the sulphoxide with acetyl chloride-antimony pentachlorides5'. 



496 Donald C. Dittmer and Bhalchandra H. Patwardhan 

0 OH 

- a2 H + .  - H 2 0  

I 

- 0 * c5 - n+ 

I- . c5 1-.--12 c;2 (426) 

C. Reactions 
The larger ring sulphonium salts are stable, although prolonged heating of 

S-methylthiepanium iodide causes ring opening860. 
Sulphonium ylides derived from large-ring sulphides are used in ring expansions 

to give macrocyclic  derivative^'^^^^^^.^^^ (e.g. equation 427)256. The ylides of a 
number of macrocyclic sulphonium salts have found utility in cyclophane and 
annulene synthesis via Stevens  rearrangement^^^^.^^^.^^^" (e.g. equation 428848a). 

base 

(diazablcycloundecene) 
c -Q ~ 0 2 0 C H 2 C O z C z H 5  

C H2 C02C2 H5 

KO-f-Bu 

\ rearrangement) 

S+ - CH3 
I 

CH3-St 
I 

CH3S- 

hv 
R’  - 

mixture of isomers 

R ’  
I 

(428) 

I 
CHg CH3 
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T h e  photochemica l  - r e a r r a n g e m e n t  of 1-rnethylbenzothiepiniurn sal ts  yields 
heterobicycloheptadienes (equat ion  429)s61. 
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I. HISTORICAL DEVELOPMENTS 

A. Phenothiazine, Thianthrene, and Phenoxathiin 

1. Phenothiazine cation radicals 

Following the discovery of electron-spin resonance (e.s.r.)' , much interest developed 
in characterizing ion radicals by their e.s.r. spectra. Among the first cation radicals to 
be thus characterized were some which contained sulphur. Most of the early e.s.r. 
characterizations were made, furthermore, with solutions of the organosulphur 
compound in concentrated sulphuric acid, since it soon became evident that oxidation 
of electron-rich molecules in this acid often gave paramagnetic products. Lagercrantz 
showed in 1961 that phenothiazine in sulphuric acid gave a four-line e.s.r. spectrum, 
while in D2S04 the spectrum was a triplet'. The four-line spectrum was deduced to 
arise from equivalent splitting by the nitrogen and its attached hydrogen atom in 
the phenothiazine cation radical 1, the splitting due to hydrogen disappearing 
when hydrogen was replaced with deuterium in D,S04. Analogously, 
10-methylphenothiazine in both H2SO4 and D2SO4 gave a six-line e.s.r. spectrum 
which was attributed to equal coupling of the electron spin with the nitrogen atom 
and the three protons of the methyl group 2. E.s.r. spectra obtained from solutions 

H Me 

(1) ( 2 )  

of 10-ethylphenothiazine and a number of phenothiazine-based drugs 
(promethezine-HCI, and chloropromazine-HCI) in sulphuric acid were attributed to 
phenothiazine-type cation radicals, also. 

The four-line e.s.r. spectrum of 1 was obtained also from the anodic oxidation of 
phenothiazine in acetonitrile solution3, and this e.s.r. evidence confirmed 
electrochemical evidence for one-electron oxidation obtained with controlled- 
potential oxidation4. 

I 
H 

(3) 

Improvements in the resolution of these early four-line spectra were not long in 
being made. Concentrated solutions of the leuco (i.e. reduced) form of a number of 
thiazine dyes in sulphuric acid also gave four-line e.s.r. spectra with nitrogen splitting 
(aN) of about 0.66 mT (ref. 5 )  or  0.7 mT (ref. 6). However. dilute solutions of some 
leuco forms in sulphuric acid gave many hyperfine lines in the major quartet. In 
these cases. coupling with the ring protons was thus detected for the first time. e.g. 
with 35. 

Hyperfine splitting by the ring protons of 1 itself was first obtained from sulphuric 
acid solutions of phenothiazine in the same year'. Many-line e.s.r. spectra were 
reported later for both 1 and 2 obtained by anodic oxidation of the parent 
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compounds in acetonitrile’, and attempts were made to fit  theoretical spectra to the 
experimental spectra with computed values of the hyperfine splitting constants 
for all ring protons’. These early e.s.r. findings established the nature of pheno- 
thiazine cation radicals clearly. It was not until 1966, however, that acceptable 
spectra and explanations of all coupling constants were obtained for 1 (see 
Table l)lo.”. 

The interest shown in cation radicals of the phenothiazine type had arisen from the 
presence of the phenothiazine nucleus in many well known dyestuffs and pharmaco- 
logically important drugs. As early as 1958 e.s.r. had been used to show that a radical 
product could be isolated from patients who had ingested chloropromazine, and that 
the same product could be obtained from the ultraviolet irradiation of chloropromazine 
in dilute aqueous ~o lu t ion ’~ .  Oxidation of chloropromazine and some other drugs 
(promazine, trifluoropromazine, and trifluoroperazine) by iron(II1) or cerium(1V) 
salts in hydrochloric acid, by concentrated sulphuric acid, and anodically at a 
controlled potential in aqueous solution gave e.s.r. signals attributed to the cation 
radicals. Simultaneous e.s.r. and absorption spectrosocopy in a flow system was also 
carried out13. At the same time, Borg and Cotzias demonstrated with oxidimetric 
titrations and absorption and e.s.r. spectroscopy that chloropromazine and a number 
of its congeners were oxidized to the cation radicals by metal ions (e.g. Co3+, Fe3+, 
Mn3+) in acid solution14. In the same year also, Billon showed that like 
phenothiazine itself and its 10-methyl and 2,7-dimethyl derivatives, numerous 
phenothiazine drugs could be oxidized anodically in acidic acetonitrile solution, and 
their comparative one-electron oxidation potentials could be measured”. A partial 
analysis of the e.s.r. spectra of promazine and chloropromazine was given in 1 96916. 

It is noteworthy that the characterization of the cation radicals of phenothiazine 
and its derivatives by e.s.r. spectroscopy only confirmed proposals for their formation 
which had been made earlier, before the days of e.s.r. That is, Michaelis and 
coworkers carried out the potentiometric reductive titration of Lauth’s violet 
(thionine) and methylene blue in strongly acidic solution with titanium(II1) chloride. 
They were able to show clearly that a one-electron reduction occurred to give what 
was then called a semiquinone and, further, that the semiquinone 5 existed in 
equilibrium with dye 4 and the fully reduced leuco form 6 (Scheme 1)”. 
Analogous reductive titrations of other phenothiazine dicationic derivatives 
(3-amino, 3-hydroxy-, 3-amino-7-hydroxy-, and 3,7-diphenylamino-) were also 
carried out18. These reductive titrations from the dication side led eventually to 
oxidative titrations from the leuco side. For example, phenothiazine itself and 
N-methyl- and 3.7-dimethylphenothiazine were oxidized potentiometrically with 
bromine in aqueous acetic acid. while pyridinium derivatives were oxidized by 
potassium dichromate in 18.9 N sulphuric acid”. Here it was shown that the 
semiquinone (i.e. the cation radical) corresponded with the semiquinone postulated 
even earlier by Kehrmann et ~ 1 . ’ ~ .  As early as 1902 Kehrmann had reported on the 
oxidation of phenothiazine with iron(II1) chloride and had isolated a so-called 
crystalline iron chloride double salt?’. However. it is remarkable that Kehrmann et 
01. deduced in 1914 that all direct oxidations of phenothiazine with. for example. 
bromine, iron(II1) chloride, and cold concentrated sulphuric acid had been until  then 
misunderstood in that they gave an incompletely oxidized product (called part- or 
semiquinoid) rather than what had been described as completely oxidized (called 
ho]oquinoid)’o. Kehrmann ~t 01. recognized that phenothiazine and its derivatives 
formed salts of t\\lo oxidation states. and that the  lower (partial or semiquinoid) 
could be further oxidized to the higher oxidation state (the holoquinoid). These, of 
course. we now call the cation radical and dication. 
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I 
H 

(4a) R = H (Lauth's violet) 

(4b) R = Me (methylene blue) 

S C H E M E  1 

Analogous deductions were made at the same time by Pummerer and 
c o - w o r k e r ~ ~ ~ . ~ ~ .  This group began with phenothiazine 5-oxide and 3-phenothiazone, 
however, about which more is said later. Pummerer and coworkers also recognized 
that two classes of salts could be formed, one being called meri- and the other 
haloquinoid, but it is apparent that in formulating the meriquinoid as a double salt 
(e.g. 7) Pummerer et in contrast to Kehrmann et 01. (who designated the 
semiquinone correctly as S), did not completely understand its nature. 

2. Thianthrene cation radicals 
The first class of organosulphur cation radicals to be identified and characterized 

directly by e.s.r. spectroscopy. the phenothiazine cation radicals, was thus known for 
a long time. but not in structural terms. A similar view can be held about the 
thianthrene cation radicals. whose history goes back even further. 

The thianthrene cation radical 9a. (R = R' = H) was first correctly identified by 
e.s.r. spectroscopy in the period 196 1-62. Thianthrene dissolves in concentrated 
sulphuric acid. giving a purple solution; sulphur dioxide is evolved in the process. 
This reaction was first observed by Stenhouse in 1868 when he described the 
magnificent purple colour of the solution'4. However. i t  was not until over 90 years 
later that. independently. the work in four laboratories explained correctly. and in 
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(9 1 

R R ’  R R ’  

(a) H H (9) H 2-Br 

(b) H 1-OH ( h )  H 2-OH 

(c)  H 1-Br (i) H 2-CI 

(d) H 1 -CI ( i )  H 2-CO2 H 

(el H 1-NH2 (k) 2-CI 7 x 1  

( f )  H 1-CO2H (I) 2-OH 7-OH 

527 

R R ’  

(m) 2-r-Bu 7-r-Bu 

(n) 2-Me 7-Me 

modern terms what was causing the purple colour. In each case a five-line e.s.r. 
spectrum was obtained from a purple solution of thianthrene in sulphuric acid. It was 
deduced that the e.s.r. spectrum arose from coupling of the electron spin with one of 
the two sets of four-equivalent protons in 9a2s29. One-electron oxidation of 
thianthrene (as with phenothiazine, above) had occurred (equation 1). aB +3H2S04 Km f 2HS04- f SO2 f 2H20 (1 

The five-line e.s.r. spectrum of these purple solutions had been recorded much 
earlier30.31, but curiously, in spite of the work of Michaelis with the analogues 
phenothiazine and phenoxazine, the correct structure of 9a was not deduced. This is 
all the more curious since Fries and Engelbertz concluded in 1915 that thianthrene 
and 2,7-dimethoxythianthrene gave semiquinoid salts when oxidized by sulphuric 
acid, iron(II1) chloride, and bromine32. These salts were represented as in 10, which 

1 x 

(a)  X = OS03H; (b) X = CI:FeCI, 

of course is correct for 2 mol of cation-radical bisulphate or tetrachloroferrate. Fries 
and Engelbertz showed, furthermore. that the salts could be reduced by potassium 
iodide, tin(I1) chloride. and hydroquinone to the parent heterocycles. Reduction of 
10a with potassium iodide gave. for example. 85% of the theoretical iodine. The 
low result was attributed correctly to competing hydrolysis of 10a to 
2.7-dimethoxythianthrene and its 5-oxide. for i t  was shown that reaction of 10a with 
water gave equal amounts of these two compounds. Analogous results were obtained 
with the thianthrene salt. This reaction. in modern terms the reaction of the 
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thianthrene cation radical with water, has had a major role in settling the 
mechanisms of reaction of organosulphur cation radicals with nucleophiles. 
Curiously, though, it remained unnoticed until re-discovered by later  worker^^^.^*. 
Most interestingly, Wizinger proposed in 1929 the  correct structure of the 
thianthrene cation radical but this report also seems to have been overlooked by 
almost all later workers33. (Wizinger proposed the correct structures for the 
phenoxathiin cation radical, also, and its selenium and tellurium analogues, but he 
was slightly incorrect with phenothiazine and phenoxazine dyestuffs.) 

The first e.s.r. spectra could not distinguish which set of four-equivalent protons in 
9a was responsible for the five lines. This was settled with the e.s.r. spectra of 
appropriately substituted thianthrene cation radicals. A series of 1-substituted 
thianthrenes gave, in concentrated sulphuric acid, a five-line e.s.r. spectrum 9b-f 
like that of thianthrene itself, while a series of 2-substituted thianthrenes 
analogously gave distorted three- or four-line spectra 9g-j34. These spectra 
indicated that coupling with the set of protons in the 2-, 3-, 7-, and 8-positions was 
being detected. This was clearly shown with the three-line spectra of some 2,7- 
derivatives 9k-m and the nine-line spectrum of 2,7-dimethylthianthrene cation 
radical 9n25.34,35, in which equal coupling by the six methyl and two ring 
protons occurs. By resorting to low temperatures and a different medium 
(nitromethane-aluminium chloride) complete resolution of the e.s.r. spectrum of 9a 
was achieved The total spectrum showed not only the expected 25 proton 
lines but also, for the first time in a cation radical, coupling with naturally abundant 
33S (Table 2). This was the first complete resolution of the e.s.r. spectrum of an 
organosulphur cation radical. 

Entwined in the discovery of the thianthrene cation radical are the behaviours of 
thiophenol and diphenyl disulphide in concentrated sulphuric acid. Each of these 
compounds dissolves in sulphuric acid to give small amounts of the thianthrene 
cation radical. 

E.s.r. spectra of solutions of thiophenol and diphenyl disulphide in sulphuric acid 
were obtained in early  year^^^.^^, but, again, not clearly understood. Most 
interestingly, when thiophenol dissolved in concentrated sulphuric acid, two e.s.r. 
spectra were observed30, one of five lines (due to the thianthrene cation radical) and 
another of three lines and higher g-value. The nature of the second radical has never 
been discovered. Needler25 has proposed that this radical may be of the type l l a  

(11 1 

(R = H) in which coupling with the protons in the 2- and 3-positions would lead to a 
three-line e.s.r. spectrum. Analogously, p-toluenethiol gave a five-line e.s.r. spectrum 
attributed to l l b  (R = Me). As for the high g-value (of the order 2.016 compared 
with 2.008 for thianthrene-type cation radicals). this was attributed to considerable 
localization of the  unpaired electron on sulphur atoms in the cation radicals of type 
11. 

3. Phenoxathiin cation radicals 
Phenoxathiin dissolves in concentrated sulphuric acid giving. as with its analogues. 

a blue-purple solution and sulphur dioxide3X. The phenoxathiin cation radical 12 is 
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formed, the correct structure for which was proposed, as noted above, by W i ~ i n g e r ~ ~ .  
Drew, noting in 1928 that decomposition of the  coloured solution with ice gave 
equal amounts of phenoxathiin and its 5-oxide, understood the oxidation state 
involved and deduced that one-electron transfer from phenoxathiin to sulphuric acid 
had occurred. The structure of the product was represented incorrectly, though, as 

1339. dimer di-bisulphate the covalent 

7QpJ)3 

9 I 

HS04 .. -s f2 o.... 

M 
' SO4 H 

E.s.r. evidence for the phenoxathiin cation radical was obtained in 1 962-6340.41, 
while the e.s.r. of some substituted phenoxathiin cation radicals (e.g. 3,7-dimethyl-) 
gave some indication of the relative extents of coupling with ring protons42. Complete 
analyses of the e.s.r. spectrum were provided later43.44, including one with a 33S hfs of 
1.19 mT (Table 3)45. 

4. General comments on e.s.r. data 
These three sulphur heterocycles have been very important in the development of 

knowledge of organosulphur cation radicals. E.s.r. characteristics for the parent 
cation radicals and some of their derivatives are collected in Tables 1-3. It is 
interesting to note the effect of the nitrogen atom in the phenothiazines on the 
coupling constants, and hence spin density, at  the ring positions. For convenience 
these data are given again on the structures 1, 9a, and 12 and compared with 
data for analogous cation radicals of dibenzodioxin 1443, phenoxazine 1511, and 
phenoselenazine 1647. In the non-nitrogen-containing heterocycles, the largest 

0 214 

(9a). g = 2.0081 (12). g = 2.0061 

0 050 

0113 
I 
ti 

(14). g = 2.003843,48 (1 ), g = 2.0053 

H 

(15). g = 2.0032' ' 
H 

(16),g = 2.0161 4 7  
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TABLE 2. E x .  data for some thianthrene cation radicals 

53 1 

Medium* R R’ us u p )  u y  u y  g Reference 

H H - 0.012 0.130 0.130 0.012 2.0081 43 - 0.12Gk 0.126 - 2.0078 64 
H H 0.915 0.0135 0.128 0.128 0.0135 - 36 

0.140 0.140 - - 35 Me H - - 
34 0.165 0.165 - Me H - - 
45 6 Me H 0.873 - 0.164 0.164 - - 

0.130 - - 35 CI H 
34 CI H - - - 0.149 - - 

0.145 - - 45 6 CI H 0.892 - - 
0.139 - - 45 6 Br H 0.894 - - 

34 OH H - - - 0.190 - - 
6 OH H 0.810 0.00 0.036 0.205 0.011 - 45 

34 r-Bu H - - - 0.160 - - 
45 6 t-Bu H 0.872 - - 0.152 - - 

- 45 S Me0 M e 0  0.792 - - - - 

b 

h H H - 
6 
b 
h - 

- - - b 
b 

b 

b 

*See footnotes to Table 1. 

TABLE 3. E.s.r. data for some phenoxathiin cation radicals 

R 

9 1 

Medium* R R’ as u p  .r fly &! Reference 

a 44 H H -  0.026 0.211 0.097 0.054 - 
b H H -  0.030 0.240 0.120 0.060 - 40 
h H H -  - O.02gk 0.260 0.120 0.058 2.0066 64 
b H H -  0.026 0.208 0.104 0.052 2.0061 43 
8 H H 1.19 0.026 0.214 0.099 0.056 - 45 

2.0061 66 It 

It 2-F 8-F - - 0.207 0.415‘ - 2.0064 66 

*See footnotes to Table 1. 

H H -  - 0.208 0.104 - 

‘ f l F .  

coupling (a”) constants are in the 2- and 3-positions. Introduction of nitrogen into 
the ring causes a marked increase in coupling constants (and thus spin densities) at 
the 1-  and 3-positions. these now becoming the dominant positions ortho andpnro to 
nitrogen. while the 2-position (iiwrn to nitrogen) undergoes a large decrease in spin 
density. 

Another feature that stands out in the e.s.r. data is the size of the g-values for the 
cation radicals containing sulphur (and selenium). These relatively large g-factors 
reflect the extent of spin density at these hereroatoms and also the relatively large 
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spin-orbit coupling parameters (151, 382, and 1688 cm-’, respectively, for 0, S, and 
Se) . 

Detection of hyperfine splitting by naturally occurring 33S (0.75% abundance) is 
also shown for some of the cation radicals in Tables 1-3. The coupling constants (aS)  
are relatively large, which again reflects the relatively large spin density at sulphur. 
Since 33S has a nuclear spin of 3/2, the e.s.r. spectrum due to one 33S per molecule 
should be a quartet. This is not seen in its entirety since the two inner lines are 
usually covered by the proton e.s.r. lines. The end lines of the quartet are seen and 
usually split to show the major proton coupling of the radical. Thus, for 9a the 33S 
lines are quintets36, and for 9m they are triplets45. 

6. Formation of Qrganosulphur Cation Radicals from Sulphoxides 
One of the curious reactions which pervades the literature of these compounds and 

is entangled with cation radical chemistry is the formation of organosulphur cation 
radicals from sulphoxides in acid solution. For example, if a solution of thianthrene 
5-oxide 17 in concentrated sulphuric acid is allowed to stand, the cation radical 9a 
is formed (equation 2)25. The same reaction occurs with phenoxathiin 5-oxide 

(17) X = S 
(18) X = 0 

(19) X = NH 

and some diary1 su lph~x ides~~ . -”  in concentrated sulphuric acid, and with 
phenothiazine 5-oxide 19 in a variety of less concentrated acidss2. These 
conversions have been expressed for many years as in equation 342.s3.54. Equation 3 

0 OH 
.+  

(3) 

calls, in effect for the reduction of a sulphoxide, from 0 to - 1 state, in acid solution, 
and implies that hydrogen peroxide might be formed. Many years ago Fries and Volk 
found that when the blue solution of 2,7-dimethylthianthrene 5-oxide in con- 
centrated sulphuric acid was poured into water, the mother liquor liberated iodine 
from iodide ion5sa. They concluded that a peroxide may have been formed. and this 
conclusion has persisted in sulphoxide chemistry28.J’.5’, although. in fact. Fries felt 
later that his earlier conclusion was probably not right. That is, he and Vogt55h found 
that when a solution of 17 in sulphuric acid \vas poured on  to ice and the solution was 
treatcd with iodide ion. not as much iodine was liberated as would have been 
expected i f  hydrogen peroxide had been formed. Fries concluded. therefore. that 
although the fate of the sulphoxide’s oxygen atom was not known. i t  no longer 
appearcd to havc become part of hydrogen peroxide. 

Therc is no doubt that the carly workers kncw to a considerable extent what was 
formcd from sulphoxides in sulphuric acid. Fries and Engelbertz. for example. 
reported that 3.7-dimethosythiantllrene 5-oxidc gave the holoquinoid salt (our 
dication) in concentrated sulphuric acid. and that whcn the solution took up water on 
standing i t  gave the semiquinoid salt (our  cation radical)3’. I t  is also clear that 

II I 
/S\ + H‘ - /S\ - /S\ + OH 
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Kehrmann recognized the analogous behaviour in the phenothiazine series. Solutions 
of phenothiazine 5-oxide in 80-1 00% sulphuric acid were characterized 
spectroscopically as containing the lioloquinoid salts, while corresponding solutions 
in 10% sulphuric acid were characterized as containing the semiquinoid salts20. 
Kehrmann was able to clarify in this way the work of others”*5h but did not know 
how the semiquinone was formed. 

Some bearing on these reactions may perhaps be found in the work of Hanson and 
Norman with the phenothiazinium ion 20 and the  cation radical 1 in buffered 
solutionss7. They prepared crystalline 2O(C1O4) and studied its reactions 
spectroscopically in acetonitrile solution with water and with aqueous buffers of 
various pH. Reaction with unbuffered water gave the cation radical 1, whose 
concentration reached a limiting value and then fell. During this fall the dimer cation 
27 appeared and increased in concentration. Phenothiazine was also observed with 
increasing concentration. When a weakly acidic buffer (pH 4) was used, similar 
changes occurred except that the neutral radical 24 was observed instead of 1 
(Scheme 2). 

The key to these reactions (Scheme 2) is the reduction of 20 and the proposal57 
that the required reducing agent is initially 3-hydroxyphenothiazine 22 or  its 
tautomer 21. Once reduction (equation 5 )  has got underway it can be continued 
not only with 21 or 22 but also with the dimer 26 or its precursor 25. The overall 
proposal is shown in Scheme 2. The important feature is the proposed participation 
of 21 (or 22), showing that some 3 - 0 ~ ~  derivative of phenothiazine must  be formed. 
Hanson and Norman found that with a weakly acid buffer (pH 4), 78% of 20 was 
converted into the dimer cation 27 and about 10% into 23. Thus, the major 
reducing agent in these circumstances was the dimer 25 (or 26). It is apparent that by 
adjusting the p H  o n  the more acidic side the dimerization of 24 (equation 8) might 
be hindered and the pathway of reduction of 20 be diverted more toward the 
3-phenothiazone 23 side. 

The question that now follows is whether reactions of this kind can account for the 
formation of the phenothiazine cation radical 1 from the oxide 19 in acidic 
solutions. The oxide is easily converted into phenothiazinium ion 20 in acidic 
solution. We would expect that conversion into 1 would follow and that one or more 
of the products of Scheme 2 would also be formed besides 1 when 19 stands in 
moderately strong acidic solution, but that certainly 22 or one of its derivatives must 
be formed. 

Shine and Machs2 found that stable solutions of the dication 28, i.e. protonated 
20, were obtained from 19 in concentrated sulphuric acid (equation lo)*. In contrast, 
19 in aqueous sulphuric acid gave the cation radical 1. However, this was not the only 
cation radical formed; eventually the hydroxy cation radical 29 was also detectable 
by e.s.r., although it appeared that 29 was formed at a later stage than 1. Shine and 
Mach proposed that these cation radicals were formed by homolysis of the 
protonated sulphoxides 30 and 31 (Scheme 3). I t  is possible, however, that the 
sequence of reactions leading to 1 and 29 is, in fact, similar to that of Scheme 2. In 
that case, the cation radical 29 represents the necessary derivative of 22. In order to 
account for the  apparent unequal timing of the formation of the two cation radicals, 
Scheme 4 is proposed in which the hydroxy cation 32 is formed first, along with 1, 
and is converted into 29 in subsequent redox steps such as in equation 11*. 

Whether or not Scheme 4 is valid for explaining the conversion of 19 into 1 cannot 
be said yet. In 15% sulphuric acid the conversion is characterized spectroscopically 
with clean isosbestic points, indicating a direct connection between 19 and 1 with 

*See page 5 3 5 .  
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S C H E M E  4 

intermediates of short life and very low concentration. Kinetic analysis of these 
features is now needed. 

Analogous questions may be asked about the reactions of thianthrene 5-oxide 17 
and phenoxathiin 5-oxide 18. Each of these oxides dissolves in concentrated 
sulphuric acid (96%) and rapidly gives the corresponding de-oxygenated dication. 
The dication next is slowly converted into the cation radical. Again, however, a 
hydroxylated heterocycle is also obtained: a hydroxythianthrene 5-oxide 40a was 

0 

(17) X = S 
(18) X = 0 

(33) x = s 
(34) X = 0 

(35) x = s 
(36) X = 0 

S C H E M E  5 
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isolated from reaction of 172R.58 and a hydroxyphenoxathiin 5-oxide 40b from 18j9. 
In the latter case, e.s.r. spectroscopy showed also that whereas cation radical 12 was 
obtained early in reaction a mixture of 12 and the hydroxy cation radical 39 was 
obtained later. By analogy with Schemes 2 and 4, these findings would be fitted into 
Scheme 5.  

The conversion of 33 into 9a was followed spectroscopically by Shine and Piette 
and, again, the spectra of the two ions were linked with clean isosbestic pointsz8. 
Therefore, if Scheme 5 is to be valid, the intermediates (e.g. 35) must have a very 
short life. The spectrum of the hydroxy dication 37 was also observed, linked initially 
by isosbestic point to the bands of 33 and 9a; but eventually departure from this 
isosbestic convergence occurred, as would be expected if 37 were to disappear by a 
subsequent redox process. 

0 
I t  

(40a) X = S: (40b) X = 0 

The foregoing comments on early work with the heterocyclic 5-oxides is made in a 
speculative way from the vantage point of latter-day overview. Further, our 
representation of water as a nucleophile in 96% sulphuric acid solutions (e.g. 
equation 12) may be an oversimplification. Possibly the nucleophile is the bisulphate 
ion, but in that case the corresponding product, the acid sulphate ester, would 
presumably undergo rapid protonolysis, as is seen in the analogous Wallach 
rearrangernenP9. 

Diary1 sulphoxides carrying electron-donating substituents also give cation radicals 
in acid  solution^^^^^^. For example, di-p-tolyl sulphoxide gives the same e.s.r. 
spectrum in concentrated sulphuric acid as is obtained with di-p-tolyl sulphidejO. Oae 
and coworkers have carried out studies of racemization and oxygen exchange with 
aryl sulphoxides in acidic solutions and have implicated cation radicals as 
intermediates60-6z. For example, (+)-phenyl p-tolyl [ 180]sulphoxide 41 was found to 
undergo racemization and exchange with equal rates in 95.5% sulphuric acid, and a 
plot of log k,,,. against -Ho in the range of 91.8-96.3% sulphuric acid had a slope of 
1.07. Further, the rates of exchange and racemization of a series of aryl p-tolyl 
sulphoxides were not strongly affected by substituents in the aryl group. 

Since diary1 sulphoxides are probably completely protonated in concentrated 
sulphuric acid63, a route involving a monoprotonated sulphoxide is improbable. Oae 
and Kunieda prefer the homolytic (equation 15) rather than heterolytic scission 
(equation 16) of a diprotonated sulphoxide because of the small effect of substituents 

0 
~ ~ - s - A r '  ' +  - H 2 0  - Ar-S-Ar '  II 

. *  

0 
II 

Ar-S-Ar '  

(15) 
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on rates of reaction. The rationale is that in the rate-determing step (r.d.s.) of 
homolysis there is little change in charge character at  sulphur, whereas in the 
heterolytic cleavage the charge character is increased. Therefore, the 
electron-donating/-attracting properties of substituents would be expected to be 
more noticeable in heterolytic than homolytic cleavage. The conclusions60 are 
plausible, but some further points are worth noting. It has now been found that 
monoprotonation of sulphoxides is relatable to the H A  rather than the H o  function, 
the sulphoxides functioning somewhat like arnides'j3. Also, the effect of substituents 
on the monoprotonation of some aryl methyl sulphoxides was small (p = +C1.85)~3. It 
is probable, therefore, that addition of a second proton, not only to aryl methyl but 
also to diary1 sulphoxides, would also not be much affected by substituents. If, 
furthermore, in the racemization and exchange reactions, the transfer of the second 
proton was rate determining, and followed by or coincident with rapid scission, the 
rationale favouring homolysis over heterolysis would not be necessary. Thus, even 
though e.s.r. shows that aryl sulphoxides in strong acids give aryl sulphide cation 
radicals, and the rate data implicate homolytic scission, the latter is not entirely 
certain. 

Oae and coworkers have obtained equal rates of exchange and racemization for 41 
in 85% phosphoric acid and trichloroacetic acid at 120°C62. Again, the ei'fect of 
substituents on rates was small and reaction was attributed to homolysis, but of the 
monoprotonated sulphoxide. 

In summary, it seems fair to say, from what is presently known, that the evidence 
for formation of sulphide cation radicals from sulphoxides in acidic solutions by 
homolyses of protonated forms is unreliable. Between the homolyses which have 
been proposed, that involving the diprotonated sulphoxide is better suited to kinetic 
data than that involving the monoprotonated form. An alternative pathway (at least 
with the heterocyclic sulphoxides) involving reduction of the dication is very 
attractive. Supporting kinetic evidence would be highly desirable. The reducing agent 
is another product of reaction rather than a water molecule, for in that regard. 
Hanson and Norman have calculated from redox potential data that reduction of the 
phenothiazinium ion by water is improbable5'. 

II. METHODS OF MAKING ORGANOSULPHUR CATION RADICALS 

A. Use of Sulphuric and Other Bransted Acids 
We have already discussed in detail the historical use of concentrated sulphuric 

acid. The mechanism by which oxidation with this acid occurs is not known. Proposals 
have been made for the  oxidation of aromatic hydrocarbons (ArH), as summarized 
in equations 17-1 967, which, if  valid. would presumably apply to organosulphur 

ArH + H2S04 ArH2+ + HSO4- (17) 

ArH + ArH2' ArH'+ + ArH2' (18) 

ArH2' + ZH2S04 ArH" + HSO4- i- SO2 + 2 H 2 0  (19) 

compounds also. The steps shown allow for the expected easier oxidation of the free 
radical (shown as ArH2') by sulphuric acid as compared with the parent 
compound6s. A major disadvantage to the use of concentrated sulphuric acid is its 
sulphonating ability. If a compound is not too readily oxidized i t  may instead 
undergo sulphonation. as is the case with diphenyl sulphide which is converted into 
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its 4,4'-disulphonic acid5". Also, the use of low temperatures, at  which e.s.r. spectra 
may become better resolved by the lessening of exchange phenomena, is made 
difficult by the high freezing point of sulphuric acid. 

Frequently, a mixture of nitromethane and sulphuric acid is used for making cation 
radicals for e.s.r. characterization. A mixture of acetonitrile and sulphuric acid may 
also be used. These mixtures have the advantage of moderating sulphonation 
possibilities and allowing the use of low temperatures. Whether or not the organic 
solvent participates in the electron transfer (as an acceptor) is not known. Examples 
are given in the tables. 

In this connection, thianthrene has been oxidized to its cation radical by 
methanesulphonic acid in nitrobenzene69 This acid is not an oxidizing agent. 
Therefore, the nature of the electron transfer is not known, particularly as to 
whether sequences such as those in equations 17-19 are involved, and whether the 
nitrobenzene or atmospheric oxygen might be the acceptor. Solutions of thianthrene 
in hydrofluoric acid are colourless and not paramagnetic7", indicating that an 
electron acceptor, which is absent in this acid alone, is needed for electron transfer in 
non-oxidizing acids. 

Perchloric acid is useful for some oxidations. It is usually used as the commercial 
70% solution in conjunction with acetic anhydride to remove water. Thus, 
thianthrene in carbon tetrachloride'8 and phenoxathiin in benzene7' give their 
crystalline cation radical perchlorates when treated in this way. Again, the 
mechanism of oxidation is not known. 

B. Use of Persulphuric Acid 
Oxidation of a number of substituted phenoxathiins with potassium persulphate in 

concentrated sulphuric acid gave the corresponding cation radicals42. The same 
cation radicals were obtained froin the corresponding 5-oxides in sulphuric acid and 
the g-values were in the range expected for phenoxathiin cation radicals. 

On the other hand, the thianthrene cation radical was found to be short-lived in 
solutions of potassium persulphate-sulphuric acid. Depending on the amount of 
potassium persulphate used the cation radical was converted into the tri- or 
tetra-s-~xide'~.  

Oxidation of some diary1 sulphides with potassium persulphate-concentrated 
sulfuric acid also gave the cation  radical^'^. In  contrast, other investigations found 
that persulphate in sulphuric acid oxidized not only di-p-tolyl sulphide but also some 
sulphoxides, sulphones. and sulphonic acids to radicals with g-values far too low to 
be attributable to ordinary organosulphur cation radicals (Table 4)74. Whether or not 
these persulphate solutions contained neutral rather than charged radicals was never 
established. It is apparent from the g-values that the radicals have little spin density 
on sulphur. Further, the data suggest that a sulphide and its sulphoxide give the same 
radical. and this is different from that obtained from the corresponding sulphone. 
Persulphate was thought, therefore, to convert sulphides into radicals of 
hydroxylated sulphoxides, and sulphones and sulphonic acids also into hydroxylated 
radicals74. The situation is reminiscent of the persulphate oxidation of p-xylene into 
the cation radical of the corresponding quinone rather than that of p-xylene7'. 

C. Use of Lewis Acids 
Electron transfer from aromatics and thioaromatics to Lewis acids has been known 

for a long time68. 
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TABLE 4. g-Values of organosulphur radicals obtained in H2SO4 and K&OrH2SO4 

H2S04 K ~ S ~ O B - H ~ S O ,  

Substrate Lines g Lines g 

p-Tolyl sulphide 15" 2.00737 13 2.00336 
p-Tolyl sulphqxide 15 2.00738 13 2.00336 
p-Tolyl sulphone - b 2.00354 

2.0035 1 
Methyl p-tolyl sulphone - 17 2.00375 
Phenyl sulphone - 3-6 2.0036 
2-Hydroxyphenyl phenyl sulphone - 3-6 2.0035 

2.0036 
2-Hydroxy-4,4'-dimethylphenyl sulphone - 21 2.0035 
Hydroquinone-2,5-disulphonic acid - 3 2.0035 

Methyl p-tolyl sulphoxide 13 2.0081 8 7 

5 2,5-Dihydroxyphenyl phenyl sulphone - 

Biphenyl-4,4'-disulphonic acid - 3-5 2.0037 

"Split further into overlapping multiplets. 
bCompIex. 

Of early used Lewis acids, only SbCI5 and AICI3 are now commonly used. 
Kinoshita and coworkers used reactions of thianthrene with SbC1526-27 and A1C1326 in 
one of the first correct deductions (e.s.r.) of the structure of the thianthrene cation 
radical. Other cation radicals were obtained from reaction of SbCI5 with 
dibenzothiophene, and 2-naphthalene disulphide26, and with phenothiazine and 
lO-methyIphenothia~ine~~.  A cation radical salt was also obtained from 
1,2,4,5-tetra(methylthio)benzene and SbC1577. 

Far more versatile has been the use of AIC13 in nitromethane solution. Although 
this reagent had been used by others earlier78, its use at  low temperature to give 
high-resolution e.s.r. spectra (of dialkoxyaromatic cation radicals) was first reported 
by Forbes and Sullivan in 196679. Examples of its use with organosulphur 
compounds soon followed, some of which are given here. 

Conformational changes in di(alky1thio)benzene cation radicals at -38°C were 
detected from e.s.r. line widths. Thus, equilbria in cis- and trans-42 and cis- and 
trans-43 were reported by Forbes and Sullivanso. An e.s.r. spectrum of nine lines with 
splitting of 0.1 17 mT was obtained for the cation radical 44 and was interpreted as 

showing delocalization of the odd electron over both rings (from coupling with the 
eight methylene protons of the ethyl groups)s1. 
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S 
‘ +  s, 

S’ 

54 1 

S S’ 
\ 

Other examples with heterocyclic sulphur compounds are listed in Table 5 ,  while 
Table 6 gives e.s.r. data for a number of diaryl sulphides. The data for these 
sulphides have been viewed by Sullivan and Norman as showing that there is no 
detectable barrier to rotation about the aryl -S bondse2. 

The use of AlC13-CHzClz was the preferred method of oxidizing some 
tetrakis(alky1thio)ethylenes to the cation radicalsE3. Here, also, the use of variable 
temperatures, made possible by the choice of the medium, demonstrated the 
existence of conformational isomers. 

What is the electron acceptor in these facile oxidations? When SbCls is used there 
is little doubt that it, itself, is the electron acceptor. The fate of the SbCIS has been 
discussed in de ta iP ,  and seems to be best represented as in equations 20 and 21. It 
is possible, therefore, that where 

a salt analyses as ArzS - SbCls it may be a mixture of the tetrachloro- and 
hexachlorantimonates. 

Analogous definitions of oxidations by MeN02-AIC13 cannot be given. Aluminate 
salts are not customarily isolated, so that analytical data are not available (except for 
those of the early 190Oss7). It was thought originally that the nitromethane was the 
electron acceptor in solutions of aluminium chloride in that solvent7e. This may be 
correct; no evidence for or against has been presented. E.s.r. spectra of aromatic 
hydrocarbons have been obtained with aluminium chloride in other solvents, e.g. 
chloroform, carbon disulphide, and benzenee8, and of thianthrene in chloroform and 
benzenezE. These solvents can, of course, also function as electron acceptors, but if 
they (and nitromethane) do, when used with aluminium chloride, no one has yet 
shown what happens to the electron. 

D. Use of Halogens 
The oxidation of an organosulphur compound by halogens can be expressed in 

principal by equation 22. (In this, and many of the equations that follow, the symbol 
/S\ is used to represent either a diaryl sulphide or one of the heterocyclic 

2 /s\ + x2 = 2 /S< + 2x- (22) 

sulphides, such as thianthrene.) The use of fluorine is virtually out of the question 
because of its fluorinating and extensive oxidizing abilities. Chlorine is not often used 
for similar reasons. Fries and Engelbertz3’ found, for example. that oxidation of 
thianthrene with chlorine went to the so-called holoquinoid state. which would be 
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represented now as in 45 or 46. O n  the other hand, they found that 
2,7-dimethoxythianthrene gave the cation radical chloride represented, though as 1Oc 
(X = CI) (Section IA2). 

CI CI esjQ CI 

(45) (46) 
It is probable that careful control of the amount of chlorine used would allow for 

oxidations to the cation radical stage. This is the case with tetrathiofulvalene 47, 
which is oxidized in carbon tetrachloride solution to the cation radical chloride by the 
stoichiometric amount, but to the dication dichloride with excess of chlorine 
(equation 23)89. Oxidation of tetrathiotetracene 48 by chlorine (in 

(47) 
trichlorobenzene) also gave the dication, but interestingly 48 was oxidized by 
hydrogen peroxide (or PbOz or  MnOz) in hydrochloric acid to 48'+ - CI- 

S - S  

s - s  
(48 ) 

hydrateg0. Here, it seems that controlled oxidation of chloride ion to chlorine may 
have been the basis of the successful one-electron oxidation of 48. 

Reference has already been made to the potentiometric bromine titrations of 
phenothiazines by Michaelis ef al. 19. Oxidation of phenothiazine with a I-2% excess 
of bromine in diethyl ether gave the-solid cation-radical bromide, while use of excess 
of bromine gave the so-called holoquinoid perbromideY1. The cation radical bromides 
of p h e n o t h i a ~ i n e ~ ~ . ~ ~ ,  and dibenz~phenothiazine'~ were more recently easily made by 
this method for studies of optical and electrical (conducting) properties of the salts. 

Oxidations of phenothiazines with bromine are successful when carried out in 
diethyl ether, probably because the salt precipitates. Reaction with 1 equivalent of 
bromine in acetic acid at room temperature gave phenothiazinium perbromidey5. 
When 1 0-alkylphenothiazines were similarly treated monobromination occurred, and 
when 2 equivalents of bromine were used 3,7-dibromo derivatives 49 were formed. 
Further treatment of 49 in acetic acid with bromine gave the corresponding cation 
radicals 49'+ (equation 24). 

Oxidations with iodine are used very conveniently in the presence of a silver salt to 
prepare cation radical salts. These salts may coprecipitate with silver iodide or may 
remain in solution to be used as such or to be recovered after filtration of the silver 
iodide. Phenothiazine". 10-methylphenothiaziney'. 1 O-phenylphenothiazine'B. and 
10-methyl-3,4:6,7-dibenzophenothia~ine~' can be converted into their cation radical 
perchlorates in this way. LO-Methylphenothiazine and dibenzophenothiazine have 
also given other salts (of BF4 and %F6) in good yieldsY3. In contrast. oxidations of 
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k A 

I 
R 

R = Me. Et, n-Pr, i-Pr (49) 

thianthrene and phenoxathiin by this method have not been so successful. Oxidation 
occurred, but only slowly, and isolation of the cation radicals (as their perchlorates) 
in high purity failedy9. 

E. Disproportionation of Su!phldes and Sulphoxides in Acidic 
Solutions 

A useful method of preparing some organosulphur cation radicals involves the 
reaction of the sulphide and sulphoxide in an acidic solution (equation 25). The 
reaction appears t o  be that of the dication with sulphide (equations 26 and 27) 
although no  one has yet shown this to be the case. 

(25) / /  \ 
/ /  / 
S + ,S=O + 2HX 2 S'+X- + H 2 0  

S=O + 2HX - \S2+ 2X- + H20  (26) 
\ 

/ / 

\s + 's2+ 
/ /  

\s .+ 
/ 

- 2  

By this technique thianthrene cation radical perchlorate and tetrafluoroborate 
were prepared, the anhydrous HX being added to  thianthrene and its 5-oxide in 
nitromethaneloo. T h e  perchlorates of phenothiazine". 10-methylphenothiazineyR, 
dibenzophenothiazine SOy4, and both benzo[a]- and benzo[c]phenothiaziney4 cation 
radicals have been made, using 70% perchloric acid. Interestingly, SO'+ - CI- - H 2 0  
and SO'+ - 1- were obtained when 50 and its 5-oxide were ground together and 
moistened with concentrated hydrochloric and hydriodic acidy4. 

F. By Anodic Oxidation 
Oxidation of organic compounds at an anode is an extremely valuable method of 

forming cation radicals. A detailed discussion of the method and its various 
techniques. however. would be out of place in this review of organosulphur cation 
radicals. Recent reviews of a general type are available6R~10*-103. I t  is not customary 
to use anodic oxidation for preparative-scale formation of cation radicals6#. This can. 
of course. be done in particular cases. but the scale is rather small. For 
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preparative-scale oxidation, all or most of the organosulphur compound would be 
oxidized in a stirred solution at a fixed applied potential. More commonly, anodic 
oxidation for diagnostic or mechanistic information is carried out in unstirred 
solutions, in which only an extremely small amount of the compound is oxidized in 
the vicinity of the anode, and the applied potential is varied continuously over an 
appropriate range. Oxidations of this kind, carried out either polarographically or  by 
cyclic voltammetry, can provide a measure of the relative ease of oxidizing the 
organic compound (expressed frequently as the first one-electron half-wave oxidation 
potential, Ell2) ,  and the stability (i.e. lifetime) of the cation radical in the oxidizing 
medium. Frequently it is possible to measure the oxidation potential not only for 
cation-radical formation but also for oxidizing the cation radical to the dicationic 
state (Ef,2).  When these oxidations are carried out under reversible conditions (i.e. 
when neither the cation radical nor dication react with the medium during the time 
of measurement) the oxidation potentials are extremely informative. Values of E i12 
alone indicate the relative ease of forming a cation radical, while values of Ell2 and 
E:,2 indicate either the formation constant or, expressed in the reverse way, the 
disproportionation (equation 30) constant (equation 3 1) for the cation radicalIm. 

o - e- D-+ (28) 

Data of these kinds will be used during discussions of the reactions of 
organosulphur cation radicals (Section IV), but some recent examples of collected 
data are given now in ilhstration. 

In general, electron-donating substituents make oxidation of an organic compound 
easierlol, unless the substituent introduces particular, unfavourable, steric or  
solvation factors into the cation radical. The effects of thiomethyl substituents on 
oxidation potentials in aryl methyl thioethers are shown in Table 71"5-1"7. The 
comparative values of El12 (in volts) for the parent aromatics are benzene (2.30), 
naphthalene (1.54), anthracene (1.09), biphenyl (1.78). and pyrene (1.16). The data 
in Table 7 show that methylthio groups lead (for the most part) to lower oxidation 
potentials, and the oxidation potential is the lower when the number of groups 
increases. The relative resonance-stabilizing effects of groups orrho, porn,  and metn 
to each other are also to be seen, for example, in the higher oxidation potentials with 
1,3- and 1,3,5-substituents as compared with 1,2- and 1,4-substituents in benzene. 
Oxidation potentials of aryl methyl ethers are also given in Table 7 to illustrate that 
it is generally easier to make the cation radical of a thioether. 

Eberson and Nyberg'Ol have pointed out that it is logical to try to correlate El !z  
data with the energy of the HOMO of the compounds being oxidized and that this 
has been done successfully in a number of cases. In this connection the data for the 
aryl methyl thioethers have been fitted reasonably well by Zweig and 
 coworker^'^^.^^^ to the calculated energies of the corresponding HOMOS after 
adjustment of appropriate parameters for a, and pcs terms. Furthermore, theory 
requires that an electron donor will raise the energy of the HOMO if the substituent 
is attached to a position of high electron density in the HOMO. In such a position, 
therefore, the substituent will cause a lowering in El l? .  This is seen (Table 7) in the 
data for 1- (0.425) vs. 2-napthyl (0.263) and for 4.4'- (0.440) vs. 3.3'- (0.220) and 
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TABLE 7. Half-wave oxidation potentials of some aryl methyl ethers and thioether~'~'- '~'  

Parent aromatic: positions of substituents and E lp(V)(I 

M e 0  
MeS 

M e 0  
MeS 

M e 0  
MeS 

1- 1,2- 
1.76 1.45 
1.565 1.35 

1- 2- 
1.38 1.52 
1.32 1.365 

1,3- 1.4- 
- 1.34 
1.45 1.19 

1,4- 1.5- 1.8- 
1.10 1.28 1.17 
1.07 1.265 1.09 

1.3.5- 1.2.4.5- 
1.49 0.81 
1.43 1.08 

2.3- 2,6- 2.7- 
1.39 i .33 1.47 
1.355 1.10 1.33 

9,lO- 
0.98 
1.11 

2,2'- 3.3'- 
1.51 1.60 
1.39 1.475 

4,4'- 1,6- 
1.30 0.82 
1.255 0.96 

"Measured polarographically in MeCN vs. S.C.E. at a rotating Pt electrode, and in 0.1 M 
tetrapropylammonium perchlorate. 

2,2'-biphenyl (0.31 1) methyl thioethers, where the numbers in parentheses are the 
coefficients of charge density at the positions indicated in the HOMO. 

Analogous results have been obtained by Bock and Brahler'08, who have shown 
that the ionization potentials of 1,4- and 2,6-bis(methylthio)naphthalenes are 7.58 
and 7.59 eV, respectively, compared with 8.15 eV for naphthalene. Thus, in 
raising the energy of the HOMO the substituents make it easier for one-electron 
removal. Interestingly, also, the 1,4- and 2,6-isomers (as well as 9,10-bis(methyl- 
thio)anthacene) are among the few sulphur compounds from which both 
cation and anion radicals can be made. It is evident from the g-values [e.g., 
2.0075 for the 1,4-(-+) and 2.0025 for the 1,4-(--)I that there is much spin density 
on sulphur for the former but not for the latter. This is also noticeable from the 
methyl coupling constants [0.365 mT for 1,4-(-+) and 0.021 mT for 1,4-(*-)], and 
is in accord with the expected effect of the substituents on the HOMO and LUMO of 
naphtha1enelo8. 

The use of E\,2 and EZ,? data for calculating disproportionation constants is 
illustrated in Table 8 for the well known heterocyclic cation radicals 1, 9a, and 12. It 
is seen that K d  is very small indeed for these cation radicals, and that it vanes (for 
9a) considerably with the medium. The small sizes of K d  show how stable these 
organosulphur cation radicals are toward disproportionation, and have been used, in 
the case of 9a, particularly, in demonstrating that the dication is unlikely to 
participate as a reactant when 9a reacts with nucleophiles (Section IVB). 
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T A B L E  8. Half-wave oxidation potentials (vs.  S.C.E.) and disproportionation constants f o r  
phenothiazines. thianthrene. and phenoxathiin 

X Solvent Electrolyte EL2 E:,z K J  x 10" Reference 

< NH MeCN 0.27 0.69" 8 1300 15 
NC& MeCN 0.2 M TEAPI 0.68 1.37 2 109 
S MeCN 0.1 M L i c l o  1.16'' 1.3Y 44 

S EtCN 0.2 M T B A P  1.31 1.77 17000 110 
S i-PrCN 0.2 M T B A P  1.33 1.75 81300 110 
S C6HsCN 0.2 M T B A P  1.32 1.81 5250 110 
S MeNOz 0.2 M T B A P  1.22 1.75 1120 110 
S C,jHsN02 0.2 M T B A P  1.32 1.83 2450 110 
S CH2C12 0.2 M T B A P  1.33 1.83 3550 I10 
S 0.2 M T B A P  1.36 1.96 74 110 

0.2 M T B A P  1.26 1.95 2 110 S 
0 MeCN 0.1 M L i c l o ,  1.125" 1.62" 4370 44 

b ~ , ~ ~ , ~ - ( ~ , ~ ~ ~ ) , ~  (9:  1). 

S MeCN 0.2 M T B A P ~  1.26 1.77 2455 110 

1I 

h 

'CH,CI~-F,CCO,H-(F,CCO)~O (45: 1 ~ 5 ) .  

'MeCN-0.1 M LiCIO,-O.I M HClO,. 
"Dependent on p H  and amount of water in medium. 
"Measured against Ag/Ag+ 
JTEAP and T B A P  = tetraethyl- and tetrabutylammoniurn percholate, respectively. 
gAssumed at  25°C. 

M) and adjusted t o  correspond with S.C.E. by adding 0.3 V. 

111. SOME NEWER TYPES OF ORGANOSULPHUR CATION RADICALS 

A. Dimer-Sulphide and Disulphide Cation Radicals 
When dimethyl sulphide was subjected to pulse radiolysis in aqueous solution a 

dimeric cation radical 51 was formed (equation 32)"'. The same cation radical was 

2Me$ - - (Me2S-SMe21.' (32) 

(51 ) 

also obtained when dimethyl sulphide was oxidized in a flow system by hydroxyl 
radicals generated with acidic solutions of either Ti(II1)-hydrogen peroxide or  
Ti(II1)-sodium persulphate. Analogous oxidations were achieved with diethyl 
sulphide, tetrahydrothiophene, and p-hydroxyethyl methyl sulphide1I2. and the 
dimeric cation radicals were identified by e.s.r. In some cases of the flow oxidations a 
second radical was also identified, resulting from the loss of an H atom from the 
sulphide; e.g. dimethyl sulphide gave -CH2SMe. 

The suggestion was made1I2 that the dimeric cation radical 52 arises from a 
first-formed R2S'+ transient cation radical (equation 33). As for the other (neutral) 
radical 53, this also, presumably, arises from the RzS'+ by proton loss, since the 
relative amount of a neutral radical increased with increase in pH. 
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(53) 

In fact, these straightforward reactions may not be the source of the radicals. By 
generating hydroxyl radicals with pulse radiolysis and analysing the formation and 
decay of products conductimetrically and spectroscopically, Asmus and coworkers 
have found the reactions to  be more complex. It is proposed that the first reaction is 
the diffusion controlled addition of -OH to the sulphide, and it is the adduct 54 
which leads to the other radicals (Scheme 6)'13. High concentrations of R2S favour 
formation of 52 while low concentrations favour that of 53. 

(R2S)zOH' 

(54) \ (52) 

R2S(-H)' + H20 

(53) 

SCHEME 6 

The dimeric cation radical has a relatively long life and is thought to decay 
essentially by dissociation into RzS'+ which next reacts with the medium (equations 
34-36). 

R2S'+ + 6H - RzS(-H)' + H 2 0  (35) 

R~S-SRZ'+  R2S '+  + R2S (34) 

R2S" + H 2 0  - R2S(-H)' + H30+ (36) 

In related work, Norman and coworkers found that reaction of P-hydroxyalkyl 
sulphides with hydroxyl radical caused, in part, fragmentation in which it is thought 
the cation radical is the precursor (e.g., equations 37 and 38)*14. Whether these 
reactions should be re-interpreted as involving an adduct analogous to 54 will 
presumably be decided by kinetic analysis. 

'OH n -+ 
H O C H ~ C H ~ S R  - H - O - C H ~ - C H ~ S R  - H+ + HCHO + ~ H ~ S R  (37) 

H 
'OH I \  -+  

R'CHCH2SR - R'C-CH2SR - R'CCHj 4- H+ + R S '  (38) 
II 
0 

I 
OH 

I 
OH 

Application of pulse radiolysis oxidation to 1.4-dithian led to analogous 
conclusions. A monomeric 'internal' RzS-SR:+-type cation radical 56 was formed 
at low and a dimeric type 57 at high dithian concentrations. These also are thought 
to arise. however. from a first-formed complex radical 55'15. 
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H 

(55) (56)  157) 

Pulse radiolysis studies with dialkyl disulphides have shown that similar reactions 
occur, but here the attack of -OH on a disulphide appears to lead directly both to the 
cations radical 58 and an adduct 59 equations 39 and 4011G. The two reactions 
occur essentially at diffusion-controlled rates, and the portion of the hydroxyl 
radicals reacting according to equation 39 was 55-56% for R = Me, Et, and LPr, and 
42% for R = t-Bu. 

RSSR'+ + OH (39) 

RSSR + OH 
H 

\ I 
80% 

RS-SR 140) 

159) 

Although these disulphide cation radicals have been characterized by absorption 
spectroscopy (Amax 420 nm for R = Me, Et; 410 nm for R = i-PR, r-Bu)Il6, they 
have eluded e.s.r. characterizationi 17. Reaction with Ti(1II)-HzO2 led only to the 
e.s.r. detection of secondary-product radicals, such as MeSO2- from MeSSMe and 
H02CCH2CH2SO- from (HO2CCH2CH2S)z. These radicals appear to come from 
fragmentation (and further oxidation of fragments) of adducts 59Ii6.Il7. The cation 
radicals 58 were found to decay via a second-order process (equation 41) and it is 
thought that the dication then reacts with the medium (Section IV)Il6. 

2RSSR'+ - RSSR + RSSR2+ 141) 

Direct one-electron oxidation of dimethyl and diethyl disulphide by Ag'+, 
Ag(OH)+, TIZ+, SOi-, and even the 1.3.5-trimethoxybenzene cation radical occurs 
quantitatively. One-electron oxidation also occurs with R2S'+ (which is obtained by 
scission of R2S-SRi+, equation 34). These oxidations are very fast. but not within 
the range of diffusion control. i.e.. k is of the order of lo8- 10' M - ' S - '  (reference 

Dimeric disulphide cation radicals of the type 52 have also been made from 
mesocyclic dithioethers. Thus, oxidation of 1,5-dithiacyclooctane 60 with NOBF., 
or Cu(MeCN)4(BF4)2 in acetonitrile gave the cation radical 60". This is so stable 
(isolable as the tetrafluoroborate), in contrast with other thioether cation radicals, 
that Musker and coworkers have proposed the structure shown in which stabilization 

1 18). 
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of the cation radical by the second sulphur occurs. Nevertheless, e.s.r. data indicate 
that the unpaired spin is localized on one sulphur atom and the neighbouring four 
hydrogen atoms, the spectrum consisting in a triplet of triplets (aH = 0.152 and 
0.104 mT). This is in contrast with, say, Me2SSMeiC, for which the 13-line spectrum 
shows complete spin delocalization. 1,5-Dithiacyclononane also gave a stable cation 
radical, but the seven- and ten-membered analogues did not1Ig. Further oxidation 
gave 602+, which undergoes reaction with 60 to  give 60'+. 

Another interesting development in radicals of the type RzS-SRi+ 52 comes 
from the irradiation of thiodiglycolic acid (H02CCH2SCH2C02H) with X-rays a t  
4.2"C. A radical is obtained with high g-factor (value depending on crystal 
orientation) and an e.s.r. spectrum attributable to coupling with four sets of two 
equivalent protons, rather than two sets of four equivalent protons expected of a 
dimer (52, R = H02CCH2-). On the basis of the e.s.r. data (obtained from 
ENDOR measurements), Box and Budzinski designate the radical as R2S'+, with the 
four extra proton couplings coming from hyperfine interaction with neighbouring 
molecules. That  is, it is concluded that 52 is not formed in this case12o. 

B. Tetrathiafulvalene and Related Cation Radicals 
Tetrathiafulvalene is the common name given to compound 47. The systematic 

name of 47 is 2,2'-bis-1,3-dithiole, but it has become such an important compound 

K:X:l 
(47) 

T A B L E  9. Oxidation potentials (vs. S.C.E.) and e.s.r. data for some tetrathiofulvalenes and 
cation radicals 

11 H 
H 
H 
H 
Me 
Me 
Mc 
Mc 
Me 
Et 
Me 
McS 

h 
" 

d 
h 

(' 

I' 

L '  

tl 

h 
h 

(1 

H 
H 
H 
H 
H 
Me 
H 
Me 
Me 
Et 
Et 
McS 

H 
H 
H 
H 
Me 
H 
H 
Me 
Me 
Et 
Me  
MeS 

H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Et 
Et 
MeS 

0.33 
0.320 
- 
- 
0.290 
- 

- 
0.245 
0.230 
0.240 
0.470 

0.70 
0.680 
- 
- 
0.705 

- 
0.615 
0.750 
0.610 
0.710 

- 
- 
0.1 26' 
0.122 

0.1 18 
0.128 

- - 
0.082 
0.064 
0.074 

- 
0.024 

- 
2.00838 
- 
- 
2.0078 
2.0079 
2.0077 

- 
2.00764 

121 
122 
123 
124 
122 
123 
123 
123 
122 
122 
122 
125 

"Cyclic voltammetry. MeCN. 0.1 hi T E A P .  
"Polarography. MeCN. 0.1 hi TBAP. 
"Fluoroboratr salt in solvcnt propylene carbonate. 
"Oxidation \vith Br? in CH,CO?H. 
"(1' is 0.42 mT (rcfcrcncc 84a). 
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that its common name and abbreviation (TTF) are now used almost without 
exception. TTF is very easily oxidized anodically to the cation radical and dication. 
In reaction with a variety of electron acceptors TTF forms, however, solid salts with 
extraordinary conducting properties. Therefore, much attention has been given to 
TTF, and a variety of homologues of TTF have also been synthesized and 
characterized for studying their capabilities of forming conducting salts. The 
oxidation potentials of some of these compounds are given in Table 9, together with 
some e.s.r. data for the cation radicals. 

The remarkable electrical properties of salts of tetrathiafluvalenes have spurred 
interest in analogous sulphur compounds. The aryl-linked dimer 61 has E ! / 2  and 

(61 1 
E$2 of 0.43 and 0.84 V in benzonitrile vs. S.C.E.'26. The cation radical obtained by 
oxidation with hydrogen peroxide in sulpholanacetonitrilexoncentrated HBF4 has a 
quartet e.s.r. spectrum, uH = 0.125 mT, g = 2.0078. These data indicate that only 
one of the TTF units is involved in the oxidation. 

The dibenzo analogue 62 has been characterized also, polarographically, with 
oxidation potentials of 0.72 and 1.06 V (vs. Ag/AgCI-CH3CN) in acetonitrile, and 
u y  = 0.0164 mT, u y  = 0.0492 mT in acetic a ~ i d ' ~ ~ . ' ~ ~ .  Compounds 47 and 62 are 
among the class of violenes investigated extensively by Hiinig (Section IIIC). 

(62) (63) (64) 

Dihydrotetrahiafulvalene 63, Etlr  and E;/2 0.405 and 0.89 V (vs. S.C.E.)I2' and 
so-called tetrathiotetralin 64 (systematic name 1,4-dithiino[ 2,3-b]-1,4-dithiin), E i,? 
and E:/2 0.561 and 0.965 V (vs. Ag/Ag+-CH3CN)12* have also been made. The 
relatively high oxidation potentials of 64, however, do not make it  attractive for 
making highly conducting salts. 

The characterization of cation radicals of these compounds spectroscopically is 
normally carried out after anodic oxidation, because chemical oxidation may lead to 
precipitates of complex salts. TTF is oxidized to TTF'+CI- by a controlled amount of 
chlorinea9 (Section IID). In contrast, oxidation of TTF with H20z-HBF4 gave the 
salt (TTF)3(BF4)2. Exchange of anions between this and ordinary inorganic salts 
gave conducting salts with complex formulae, e.g. (?TF)Is(NCS),. (TTF), ,I,, 
(TTF)?,I,, (reference 129). 

Oxidation of the saturated analogue 65 [ 2.2'-bi( 1,3-dithiolanylidene)] and its 
homologue 66 [2,2'-bi( 1,3-dithianylidene)] has also been characterized"'.'3c". 

(65) (66) 

Most curiously the cation radical 65" is obtained also by the oxidative 
fragmentation of the orthothiooxalate 67 when i t  is subjected to cyclic 
voltammetry13". I t  is suggested that the cation radical 67'' decomposes into 65'' 
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(equation 42), which is detected by its e.s.r. spectrum and also its electrochemical 
behaviour. 

n 

S S \ I  I 

(67 1 (65'+) 

Oxidative rearrangements leading to the saturated systems 65'+ and 66'+ are also 
obtained with tetrathiaoctalin 68 {systematic name 2,5,7:1O-tetrathiabicyclo- 
[4.4.0]dec-l(6)-ene), and its homologue 69 {systematic name 2,6,8,12-tetratliia- 
bicyclo[5.5.0]dodec-1(7)-ene}, as illustrated with equation 43. Of course, 65'+ is 
obtained and detected by repeated cyclic v ~ l t a m r n e t r y ~ ~ ~ .  

(68) (65") 

T h e  same system of rearrangements is also obtained with other orthothiooxalate 
fragmentations. For example, 70a and 70b undergo oxidative conversion into 69, and 
this on being subjected to repeated cyclic voltammetry eventually leads to 66'+ 
(Scheme 7)'33. 

p-ya -RS -e-. * p-$a 
SR 

(70 1 

I (a) R = Me; (b)  R = Et 

SR sk 

- 
-e 

69 S C H E M E  7 

C. Violenes 
This name has been given by Hunig"' to a class of cation radicals of the general 

type 71'+. In the formulation 71. X may be one of a variety of organic groupings. 
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particularly heterocyclic, while n may be 0, 1, etc. The name violene is derived from 
the violet colour of PhZN-NPhj+, the prototype of one family of violenes, in which 
X is Ph2N and n is 0. A large number of violenes (of many colours besides violet) 
have been prepared. They have been characterized mostly by their formation 
constants (Kr, equation 45) calculated from their one- and two-electron oxidation 

X- (CH=CH)~-X  X-(CH=CH),-X a ~=(CH--CH),=$ (44) 

Kf  = (71'+)2/(71)(712+) (45) 

- - 
-0  .. .+ -e .. .. 

(71 1 (71'+) (712+) 

potentials, and sometimes by e.s.r. spectroscopy. Among the violenes are several 
types containing sulphur, some of which have already been described, e.g. 47'+ and 
its homologues (Section IIIB). Most of the violenes are very stable toward 
disproportionation; i.e. Kf is very high, as is seen with those from compounds 
72-74124*'35. An exception is seen with 75.+.136 

(72) 

K f  (CH3CN) = 6.3 X lo6 

(73 1 

Kf  (CH3CN) = 5.6 X lo5 

Ph 

s>N-N<: 

Ph Ph 

Kf  (CH3CN) = 2.1 X lo4 Kf (DMF) 3 

It is interesting that violenes 47'+ (i.e. TTF'+) and 72'+ were made for e.s.r. 
characterization by oxidation with bromine in acetic acid, and 62'+ and 73'+ similarly 
in methylene chloride- trifluoroacetic acid"$ cf. Section IID. 

IV. REACTIONS OF ORGANOSULPHUR CATION RADICALS 

A. General Comments 
For the most part the reactions of organosulphur cation radicals which have been 

studied have been with nucleophiles. Therefore. the known chemistry is mostly of 
the cationic nature of the radical ions. Furthermore, most of the reactions have 
been those of the heterocyclic cation radicals, that is, of phenothiazine 1, and its 
derivatives, thianthrene 9a and phenoxathiin 12 cation radicals. Reactions of 
these cation radicals with nucleophiles occur usually at the sulphur atom. and 
sometimes at a ring position. The overall stoichiometry of these reactions is shown 
by equation 46, in which an aromatic or heterocyclic organosulphur cation radical is 
represented by S and the nucleophile as charged Nu-. Equal amounts of product 
and parent sulphide are formed. The equation is a simplification. however. since 
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one or two protons may also be released in reaction if either the nucleophile is 
uncharged (e.g., equation 47) or if substitution occurs at a ring position in the 
cation radical. Examples are given in the following sections. 

\ \ \ 

/ 
2 S" + H 2 0  - /S=O + / S  + 2H+ (47) 

Various reactions with nucleophiles have been studied, some of them kinetically. 
In general, two mechanisms have been considered, one involving prior 
disproportionation (equations 48 and 49), and the other the so-called 
half-regeneration sequence (equations 50 and 51). It has been found that the latter 
sequence describes all cases thus far studied. 

\ \ \  

/ / /  
2 s'+ s 4- s2+ 

Apart from the direct reaction (equation 50) ,  there is another which has yet to 
be studied in detail. This is one of electron exchange, which may or may not be 
followed by further reaction. Electron exchange occurs in reactions with some 
nucleophiles which are easily oxidized but is also particularly important in some 
halide ion reactions (equation 52). Exchange may also be involved in reactions with 
some other anions. Exchange is a complicating feature because further reaction 
with X2 may occur and in overall product terms be indistinguishable from the 
direct-reaction pathway. Particular cases will be discussed. 

\ 

/ / 
's-+ + x- ===== s + t x p  

\ 

2 + x 2  - product 

( 5 2 )  

( 5 3 )  

B. Reactions with Water 
This was the first reaction to be studied in detail. It was already known in the 

older German work that the so-called semiquinones of phenothiazine and 
thianthrene reacted with water according to equation 47. The reaction was 
rediscovered by later workers. particularly with thiar~threne'~.'~ and 
phenoxathiinJJ.J". after the nature of the cation radicals was settled (see Sections 
IA2  and IA3). 

The mechanism of the water reaction turned out to be complex. In the early 
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years it was found by Murata and ShineI3' that the reaction with 9a was second 
order in 9a, and the disproportionation pathway was proposed without further kinetic 
analysis. Parker and Eberson found, however, from reactions at various anode 
potentials that reaction had to be directly between the cation radical and water, rather 
than between the dication and water as required by di~proport ionat ion '~~.  The com- 
plete and complex nature of the reaction was elucidated by Evans and B l ~ u n t ' ~ ~ ,  
who found that the reaction was not only second order in 9a but also third order in 
water and inverse first order in acid. The overall scheme is given in equations 54-57 

K l  

K 2  

Th" + H20 Th(OH2)" (54) 

Th(OHZ)'+ + H20 Th(0H)' + H30+ (551 

Th(OH2)" + Th(0H)' - Th + Th(OH)+ + H20 (56)  
k 

last 
Th(OH)+ + H20 - Tho + H3O+ (57) 

in which Tho+ represents 9a, Th represents thianthrene, and T h o  its 5-oxide. The 
intermediates, e.g., Th(OH2)+, represent bonding of the nucleophile at sulphur. 
From this sequence of reactions the rate expression (equation 58) was derived. 

-d[Th'+l/dt= 2kK,Kz[Th '+12~H~013 / [H30+ l  (58)  

Evans and Blount found also that the reaction with water was catalysed by small 
amounts of pyridine (see also Section IVC), and proposed the following reactions 
(equations 59-62, showing an S atom of The+): 

\ 

/ 

\ \ 

/ / 

\ 

/ 

Th'+ + Py S-Py" (59) 

S-Py'+ + Th'+ - S-Ppy2+ + Th (60) 

S-Py2+ + H20 - Th(OH)+ + PyH+ (61 1 

Th(OH)+ + Py - Tho + PyH+ (62 )  

How complex these reactions may be is seen further in the reaction of the 
chloropromazine (CPZ) cation radical with water. This reaction in the presence of 
phosphate and citrate buffers, has the usual stoichiometry (equation 63). McCreery 

last 

last 

0 

CPZ .+ CPZ CPZO 

R' = (CH2)3NMe2 

er nl.  14" found that the reaction. however, is second order in cation radical (CPZ..), 
first order in buffer, and inverse order in both acid and CPZ. The following 
pathway is proposed (equations 64-66). and the rate expression of equation 67. In 



558 Henry J. Shine 

this proposal the intermediates are again bonded at sulphur. Thus, 
[CPZ(RCO,)(OH)] is thought to be as in 76. It is noteworthy that an intermediate 
of analogous nature is probably involved in the pyridine-catalysed hydrolysis of 
thianthrene cation radical (equation 61). 

R' 

(76)  

Reaction of the phenothiazine cation radical 1 in water at several pHs has also 
been studied but not with detailed kinetics. The reactions are linked to those of the 
phenothiazinium ion (20, Section IB). In basic solution 1 is rapidly deprotonated 
and the neutral phenothiazinyl radical 24 for the most part dimerizes. In weakly 
acidic solution deprotonation is not as extensive. Both 1 and 24 are present in 
solution, therefore, and undergo disproportionation (equation 68) giving 20 and 

phenothiazine. Some of the radicals 24 also dimerize. and the dimer is oxidized by 
ion 20. At the same time ion 20 may also react with water to give either the 
sulphoxide 19 or  3-hydroxyphenothiazine or its tautomer. From the last route 
3-phenothiazone is eventually formed. Most of tnese reactions are found in 
Scheme 2 (Section IB). 

That one may obtain reaction at both sulphur and ring carbon in the case of 1 as 
compared with. say 9a. reflects the ease with which deoxygenation of phenothiazine 
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5-oxide 19 occurs in moderately acidic solution, thus allowing for facile 
competition between reactions at the two sites (Scheme 4). 

C. Reactions with Ammonia and Amines 
Reaction of an organosulphur cation radical with ammonia should, in principle, 

give a sulphilimine (an iminosulphurane, 77), equation 69. In practice, this reaction 

(69) 

(77 I 

has been achieved only with phenoxathiin cation radical lZ7' .  Reaction of 
10-methyl- 2 and 10-phenylphenothiazine 7898 and thianthrene cation radical 
9a14' with ammonia gave instead the dimeric cations 79, isolated as their 
perchlorates, equation 70. The formation of compounds 79 no doubt involves the 

+ 4NH3 N 

(2) X = NMe (79a) X = S 

(78) X = NCgH5 (79b) X = NMe 

(12) x = 0 (79d) X = 0 

formation and further reaction of the sulphilimine. In fact, Mani and Shine" found 
that 12 could give either 79d or the sulphilimine 8Od (X = 0) depending on the 
speed with which ammonia was bubbled into a solution of 12. Isolation of the 
analogues of 80d was never achieved, except that 80a (X = S) was obtained by 
careful hydrolysis of 79aI4'. 

Reaction of these heterocyclic cation radicals with alkyl- and dialkylamines 
also occurs at  sulphur to give protonated N-alkylsulphilimines 81 and 
NN-dialkylaminosulphonium ions, 82, equation 71, in which ,S*+ is used 

\ 

NH 
I 1  

(80 I 
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s y m b ~ l i c a l l y ~ ~ J ~ ~ - - ~ ~ ~ .  Treatment of 81 with strong base led readily to the 
N-alkylsulphilimines. 

(81) R’ = H, Rz = alkyl 

(82) R’ = R2 = alkyl 

In contrast with these reactions at sulphur, reaction with pyridine led to the 
ring-substituted compounds 83. Shine er al. 96 commented on this distinction, and 

(83a)  X = S; (83b)  X = NHg6; ( 8 3 ~ )  X = NCgH5145 

pointed out that reaction of a nucleophile at  sulphur can succeed only when the 
intermediate dication (shown symbolically as 84, equation 72) formed during 

(721 S ’ +  + NuH - - ,S-NuH - >$-Nu i H+ 
\ +  + 

(84) 

\ 

/ 

reaction can lose one or more protons (e.g. when the nucleophile is H20, NH3. 
RNH,, etc). In the case of pyridine as nucleophile it was proposed that the 
intermediate 85 could not be stabilized and therefore its formation was reversible, 
giving place instead to reaction at a ring position 86, from which position a proton 

(85a)  X = S; (85b)  X = NCgHg (86)  

is removable. Evans er ~ 1 . ’ ” ~  found by kinetic analysis of the reaction of 78 with 
pyridine that 85b was indeed formed and was, in fact. the direct precursor to ring 
pyridination. That is. the S-pyridinium group was displaced by attack of pyridine at 
the 3-position of 85. the overall reaction being second order in pyridine (as well as 
second order in 78 and inverse first order in IO-phenylphen~thiazine)~~~. It has 
already been noted (Section IVB) that 85a is also. in fact. an intermediate in the 
pyridine-catalysed reaction of 9a with water. reaction of a second molecule of 
nucleophile (H,O) now occurring at sulphur. too. 

Reactions of aromatic amines with organosulphur cation radicals have not been 
investigated much. probably because electron exchange occurs so easily. 
NN-Dimethylaniline and acetanilide react with 9a. however (Section IVD). 

D. Reactions with Aromatics 
0 rgan osu I p h u r cation radicals behave as we a k c I e c t ro p h i I e s towards aromatics . 

Reaction has been studied mostly with 9a and proceeds as in equation 73’46.1J7. The 
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9' 

56 1 

R 1  = OMe NHAC NMe2 OH OH OH 

R 2  = H H H H CI t -0u 

aromatic must carry one or  more electron-donating substituents, and reaction is too 
slow to be useful with benzene, chlorobenzene, and nitrobenzene. Reaction with 
aniline led only to oxidation of the aniline, but the corresponding product (87; R1 = 
NH, R 2  = H) has been obtained by hydrolysis of the acetyl derivative (87; R1 = 
NHAc, R' = 

Studies with phenol, anisole, and acetanilide have shown'4rc15o that these reactions 
also follow, in principle, the half-regeneration mechanism (equations 74-76) rather 
than, as earlier proposed14', the disproportionation mechanism, but particular 
variations in mechanism are seen with some aromatics. 

The+ -k CgHgX (Th-C6HgX)'+ (74) 

(ThkC6HsX)" + T h e +  ( T ~ - C ~ H S X ) ~ +  + Th (75) 

(Th-C6H,X)'+ - (Th-C6H,X)+ + H+ (76) 

That is, at relatively high concentrations of Th'+ (i.e. 9a) reaction with anisole is 
second order in Th'+ and follows the half-regeneration sequence. At  relatively low 
concentration the reaction becomes first order in Th '+  and leads to thianthrene 
rather than 87 (R' = OMe, R' = H). Apparently there is in this case insufficient 
Th'+ competitively to oxidize (equation 75) the first-formed complex (equation 74). 
The complex therefore undergoes internal electron transfer to give thianthrene and. 
it is presumed. the anisole cation radical i48. 

In the case of phenol, the fate of the first-formed complex depends on whether the 
solution is initially acidic or neutrali4'. In acidic solution the half-regeneration 
sequence prevails. In neutral solution. however, the reaction again becomes first 
order in Th'+, the rate-limiting process now being deprotonation of the complex 
(equation 77) rather than its oxidation by a second molecule of Th'+ (equation 75). 

(Th-CgH50H)'+ (Th-CsH40H)' 4- Ht (77) 

(Th-C6H40H)' + T h ' +  (Th-CsHdOH)' i- Th (78) 

The competition between electron exchange and substitution noted with anisoleIJ8 
is also seen in reaction with A"-dimethylaniline. Not only is 87 (R '  = NMe,, 
R' = H) obtained but also tetramethylbenzidine (as its cation rad i~a i )"~ .  

Analogous substitution reactions have been obtained with anodic oxidaiions of 
phenyl sulphides (C6H5SR. R = alkyl and phenyl)"'. The products were sulphonium 
perchlorates 88. obtained presumably from reaction of the cation radical 
(C6H5SR") with the sulphidr. 
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E. Reactions with Organornetallics 

This is a relatively newly discovered reaction of the heterocyclic cation radicals 
(equation It- works- best between thianthrene 9a and phenoxathiin cation 

radical 12 and organomercurials, e.g. RzHg in which R is Me, Et, COH5, o - M ~ C ~ H J ,  
p-CIC6H4, etc. The reaction is very convenient and wider in scope than reaction 
with aromatics (Section IVD) because not only can mildly deactivated aryl groups 
be used (e.g., R = C6H5, C6H4CI) but also substitution in the aryl ring can now be 
achieved at  the ortho- and nieta- as well as the para-position. Reaction with highly 
deactivated mercurials, e.g. ( O ~ N C ~ H J ) ~ H ~ ,  does not take place. The reaction 
allows alkyl groups to be placed on  sulphur, too, although not much exploration of 
the scope in this case has been carried out. 

The phenothiazine cation radicals (X = N-Me, N-C6H5)  appear to be inert to 
reaction with organomercurials. However, reaction occurs with organozincs (e.g., 

The yields of product 89 are good in most cases. Thus for X = S the yields were 
for R = Me 83%. Et 3996, E6Hs 95%. p-MeC6H4 86%. o-MeC6HJ 7696, p-CIC6HJ 
84%. and rn-CIC6HJ 82%. Comparable yields were obtained for X = 0. O n  the 
other hand with X = N-C6H5 and use of diethylzinc only 31% of product was 
obtained. 

Nothing is yet known about the mechanism of these organometal reactions. I t  is 
evident that displacement of R occurs such that bonding to sulphur is at the carbon 
atom previously bonded to mercury. Therefore, the reactions may be direct 
displacements such as has been observed in protonolyses of some RzHg compounds 
with retcntion of configuration'53. Some reactions of dialkylmercurials with electron 
acceptors (e.g. IrCl~-) '5 'J  involve electron exchange first. Whether or  not the cation 
radical reactions may follow such a path. particularly when R is alkyl. needs to be 
considered. The low yield o f  89 (X = S. R = Et) suggests that in this case. especially. 
a route to reaction niay be involved in which competing reactions are severe. and this 
niay be symptomatic o f  radical reactions following clectron exchange. 

RzZn. R = Et, C6H=j). 
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F. Reactions with Ketones 
This reaction was discovered by accident when thianthrene cation radical was 

allowed to come into contact with acetone. The reaction can be expressed in general 
terms by equation 80 in which >S represents one  of the heterocyclic compounds. To 
our  knowledge simpler organosulphur cation radicals have not been used. The 

R ~ C C O R '  

/ \  / 

\ I \ 

c104- c104- 

2 ,Set + RzCHCOR' S+ + S + HC104 (80) 

ketone must possess an a-H atom. Among ketones which have been used are acetone 
and its homologues, cyclopentanone and cyclohexanone, 1-indanone and 1-tetralone, 
and some diketones such as dimedone and d i b e n ~ o y l m e t h a n e ' ~ ~ ' ~ ~ .  Following the 
stoichiometry of equation 80 the products are f3-ketoalkylsulphonium perchlorates 
isolable in good yields. In some cases, particularly with diones the product is an ylide, 
e.g. 90 from reaction of pentane-1,3-dione with 12'56. 

0 0  
II II 

(90) 

The f3-ketoalkylsulphonium salts are themselves easily converted into ylides by 
treatment with base, and also serve as a source for preparing a-substituted ketones 
by reaction with n u ~ l e o p h i l e s ~ ~ ~ . ' ~ ~ .  The heterocycles are excellent leaving groups, 
shown schematically in equation 81. 

X - I  CH2 CO R 

Ci+ - XCH2COR + (81 
/ \  AS\ 

The mechanism of reaction of these organosulphur cation radicals with ketones has 
not beeen explored. It has been suggested, though, that reaction may occur with the 
enol (equation 82) and in conformity with this possibility reaction occurs at the more 
substituted a-C atom of an unsymmetrical ketoneI5'. Whether or not deprotonation 
of the adduct occurs before reaction with the second >S'+ is also a matter of 
speculation. 

OH R O H  
I \ .  I I 

/ ' I +  
' s ' +  + R2C=C-RR'  - S-C-C-R" 

R / +  (91 

/ \  
(82) 

R 
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G. Reactions with Alkenes and Alkynes 
Equation 82 shows the addition of an organosulphur cation radical to a C-C 

double bond. Firm evidence that such additions do take place has been obtained in 
reactions of 9a and 12 with a number of alkenes, but the stoichiometry of addition 
follows equation 83 (X = S ,  0). The reaction is thought to occur in stages as shown 

C104- 

+ RCH=CHR 

H I a20 I 

Q(m X H 

(83) 

(92) 

schematically in equation 84, and it appears that adduct 93 differs from 91 in 
combining with another cation radical than losing a proton. However, the 

(94) 

mechanism of this reaction (equation 83), like that of the ketone reaction 
(equation 80), has not been explored. 

Among alkenes which react according to  equation 83 are oct-1 -ene, but-2-ene, 
cyclopentene, cyclohexene. and cycloheptene, each giving isolable adducts 92 with 
either 9a or 121S8. 

Most interestingly also. analogous addition reactions occur with alkynes 
(equation 85). Again, diperchlorate adducts have been isolated and characterized by 

I 
n.m.r. and elemental analysislSH. The latter has been troublesome but successfully 
managed$. since the adducts are sensitive to heating. Adducts have been obtained 
from acetylene. propyne. but-2-yne. phenylacetylene. and diphenylacetylene. 

+Wc thank Schwarzkopf Laboratories. Woodside. N.Y.. for their patient work. 
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The scope of these addition reactions with alkenes and alkynes has not been 
explored, although it appears that electron exchange competes with addition (e.g. to 
cis- and trans-stilbene), and that electron-poor alkynes are inert to addition (e.g. 
propargyl chloride). The phenothiazine cation radicals 2 and 78 also appear to be 
unreactive. 

H. Reactions with Inorganic Anions (Halide, Nitrite, Nitrate) 
The simplest reaction to be expected with halide and nitrite ions is ring 

substitution expressed in general terms in equation 86. Whether or  not direct 
substitution occurs is not yet known, because reaction is complicated by the 
possibility of electron exchange (equation 87) followed by electrophilic substitution 
(equation 88). The overall stoichiometry is the same for the two possibilities. 

2(ArH)zS-+ + X- - (ArX)S(ArH) + (ArH)ZS + H+ (861 

2(ArH)2S'+ + 2X- 2(ArH)2S + X2 (87) 

(ArH)ZS + Xz - (ArX)S(ArH) + H+ + X- (88) 

Electron exchange is often complete with excess of iodide ion, and is used in fact 
in iodimetric assay of some organosulphur cation radicals, 9a and its analogues. The 
exchange is written as a reversible reaction since, as described in Section IID, 
oxidation by halogens. even iodine. can be used to prepare some cation radicals. 
Exchange with fluoride ion is in principle not possible because of the high oxidation 
potential of fluoride ion. Therefore, we would anticipate that nucleophilic 
fluorination should occur (equation 86). However, to our  present knowledge no 
report of a successful reaction of an organosulphur cation radical with fluoride ion 
has ever been made. Reaction of phenothiazine cation radical 1 with fluoride ion 
gave only phenothiazine, its 3,10'-dimer. and the green dimer cation96. Apparently, 
fluoride served only as a base. and a sequence of reactions followed like those in 
Scheme 2 (Section IB). Reaction of phenoxathiin cation radical 12 also failed to 
give a fluorophenoxathiin lS9 .  

Reaction of 1 with chloride and bromide ion gave phenothiazine (PT, about 45% 
conversion), 3-halogenophenothiazine 95 (about 35%), and some 3,7- 
dihalogenophenothiazine 96 (about 5%~)'~. The formation of the last product is 
particularly perplexing and leads to the feeling that electron exchange (equation 87) 
occurred and that electrophilic halogenation was responsible for the mono- and 
dihalogeno products. I t  is not known. though, that successive ha!f-regeneration 
reactions (equations 89-93) can be ruled out since it  is probable that the oxidation 
potentials of 95 and phenothiazine would not be too far apart. 

1 + x- ===.== f l -X) .  (89) 

(1-x). f 1 - PT + 95 -t H+ (90) 

95 + 1 z==? 95'+ + PT (91 1 

9 5 ' +  + x- =I.== (95-XI' (92) 

(95-X) '  t 1 - 96 t PT i H+ (93) 

Reaction of chloride ion with 9a resulted in part in electron exchange since some 
chlorine (9%) was removed by nitrogen flow, but only a very small amount (0.3%) of 
2-chlorothianthrene was obtained"'. In the reaction of 12 with both chloride and 
bromide ion free halogen was detectable by smell and starch-iodide test, and a 
monohalogenophenoxathiin was obtained15'. These results show that more study is 
needed if a complete understanding of the halide ion reactions is to be obtained. 
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Reactions with nitrite ion can lead to both nitration and oxygen atom transfer. 
Thus, 1 gave 3-nitrophenothiazine according to the usual stoichiometry for 
nucleophilic reactions (equation 86)96. In contrast, 9a and 12 gave total conversion 
into the 5-0xides~~. '~ ' .  This reaction has been interpreted as in the sequence of 
equation 94, but we do not really know if, perhaps, electron exchange does not occur 
first here too; that is if reaction is not between the parent compounds and NO2 
(equation 95). A more complicated reaction has been found with 

O-N=O 0 
II - S + N O  

.+ I 
/S, + NO2- - / \  S' / \  

0 

(94) 

N-phenylphenothiazine cation radical 78. In the absence of air reaction goes mainly 
according to equation 94, but in the presence of air continued 'nitration' occurs, 
giving a mixture of the 5-oxide and its 3-nitro- and two dinitro derivatives. 
Apparently the 5-oxide reacts further with NO2 obtained from reaction of NO 
(equation 94) with air'". 

Reactions of 9a and 12 with nitrate ion also gave the 5 - 0 x i d e s ~ ~ . ' ~ ~ .  These reactions 
have been interpreted as in equation 96, but although NO2 was formed, further 
confirmatory mechanistic studies have not been madel". 

?-NO2 0 
.+ I II 
S + N 0 3 -  - S' 

/ \  / \  
- S + NO2 (96) 

/ \  
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1. INTRODUCTION 
This chapter describes the chemistry of heterosulphonium salts, each of which 
possesses at least one C-S bond and a discrete positive charge on  the trivalent 
sulphur atom. Triheterosulphonium salts, such as triaminosulphonium salts, and 
sulphonium-like compounds. such as sulphide - metal complexes, a r e  not included. 

II. PREPARATION OF STABLE HETEROSULPHONIUM SALTS 

A. Oxysuiphonium Salts 
Among oxysulphonium salts. alkoxysulphonium salts have been the most widely 

synthesized, while other types, such a s  acyloxy-, aryloxy-, and hydroxysulphonium 
salts, have not been synthesized successfully except in a few cases. 

Alkylation of sulphoxide oxygen is used widely for the syntheses of 
alkoxysulphonium salts. Since Meerwein found 40 years ago that trialkyloxonium 
tetrafluoroborates (Meerwein reagents) can alkylate sulphoxide oxygen to yield the 
corresponding alkoxysulphonium tetrafluoroborates’, the Meerwein reagent has 
been used to  alkylate a wide variety of sulphoxides to afford the corresponding 
alkoxysulphonium salts generally in quantitative  yield^^.^. (equations 1 and 2). 
Typical examples are described in later sections (Sections IIE and IIIA2b).  

R-SO-R’ + Me30t BF4 - R-6-RR’  BF4 

I 
OMe 

R-SO-R’ 4- Et3O+ i F 4  - R-2-R’  6 F 4  (2) 
I 

OEt 

Dialkoxycarbonium ions are also powerful alkylating agents. For example, 
diphenyl sulphoxide was readily ethylated with diethoxycarbonium ion in 92% yield4 
(equation 3). 

Ph-SO-Ph  4- EtO-6H-OEt - Ph- i -Ph  sbcI6 (3) 
I 

OEt 

Alkyl halides. alkyl tosylates. and alkyl sulphates are also versatile alkylating 
reagents (equation 4). When alkyl and benzyl tosylates are heated in dimethyl 

I 

- 
R - S O - R + R ’ - - Y  - R - ~ - R  Y-  R - ~ - R  x- (4) 

I 
OR’ 0 R’ 

I?’- Y = Mel, R”OS02Tol-p, R”OSO~CFJ,  R”OSOzF, etc. 

sulphoxide alkylation takes place, and several dimethylalkoxysulphonium salts have 
been obtained in 50-99%1 yields5. However. on prolonged heating of dimethyl 
sulphoxide with benzyl tosylate the S-alkylated product 1 resulted’. Apparently the 
S-alkylated product is the thermodynamic product. whereas the 0-alkylated one is 
the kinetic product (equation 5 ) .  Isomerization of the 0-alkylated t o  the S-alkylated 

Me-SO-Me + ROSOzTolp - Me-S-Me TsO- - Me--0-MMe TsO- (5) 
+ 1 

I 
R 

(1 1 

I 
OR 
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product was found5 to be accelerated when the nucleophilic character of the counter 
anion increased, in the order TsO- < NOS < I - .  Dimethyl sulphoxide afforded only 
the S-methylated product OR heating with methyl i ~ d i d e ~ . ~ ,  whereas 0-methylation of 
dimethyl sulphoxide with methyl iodide was achieved only in the presence of a silver 
salt such as silver perchlorate*. 

Other alkyl sulphoxides, such as methyl phenyl, ethyl phenyl, dibenzyl and 
dimethyl sulphoxides, were methylated with a 2-fold excess of methyl iodide in the 
presence of an equimolar amount of silver tetrafluoroborate at room temperature to 
give the corresponding rnethoxysulphonium salts in 40-70% y e l d ~ ~ . ~  (equation 6 ) .  

R-SO-R' + Me1 -l- AgBF4 - R-6-R'  BF4 (6) 
1.t. 

I 
O M e  

0-Ethylation of sulphoxides is generally carried out successfully by treatment with 
ethyl halide in the presence of AgBFAO or AgC104'. However, when ethyl phenyl 
sulphoxide was heated with methyl iodide in the prcsence of Hg12, the S-methylated 
product 2 was produced in 18% yield. The partially reserved oxosulphonium salt 
2 can be prepared by either resolution of the racemic saltI2, or by S-methylation of 
the optically active @)-ethyl phenyl s ~ l p h o x i d e ' ~  (equation 7). 

Ph-SO-Et f Me1 + Hg12 - R-kl-EEt (7 1 
I 

(R )  (+) M e  

( R )  (+ I  

(2) 

When dimethyl sulphoxide and other sulphoxides were treated with 'magic methyl' 
(FS03CH3)14 or ethyl triflate (CF3S03C2H5)15.16 in non-polar media or with dimethyl 
sulphate in the presence of NaBPh, in methanol17, alkylation was found to  occur 
exothermically to give the corresponding alkoxysulphonium salts in good yields. 

Interesting examples of the alkylation of dimethyl sulphoxide as shown in 
equations 811 and 9lS. 

Ac 
I 

Ac 
I 

R = M e ,  Et 

M e - S O - M e  + c 1 ) 5 0 2  Me-; -Me 
0 I 

\ OiCH2)3S03- 

\ 185°C. 579'. isornerizallon 24  h 

+ 
Me - S O - M e  

I 
(CH213S03- 
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Reaction of various epoxides with dimethyl sulphoxide in the presence of 
trinitrobenzenesulphonic acid usually gives the corresponding P-hydroxy- 
alkoxysulphonium salts in 40-80% yields and the reaction was found to take 
place both regioselectively and s t e r e o s e l e c t i ~ e l y ' ~ ~ ~ ~  (equation 10). Styrene oxide 

+ - 
AISOJH OH 

Ph-CH-CH2 + Me-SO-Me - Me-S-Me ArSO3- - 
I \ /  r.t. 

0 
0- CH-CH2 

I I  
Ph OH 

Ph-CH-CH2 + Me-SO-Me 
I I  
OH OH 

NO2 

derivatives were reported to afford P-hydroxy-a-phenylalkoxysulphoniurn salts 
in this reaction through preferential attack of the sulphinyl oxygen on the benzylic 
carbon of the epoxide. The P-hydroxyalkoxysulphonium salts thus formed are know 
to undergo alkaline hydrolysis to give the corresponding 1,2-diols generally in good 
yields via attack of hydroxide on the sulphonium sulfur through S N ~  process on the 
sulphur atom. Thus the cis-epoxide is transformed to the fhreo-glycol while the 
trans-epoxide gives the erythro-glycol in the overall process20. Other strong acids 
such as CF3COOH, H2S04, HN03,  and BF3 are also useful for the ring opening of 
epoxides with dimethyl sulphoxide2'. 

Alkoxysulphonium salts can be prepared by treatment of dimethyl sulphoxide with 
alkyl c h l o r ~ f o r r n a t e s ~ ~  (equation 11) or with alkyl chlorosulphinates at - 78°C" 
(equation 12). 

r 1 

Me-SO-Me + i-BuOCOCI 
NaBPh4 

M e O H l H 2 0  
- 1 Me-!-Me ci- I - c o p  

__c 

+ 
Me - S -Me 

I 
I- OCOOBu-i OBU-I 

SbClg, --SO2 
R-SO-R + R'O-S-Cl - R - - S + - R  i i c i6  

I -78OC. CH2C12 II 
(12) 

0 OR'  
R = Me, Ph 

R = Me, Et, i-Pr 

Me-SO-Me + MeO-S-Cl - -78OC r-:-i ''-1 (2 )  (1)  SbClg N u H  Me -;-Me I sbCl6 

NL (13) 
II 
0 
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When external nucleophiles such as  alcohols, thiols, disulphides, and secondary 
amines were added t o  the mixture of methyl chlorosulphinate and dimethyl 
sulphoxide at  -78”C, the alkoxy-, thia-. and azasulphonium salts, respectively, were 
obtained in 35-80?4 yield2’ (equation 13). 

Another useful synthetic method for alkoxysulphonium salts is the alcoholysis of 
the chlorosulphonium salt. Dimethyl chlorosulphonium hexachloroantimonate was 
shown to afford the alkoxysulphonium salts in 62-1 00% yields upon treatment with 
alcohols or diol~’~.*‘ (equation 14). 

Me-6-Me <bCls i- ROH - Me---Me cbC16 (14) 
I 
OR 

I 
CI 

ROH = EtOH, PrOH, i-PrOH, HO(CH2)zOH. HO(CH2)zOH. HO(CH2)sOH 

‘One-pot’ synthesis of alkoxysulphonium salts was successfully carried out by 
alcoholysis of halosulphonium salts prepared in siru. Treatment of a sulphide with 
alkyl hypochlorite usually gives the alkoxysulfonium salt in a ‘one-pot’ procedure via 
alcoholysis of the chlorosulphonium salt formed initially. Johnson and Jonesz5 
reported syntheses of a variety of t-butoxysulphonium salts in 7 1 4 2 %  yields by the 
treatment of sulphides with t-butyl hypochlorite at -78°C. followed by addition of 
SbCI5. However, in the treatment with isopropyl hypochlorite the yields were found 
to  be substantially lower (23-66%)25. During the reaction a sulphurane-type adduct 
3 was considered, from n.m.r. measurements (-45”C), to  be formed from the 
mixture of methyl phenyl sulphide and r-butyl hypochlorite, in the absence of 
SbCl5 26 (equation 15). 

-7a0c [ 7 ] SbC15 
R-SO-R + t-BuOCI - R - S - R  - R-&-R <b‘& (15) 

I 
OBu-r oBu-t 
(3) 

When the reaction of a thiane with t-butyl hypochlorite was carried out in ethanol 
in the presence of HgCI2, the ethoxysulphonium salt was successfully isolated’6. 
Reaction of 4-t-butylthiane with t-BuOC1 or NBS in ethanol, followed by addition of 
AgBR‘, was found to  afford the axially oriented ethoxysulphonium salt27 
(equation 16). 

OEt 
oBu-t  

gF4 (16) 
%,/ (1) EtOH 

r-Bu J-J 2!2!EL+ [r.B” ] (2) AgBFq r-Bu 

Reaction of methyl phenyl sulphide with N-chlorobenzotriazole also gave the 
adduct 4, which was then attacked by added alcohol on  the sulphur atom to afford 
the alkoxysulphonium salt in 3 0 4 2 %  yields28 (equation 17). 
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A large number of stable tetravalent sulphur compounds. i.e. sulphuranes. have 
been prepared by Martin and coworkers". Their fundamental synthetic route 
involves the alkoxysulphonium salt a s  an intermediate which is formed by the 
reaction of the sulphide with the alkyl hypochlorite3" (equation 18). 

OC(CF3)7Ph 
CH2C12 + PhC(CF3120K I 

* Ph-S-Ar 
I Ph-S-Ar + PhC(CF3)20CI 5 Ph-S-Ar CI- - 7 8 ' ~ .  ether 1 

OC(CF312Ph OC(CF3)zPh 

A r =  9 (1 8) 

dOOC (C F 3 ) 2 Ph 

When the sulphuranes 5 are treated with trifluoromethanesulphonic acid, the 
reverse reaction usually takes place and the alkoxysulphonium salts are obtained in 
74-83% yields3' (equation 19). 

Torssell reported that P-bromoalkoxysulphonium salts 6 are  formed in 42-67% 
yields by treatment of DMSO with olefins and bromotrinitromethane in the presence 
of NaBPh417. The  stable salts 6 are then converted into other  simple 
alkoxysulphonium salts by treatment with  alcohol^'^ (equation 20). 

,NO2 
Me-SO-Me 4- RCH=CHR' + (N02)3CBr - Me-;-Me -O-N=C (20)  

OCH I RCH R '  -0 I 'NOz 

Me-;-Me gPh4 

0 CH RCH R' 

I 
Br 

6 I 

I 

OR" 

A hydroxysulphonium salt was reported to  be formed by protonation of a 
sulphoxide with a suitable counter anion in the reaction mixture. Thus,  when 
dimethyl sulphoxide was treated with the phosphorus chloride compound 7 in dry 
chloroform, the dimethyl hydroxysulphonium salt 8 with the 'phosphate as counter 
ion was obtained quantitatively, together with chloromethyl methyl sulphide a s  the 
Pummerer reaction p r o d u ~ t ~ * . ~ ~  (equation 21 ). 

Cyanuric acid 9 also gives the hydroxysulphonium salt32 (equation 22). 
A n  adduct formed from dimethyl sulphoxide and an equimolar amount of 

trinitrobenzenesulphonic acid is also known2". 
Another example is the reaction of the adduct of DMSO and SbC15 with hydrogen 

chloride in CHzClz at -78°C to yield dimethyl hydroxysulphonium 
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3 Me-SO-Me f CI-P 'x;h-c, - 
I 1'0 
0 0 

(7 I 

577 

121) 

( 8 )  

+ 
(22) 

x - Me-S-Me XNXOH OH I -0 ANX OH HO 

3 
Me-SO-Me f 

(9) 

hexachloroantimonate in 90% yield, which reverts to the starting meaterials on  
warming the solution to 20°C. However. the crystalline salt isolated at -78°C was 
found to be stablezJ (equation 23) .  

Me-SO-Me . SbCI, + HCI . - Me-:-Me SbCIG (23) 

There is one example of a stable acyloxysulphonium salt. Sharma and Swern 
reported that treatment of dimethyl sulphoxide with trifluoroacetic anhydride in 
methylene chloride at -78°C affords dimethyl trifluoroacetoxysulphonium 
trifluoracetate as  white crystals, although no  attempt at isolation was carried out. 
This salt apparently undergoes the Pummerer reaction on warming t o  room 
t e m e p r a t ~ r e ~ ~  (equation 24). 

-70OC 

2O0C I 
OH 

-78OC 
Me-SO-Me + (CF3CO)zO - Me---Me CF3COO- - Me-S-CHzOCOCF3 

(24) 
I 

A sulphonoxysulphonium salt has been successfully isolated. Hendrickson and 
Schwarzman reported that treatment of dimethyl sulphoxide with 
trifluoromethanesulphonic anhydride at -78°C afforded the sulphonoxysulphonium 
salt 10, which decomposed at room temperature o r  exposure to  air o r  water35 
(equation 25). 

OCOCF3 

+ 
Me-SO-Me + (CF3S02)zO - Me-S-Me CF3SO3- (25) 

I 
OSOzCF3 

(10) 

Dialkoxysulphonium salts also comprise a family of alkoxysulphonium salts and 
can be prepared. When sulphinates are alkylated with alkyl triflates the products are 
usually unstable and can be detected only in solution by n.m.r. spectroscopy in many 
c a ~ e s ' ~ . ~ ~ .  However, a successful preparation of a dialkoxysulphonium salt has been 
reported by Warthmann and Schmidt in the reaction of a dichlorosulphonium salt 
with an alcohol'4 (equation 26). 

Other  diheterosulphonium salts, the alkoxyaminosulphonium salts. were also 
prepared in two different ways by Minato and co-workers. One involves treatment of 
a sulphenamide with N-chlorobenzotriazole, followed by a l c o h o l y ~ i s ~ ~  (equation 27), 
and the other involves alkylation of a sulphinamide15.3* (equation 28). 
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Me-i -Cl  sbC16 + ROH - Me-6-OR SbCIG 
I 

OR 
I 

CI 

ROH = MeOH (77%). EtOH (16%) 

- s- Nno i l .  i i l ,  i i i l  + n -  
* R-S-N 0 BPh4 

W OR I , -  

R = i-Pr,p-Tol; ( i)  =,I ;(ii) R'OH = MeOH, PhOH, (-)-menthol; (iii) NaBPh4 

I 
CI 

(26) 

(27) 

B. Azasulphonium Salts 

1. Unsubstituted azasulphonium salts 
Many stable azasulphonium salts have been synthesized in connection with the 

synthesis of sulphimides, which are usually prepared by deprotonation of 
azasulphonium salts bearing a hydrogen atom on nitogen. 

A useful method is direct amination of sulphides with hydroxylamine 0-sulphate 
derivatives. In 1959, Appel and Biichner reported that diethyl sulphide was 
aminated with hydroxylamine 0-sulphonic acid at -20°C to afford the solid diethyl 
aminosulphonium salt in 5040% (equation 29). 

Many other aminosulphonium salts were prepared successfully in good yields 
(57-100%) by the reaction of dialkyl, alkyl aryl and diary1 sulphides with 
hydroxylamine O - m e ~ i t y l e n e s u l p h o n a t e ~ ~ ~ ~ ,  a well known and versatile aminating 
agent" (equation 30). Cyclic sulphides such as phenothiazine. thianthrene, and 

R-S-R'  + HpNOMes - R - - $ - R R '  MesO- (30) 
I 
NHZ 

MesO- = Me *so3- 

Me 

phenoxathiin were aminated with the same reagent in 50430% yieldsJ5.J6. With 
2-dimethylaminoethyl phenyl sulphide. however. treatment with the same reagent 
gave the corresponding N-aminated product in 72% yield. indicating that there is a 
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limitation to the use of the reagent for S-amination if other groups which are 
susceptible to amination with hydroxylamine 0-mesitylenesulphonate are present 
in the molecule43. Other substituted hydroxylamines with leaving groups on 
oxygen, such as hydroxylamine 0-2,4,6-triisopropylbenzenesulphonate, 0-(2,4- 
dinitrophenyl)hydroxylamine, and 0-picrylhydroxylamine, can also aminate 
diphenyl sulphide in 61-9@% yieIds4'. 

In connection with the use of these hydroxylamines in amination, it was found 
that the reaction of 0-(2,4-dinitrophenyl)hydroxylarnine with uncharged 
nucleophiles such as pyridines, phosphines, and sulphides afforded the corresponding 
aminated products. The reaction was found to proceed by way of a typical S N ~  
piocess on sp3 nitrogen, as concluded from kinetic  observation^^^.^^ (equation 31). 
One of the interesting features of the reaction is that it is not markedly influenced by 
the stzric bulk of the nucleophile, unlike the Sp42 reaction at sp3 c a r b ~ n ~ ~ . ~ ~ .  

M e  

Nu: = P h - S - M e ,  P h 3 P .  

M e  M e  

Aminosulphonium salts here found by Appel and Biichner to be formed by 
treatment of sulfides with chloramine40. Thus, dimethyl sulphide was transformed 
into dimethyl aminosulphonium salt in 2.3% yield by treatment of dimethyl sulphide 
with a large excess of chloramine in diethyl ether at -78°C. Later they reported that 
the use of acetonitrile instead of diethyl ether as solvent increased the yield of the 
salt to 31YoS0 (equation 32). The reaction is considered to proceed through a 
nucleophilic displacement reaction on the nitrogen atom of chloramine. 

4. 
M e - S - M e  -F NH2CI - M e - S - M e  CI- 132) 

I 
N"2 

A US patent" describes the reaction of methyl ti-octyl and methyl n-dodecyl 
sulphide with chloramine-ammonia in tetrahydrofuran solution. In the presence of 
COz. which prevents formation of the sulphimides, this affords the corresponding 
aminosulphonium salts in good yields. Dialkyl sulphides with one ethylphenylamino 
group at  the o-position were also shown to give the corresponding aminosulphonium 
salts by treatment with chloramine in diethyl ether5?. 

In the reaction of alkyl sulphides with chloramine further amination was found to 
take place, eventually yielding the N-aminoazasulphonium salt hydrochloride 11, 
which dimerized to the sulphurane-type compound 12 on removal of hydrogen 
chloride5'. Compound 11 was also reported to be formed by treatment of free diethyl 
sulphimide with chloramine53 (equation 33). However. Appel cv d. claimed that the 
monomeric sulphone diimide 13 was formed by treatment of alkyl sulphides with 
chloramine in isopropanol and then \vith base. while its structure was confirmed by 
mass spectral analysis'" (equation 34). A Raman spectral study also showed that the 
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(33) 

2R-S- I3  + 2NH2CI R N H N H  
-HCI 

NaOMe 
HCI - 

2 R - S - R  + 2NHzCI  
II 

NH NH 
II base II 

I t  I 
NHZ 

R-S+-R CI- - R - S - R  

NH 

(13) 

(34) 

further aminated product of aminosulphonium salt has an S-aminated structure, 
sulphone diimide 13, and not a n  N-aminated structure such as l154. 

When the stable dib-methoxyphenyl) sulphide-chlorine complex was treated with 
ammonia, the corresponding aminosulphonium salt was isolated in 45% yieldss 
(equation 35). 

CI 

Reaction of a dialkyl sulphide with N-chlorosuccinimide (NCS) o r  N-bromo 
succinimide (NBS) and ammonia usually affords the corresponding 
aminosulphonium salt, accompanied by the sulphone diimide as  a minor 
side-product (equation 36). In the reaction with r-butyl hypochlorite, another 
halogenating reagent. the sulphone diimide become!; the sole product in good yields6 
(equation 37). 

N H  
+ 

(36) 
I1 
I I  

R - S - R  f NCS + NH3 - R-S-R CI- + R-S-R 

NH 

minor 

I 
NH2 

N H  

(37) 
I I  
I1 

R-S-R + t-BuOCI 4- NH3 - R-S-R 

N H  
Incidentally. a convenient synthesis for  N-tosyl sulphone diimides consists simply 

Although there is a limitation in synthetic applications. N-chlorosulphimides were 

Ph-S-Ph - Ph-S-Ph CI- (38) 

in treatment of free sulphimides with chloramine-T in a polar aprotic solvent5’. 

air + 

II I 
N 
\ 

CI 
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also found to be converted into the N-unsubstituted azasulphonium salts. Thus, when 
N-chlorodiphenyl sulphimide was in contact with air in the crystalline state for 20 
days at room temperature the aminosulphonium chloride was obtained in 75% 
yieldSE (equation 38). 

2. N-Substituted azasulphoniurn salts 
Numerous N-substituted azasulphonium salts have been prepared simply by 

treatment of sulphides with N-haloamides or N-haloimides. The best known is 
succinimidodimethylsulphonium chloride 14, prepared quantitatively by the 
reaction of dimethyl sulphide with NCSs9 (equation 39). The  cation of 14 becomes 

0 
I 1  

cc14 + 
ooc Me-S-Me + N-CI - Me-S-Me CI- (39) 

I 
o=c’ ‘c=o u 

N 

c:; 
II 
0 

(14) 

more stable by replacement of chloride with tetrafluoroborate as counter anion60. 
This azasulphonium salt 14 is useful for the oxidation of alcohols (see Section IIIE), 
and for syntheses of other azasulphonium salts (see below). 

In 1947, Likhosherstov reported that N-chloroacetamide reacted with dimethyl 
sulphide in acetone-CC14 solution to form crude dimethyl N-acetylazasulphonium 
chloride (90%), which decomposed partially during recrystallization6’. Recently, 
several pure N-acetylazasulphonium bromides were prepared in 38-84% yields by 
treatment of sulphides with N - b r o m ~ a c e t a m i d e ~ ~ . ~ ~  (equation 40). N-Carbo- 
ethoxyazasulphonium salts were synthesized in 50-60Yo yields by treatment of 
alkyl sulphides with N-chlorocarbamates in an aprotic non-polar s o l ~ e n t ~ ~ - ~ ~  
(equation 41). 

R-S-R’  + MeCONHBr - R - i - R ’  Br- (40) 
I 
NHCOMe 

CHC13 
R-S-R’  + ClNHCOOEt ~ - 2 0 1 0 0 0 c  * R - ~ - R ’  CI- 

I 
NHCOOEt 

N-Chlorourea was also found to be (equation 42). 

142) 
CH3CN 

Ar-S-Ar‘ + CINHCONH2 - Ar-i-Ar ’  CI- 
I 
NHCONH;, 

Dimethyl sulphide and other alkyl sulphides were successfully converted into 
N-substituted azasulphonium salts by treatment with other N-chloroarnides such as 
N - c h l ~ r o b e n z a m i d i n e ~ ~ . ~ ~ ,  N-chlor~benzimida tes~’~~~~.  N-chl~rocarbamate~’ .  and 
N-chl~roguanidine~?. 

Gassman et 01. reported that N-arylazasulphonium salts were obtained in 59-80% 
yields on treatment of dimethyl sulphide with N-t-butyl-N-chloroanilines. prepared 
by chlorination of the anilines with calcium h y p ~ c h l o r i t e ~ ~  (equation 43). 

Another type of azasulphonium compound 15 was prepared by alkylation of the 
alkylidene ~ulphenamide~‘ (equation 44). 
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+ 
Me-S-Me CI- 

I 
t-BuNH t-BUNCI NBu-t 

I I I 

X X x 

(1) Me2504 Me-d-N%z] - Me-S=N-s] (44) 

Me-s-N=(S] (2) NaBPh4 - Me I I S 
Me 

Azasulphonium salts can be prepared by nucleophilic substitution by amines at the 
sulphur of sulphonium salts, e.g. the reaction of stable chlorosulphonium salts with 
amines (equations 4575 and 4676). 

I 

I 

Me-i-R sbc16 + i-PrNHz - Me-g-R sbCl6 (45) 
I 55-83% 

NHPr-i CI 

Me---Me cbcl6 + RNHCOR’ - Me-;-Me sbCl6 (46) 
I 
NRCOR’ CI 

Johnson et of. reported that alkyl aryl sulphides are converted into the 
azasulphonium salts in 4 0 4 4 %  yields by initial treatment with a halogenating agent 
such as N-chlorobenzotriazole, followed by addition of a primary or secondary amine 
such as l-phenylethylamine2s (equation 47). 

CI 
I 

Ar--S--R (1) R’NH2 [ I I: ] (2) Ag6F.a 
* Ar-g-R EF4 

I 
NHR’ 

A r - S - R +  m! 
N 

SN (47) 
I 
CI 

Treatment of dimethyl sulphide with NCS. followed by addition of an amine or an 
amide. was found by Vilsmaier and Sprugel to  give dimethylazasulphonium salts in 
49-91 % yields” (equation 48). N-Aryl- (77-91 %). N-a-naphthyl- (75%). 

0 
I I  

I C’ 
NHR II 

RNHz 
Me-S-Me + NCS - Me-!$-Me CI- - Me---Me CI- + [“NH (48) 

0 A 
O = = O 

N-2-pyridyl- (7 1 %). N-benzyl- (59%). N-acetyl- (42%). and N-carboethoxy- (59%) 
azasulphonium chlorides have been prepared by this reaction. which is effectively an 
amine exchange reaction. 

Dowson and Swcrn also synthesized about twenty N-substituted azasulphonium 
salts in  42-96% yields by treatment of dimethyl sulphidr with either NCS or 
N-chlorobenzotriazole and then with amines o r  a~nides’~. They reported that 
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tetrahydrothiophene gave the corresponding azasulphonium salt similarly but 
di-f-butyl and diphenyl sulphides and thiophene did not form any azasulphonium salt 
by the same treatment. 

Indole could not be used for this type of amine exchange reaction. When dialkyl 
and alkylaryl azasulphonium salts were treated with indole, 3-sulphonioindoles were 
obtained and eventually gave 3-alkylthio-substituted indoles with or without 
heating78 (equations 49 arid 50). 

R - ~ - - R ~  CI- + 
I A 

O =L7= O 
I 
H 

A 

CI - 
I 
H H 

S - C H ~ C H = C R R '  

C R R ' C H = C H ~  
I 

aSEt 
I 
H H 

A mixture of dimethyl sulphide, NCS and an enamine was shown to  afford the 
sulphonium salt 16 in 73% yield, which was converted into the ylide 17 in 51% yield 
on treatment with hydrogen chloride and then alkali. In some cases the ylide 
demethylated on di~t i l la t ion '~ (equation 5 1). 

+ + Me-S-Me CI- 
I 0- m3 Me-S-Me CI- 

I 

+ o  (16) 

o=c&=o 
Lf 

+ 
Me-S - Me Me-S 

& i 0  W 

117) 

Treatment of dialkyl sulphides with NCS, f-BuOCI. o r  SOzClz and subsequent 
treatment of the reaction mixture with primary aromatic amines or  sodium salts of 
amines or  amides affords the corresponding sulphimidessO~s' (equation 52). 

Reaction of a reactive sulphurane \\Pith secondary alkylamines \\'as sho\vn to afford 
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X - ]  

R-S-R (52) R-S-R + x-CI + R ' N H ~  - 
I 
N R' 

the azasulphonium salts in 5 4 7 4 %  yields. These undergo further reaction to yield 
the imine and diphenyl sulphide in the case of benzylamines, while resction with 
ammonia, primary amines, or amides gives the corresponding sulphimides in good 
yieldss2 (equation 53). N-Alyl or N-acyl sulphimides are also known to be formed by 
treatment of other sulphuranes with amines or a m i d e ~ ~ ~ . ~ ~ .  

RzNH 
ORF 
I + 

I I 
ORF NR2 

Ph-S-Ph - Ph-S-Ph RFO- ( R =  Et,i-Pr) 

(53) 

Ph-S-Ph + PhCH=NCHZR ( R  = H, Ph) 

Ph-S-Ph 
II 
NR 

Several cyclic sulphimides were prepared by Claus et al. in good yields from N-aryl 
sulphimides via an azasulphonium intermediateS5 (equation 54). 

R '  
I 

base 
CI- - 

I 
H 

(54) 

R - S+--CH? R' bare 

I 
N 

X 

X 

Sharma and coworkers found that trifluoroacetoxysulphoniun~ salts. prepared from 
dimethyl sulphoxide and trifluoroacetic anhydride. readily reacted with aromatic 
amines. amides. and sulphonamides to give the corresponding azasulphonium salts as 
intermediates. which on further treatment with a base in sitrr yielded sulphimides in 
40-9096 yields34.s6 (equation 5 5 ) .  

--6OoC + RNHz 
Me-SO-Me + (CF-JCO)~O - Me-S-Me CF3COO- - 

I CH2C12 

OCOCF, 

+ base 
Me-S-Me CF-JCOO- Me-S-Me 

I I  
N R  

I 
NHR 

Analogously. dimethyl sulphoside. activated by electrophiles such as S03. P.,O,(,. 
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BF~ .  Ac,O, DCC, POCI,, and CH3S0,CI, was found to react with amines, amides 
and sulphonamides in the presence of a base to yield the s ~ l p h i m i d e s . ~ ~ - ~ ~ .  Reaction 
of dimethyl sulphoxide with POC13 and a tertiary amine such as dimethylaniline gave 
p-dimethylsulphoniodimethyIanilineY3. 

There is one interesting case of intramolecular cyclization to  form an 
azasulphonium salt. When methionine was oxidized with an equimolar amount of 
iodine in alkaline media, the cyclized azasulphonium salt was obtained in good 
yield" (equation 56).  This reaction is a useful method for the quantitative 

'2 
Me-S -CH2CH?CHCOOH NaOMe,MeOH- 

I 
NH2 

(56) 

coo- 
determination of methionine. Another interesting example is the reaction of 
dimethyl sulphoxide to give the azasulphonium salt in 46% yield by treatment with 
an N-sulphinyldimethylimmonium saltys (equation 57). 

Me, + -so2 

Me' 
Me-SO-Me i- N=S=O BF4 - Me---Me BF4 (57) 

I 
NMe2 

When the alkoxysulfonium salt 18, prepared by treatment of phenoxathiin S-oxide 
with methyl iodide in the presence of AgC104, was treated with alkylamines. the 
corresponding azasulphonium salts were obtained, while on reaction with carbanions 
the sulphonium ylides 19 were formed'' (equation 58). 

Me' * &n a;m 
I 
NHR Clod- 

I 
OMe CIo4- 

(18) (58)  

&m AgC104 

II 
0 

- C ( COOMe ) 2  

(19) 

Reaction of the lactam oxime 20 with dimethyl sulphide gave the azasulfonium salt 
21, either via a nitrenium-type cation or by direct nucleophilic substitution (SN2) at 
nitrogen by dimethyl sulphidey6 (equation 59). 

H ? 
I 

Me + + Me-S-Me - Me\S-N - 1 S - N -  
Me / Me' I TsO - N 

n 

(59) 

Sulphimides have a basic nitrogen atom. The pKBH+ values of A'-arenesulphonyl 
aryl methyl sulphimides are in the range -1.81 to -3.0''. and those of 
N-unsubstituted ('free') diary] sulphimides are in the range 7.30-8.79"'. Thus. 
sulphimides can be readily protonated to form azasulphonium salts. the conjugated 

TsO- 
(21 1 TsO- 

(20 )  
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acids of the sulphimides, although this reaction has no synthetic utility, since 
sulphimides are generally prepared by deprotonation of the azasulphonium salts. 

N-Acetyl sulphimides are protonated by hydrogen chloride at 0°C to yield the 
corresponding azasulphonium chloride in 7 9 4 7 %  (equation 60). 

HCI R - S - R '  - R - i - R '  CI- 
I I  ooc I (60) 

NCOMe NHCOMe 

When N-tosyl diphenyl sulphimide was dissolved in concentrated sulphuric acid at 
5°C and the resultant purple solution was poured into ice-water, the diphenyl 
aminosulphonium salt 22 was obtained quantitatively. Treatment with base 
afforded the 'free' sulphimide 23, which can be reconverted into the 
aminosulphonium salt 22 by protonation with p-toluenesulphonic acidg9.Ioo 
(equation 61). 

conc. HSO, base 
Ph- S - Ph * Ph-i-Ph TsO- - TsOH Ph-S-Ph (61) 

I II 
N H  

(22) (23) 

II 
N Ts NH2 

For characterization, liquid or unstable free sulphimides can be converted into 
their picrates, which are also aminosulphonium saltsloo.lO'. N-Aryl sulphimides can 
also be characterized as the picratesso. 

N-Alkyl azasulphonium salts can be obtained by alkylation of sulphimides with 
alkylating agents such as the Meenvein reagentIo2Jo3, dimethyl sulphateIo4, methyl 
triflatelo3, and alkyl iodides82.105, generally in quantitative yields. N-Alkyl 
sulphimides are acylated by acid chlorides at  -20-40°C, yielding the N-acyl 
azasulphonium salts, which are easily hydrolysedS2 (equation 62). 

Ph-S-Ph -I- R'COCI Ph-G-Ph CI- (62) 
I 
NRCOR' 

I 1  
N R  

Free dialkyl sulphimides are known to  be carbonated by carbon dioxide to yield 
the N-carboxy azasulphonium salts 24, which upon heating undergo 
disproportionation to afford the salt 251°6 (equation 63). 

+ 
(63) 

A - S - R  + co2 - R - - S + - R  -A+ R - S - - R - R - S - R  
I II 

NCOO- 
I 

NHCOO- NH2 
I 1  
N H  

R = Me, Et (24) (25) 

An interesting derivative of the  azasuiphonium salt 26 was synthesized in good 
yield by reaction of dimethyl sulplioxide with either (NSCI)3 I o 7 .  chlorocyanate. or 
bromocyanatelOX (equation 64). A more general synthetic method for compounds of 

Me-SO-Me i- (NSCI13 
-so2 Me + +,Me 

Me' Me 
's --N-s, CI- (64) 

(26) 

this type is reaction of the N-chloro- or the N-bromosulphiniide 27 with sulphides 
to give 28 (equation 65). while 27 can give 29. 30. or  31 by treatment with 
triphcnylphosphincs. tertiary amincs or sulphosidcs. respcctively5s (equations 66. 67. 
and 6 s ) .  Further. a benzcnc solution o f  the N-chlorosulphimidt. 27. on standing at 
room temperature. gave an azasulphonium compound 32 in 74% 
(cq u;i t ion 69). 
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(65) 

27 + Ph3P 

27 -t R 3 N  - 

CI- 

R 3 N  = E t j N ,  DABCO (30) 

R = Me, Ph, p-To1 (31 1 

27 - C6H6 ph,S--N-s’ P h \ +  + Ph 
r.t. \ p h  ‘I- 

(66) 

(32) 

Compound 32 can also be prepared by treatment of diphenyl sulphide with 
ammonium trichloridel10 (equation 70) or by treatment of the free sulphimide with a 
reactive sulphuranes2 (equation 71). Compound 33 was similarly prepared by 
treatment of the N-halosulphoximide with dimethyl sulphideS0 (equation 72). 

Ph-S-Ph + NC13 

0 0 
II 

Me/  I 
(72) 

II 
II 

Me-S-Me + Me---Me - M e 1 6 - N = S - M e  Br- 

Me  N 
‘Br 

(33) 

Some interesting azasulphonium salts have been synthesized by Shine and 
coworkers. When thianthrene cation radical was treated with anhydrous ammonia in 
nitromethane, an  azasulphonium salt 34 was obtained in 49% yieldi i i  
(equation 73). T h e  reaction presumably involves a sulphur dication intermediate 
formed by disproportionation of the cation radical. Similar results were obtained 
with both phenothiazine and phenoxathiin cation radicals”’.’ 13. 
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(34) 

A mixture of phenoxathiin sulphimide and thianthrene or phenoxathiin cat 
radical was also found to give an azasulphonium salt 3S113 (equation 74). 

)n 

74 I 

x = o , s  

When thianthrene, phenoxathiin, and phenothiazine cation radicals were allowed 
to react with primary and secondary amines, the corresponding azasulphonium salts 
were obtained in good (equation 75). 

clod- 

X = s, 0, NMe, NPh  

I 
NRR' 

C104- 

3. Diaminosulphonium salts 
Richards and Tarbell reported the formation of the water-stable 

diaminosulphonium salt 36 by ethylation of dimorpholinosulphide with the Meerwin 
reagent' I J  (equation 76). Unfortunately, this method has only limited utility for the 

(76) 
A n + A -  

- - Nwo BF4 
0 + E t 3 0 '  BF4 - 0 

n 
O W N  - -N W W I  

E t  

(36) 
synthesis of other diaminosulphonium salts since reaction of other aminosulphides 
with the Meerwein reagent or other alkylating agents yields n o  isolable products' 14. 

Heimer and Field reported that methylation of alkanesulphenyl morpholide with 
methyl iodide gave not the aminosulphonium salt but dialkyl disulphide and iodine. 
presumably via an initial N-niethylation'15. 

The diaminosulphonium salt 37. stable above its melting point. was obtained by 
Haake and Benack in good yields (81-9096) by treatment of the sulphenamide with 
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NCS in dichloromethane1l6. Exchange of the amino group in 37 did not occur on 
treatment with primary and secondary amines but gave a ring-opened product 38 in 
67-89% yields' l6 (equation 77). 

R = Me, Et, Ph 

R'pN = Me2N. (PhCHp)2N, 0 

(37) 

37 + R",NH R- S -  N R ' ~  
II 
N co C H ~ C H ~  co N R " ~  

-40 to O°Cz  

(38) 

Soon afterwards, Minato el al. reported the synthesis of diaminosulphonium salts 
in moderate yields (65-91%) by reaction of the sulphenamide with 
N-chlorobenzotriazole in CHzClz at - 80°C followed by addition of secondary 
amines at - 80°C and subsequent addition of sodium tetraphenylborate at room 
t e m ~ e r a t u r e ~ ~  (equation 78). The reaction with NCS instead of 

tuaePh4 
1 1  + R4R5NH - R'-6-NR2R3 BPh4 (78) 

I R,: N R4 R5 

R'-S-NR2R3 + 

I 
Cl 

N-chlorobenzotriazole also gave the diaminosulphonium salt, although in lower 
yields. Reaction of the sulphenamide with primary amines was unsu~cessfu l~~.  

The diaminosulphonium salt 39 was also synthesized in 62% yield by methylation 
of the iminosulphinamide 40, prepared from the sulphenamide and chloramine-T3' 
(equation 79). 

A A (1) CF3SO3Me 
p-Tol-S-N 0 + TsNNaCl - p-Tol-S-N 1 1  wo (Z) ,JaBPhd * 

N Ts 
W 

(40) 

+ n -  
I uo EPh4 

~ T o I - S -  N 

(79) 

N 
/ \  

Me Ts 

(39) 

When a sulphinamide was treated with an N-sulphinyl dimethylimmonium salt. the 
diaminosulphonium salt \\'as obtained in 67% yieldq5 (equation 80). 

(80) 
Me, + -so2 

Me I 
Me-SO-NMep + ,N=S=O BF4 - Me-~-NNFAep BF4 

NMep 
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Chlorosulphonium salts gave the corresponding aminosulphonium salts on 
treatment with trimethylsilylaminesLL7 (equation 81). 

- C H l C l z  
[Me3-,SCI,] + SbClG 4- MepNSiMeg - [Mq-,S(NMe2 I n ]  ' S&Ci6 (81 

n = 1,2,3 

C. Thiasulphonium Salts 
The stable thiasulphonium salt 41 is obtained in 90% yield by treatment of 

dimethyl disulphide with trimethyloxonium trinitrobenzenesulphonate in 
nitromethane solutionIL8 (equation 82). Treatment of dimethyl sulphide with 

Me-S-S-Me -I- Me30'TNBS- - Me-g-S-Me TNBS- (82) 
I 
Me 

(41 

methanesulphenyl bromide and silver trinitrobenzenesulphonate also gives the related 
saltLL9 (equation 83). Other alkyl disulphides such as diethyl disulphide and 

Me-S-Me + MeSBr + AgTNBS- Me-S-S-Me TNBS- (83) 
+ 

I 
Me 

1,2-dithiane were also found to be alkylated with trimethyloxonium or  
triethyloxonium trinitrobenzenesulphonate in 67-90% yields'2".L21. However, diary1 
disulphides such as p-methoxyphenyl disulphide afforded a disproportionation 
product. dimethyl p-methoxyphenyl sulphonium salt, by the same treatmentLz0. 
Dimethyl methylthiasulphoniuni salt was also prepared by treatment of dimethyl 
disulphide with the Meerwein reagent, trimethyloxonium tetrafluoroborate2'. 

When 1,2-dithian was alkylated with methyl iodide in the presence of AgTNBS in 
refluxing methylene chloride. the thiasulphonium salt 42 was obtained in 5 8 % ~  
yield 21 (equation 84). 

(42) 

Relative rates of the S-methylation of various disulphides with methyl 
fluorosulphonate were measured and found to be dependent on the CSSC dihedral 
angle. Lipoic acid. a five-membered cyclic disulphide, was about 11 times more 
reactive than 1.2-dithian. a six-membered cyclic disulphide. which was 33 times more 
reactive than an open-chain alkyl disulphide such as diethyl disulphide. Thus. the 
rate was found to decrease with increase in CSSC dihedral angle. and this 
re 1 at i o n s h i p was ration a I ize d I z. 

Reaction of some alkyl sulphides with methane- and ethanesulfenyl chlorides in 
the presence of Lewis acid was also found to afford the corresponding 
thiasulphonium salts in 7 0 4 0 % )  yieldsL2' (equation 85). Similarly the reaction of 

R-S-R + MeSCl - R-g-S-Me SbCIG (85) 
SbClg 

I 
R 

dimethyl sulphide with ~~- t~~luencsulphenyl  chloride in the presence of silver 
perchlorate in acetonitrile at 0°C gave crystalline dimethyl p-tolylthiasulphonium 
perchlorate''J. 
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The reaction in equation 86 also gave the thiasulphonium salt’23. 

Me-S-g-S-Me sic16 -t R - S - R  - R-6-S-Me <bCI6 + 
(86)  

I I 
R Me 

Me- S-S- Me 
(43) 

Dimethyl methylthiasulphonium salt was formed in 63% yield by treatment of 
dimethyl chlorosulphonium salt with dimethyl disulphide, or by keeping the 
chlorosulphonium salt in acetic acidz3 (equations 87 and 88). The latter reaction gave 
as a by-product a small amount of dimethyl methanethiamethyl sulphonium salt. 

5OC M e - i - M e  cbc l6  + Me-S-S-Me - Me-6-S-Me sbC16 4- MeSCl (87) 
I I 
CI Me 

AcOH 
Me-;--Me CbCIG - Me-i-S-Me sbCl6 + Me-6-Me sbC16 

I I I 
(88) 

CI Me CH2SMe 

(3  -: 1)  

Similar thiasulphonium salts were synthesized in 25434% yields by treatment of 
chlorosulphonium salts with alkane- and a r ~ n e t h i o l s ~ ~  (equations 89 and 90). 

Sbci6 

I 
Me---Me Cbchj + RSH 25--8456- Me-6-S-R gbc I6  

I 
Me CI 

RSH = PhSH,p-CIC6HoSH, HSCH2COOH. HSCHzCH20H 

(90) 

The dithiasulphonium salt 43 can be prepared in 95% yield by treatment of 
dimethyl disulphide with methanesulphenyl chloride in CH2C12 in the presence of a 
Lewis acid such as SbClj12s (equation 91). An n.m.r. study showed that such a 

Me-S-S-Me + MeSCl Me - S - 6 - S  -Me sbci6 
I 

Me 

(43) 

dithiasulphonium salt was formed in liquid SO2 solutions of dialkyl disulphides and 
alkanesulphenyl chlorides in the presence of a Lewis acid or a strong mineral acid”’. 

When dimethyl disulphide was treated with SbCIS. the salt 43 was obtained in 92%) 
yield. presumably involving in xitic formation of methanesulphenyl chloride from the 
complex of the disulphide and SbCIi 126 (equation 92). 

I 

C H 2 C l 2  

3 Me-S-S-Me + 3SbCI5 - 2 Me-S-g-S-Me sbcl6 + SbCI3 (92) 

Me 

Alkyl trisulphides similarly can be methylated with trimethyloxonium 
tetrafluoroborate to give the corresponding dithiasulphonium salts”’. 

The interesting thiasulphonium-type compounds 44 and 45 were prepared by 
Musker and Roushl’8. When the cyclic dithioethers 46 and 47 were oxidized with 
nitrosy1 compounds. the stable dications 44 and 47 were oxidized with nitrosyl 
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compounds, the stable dications 44 and 45 were obtained. T h e  cation radical 44a was 
detected by e.s.r. spectrometry when one equivalent of the oxidant was usedIz9. The 
dications were found to  behave either a s  electrophiles or as two-electron oxidizing 
agentsiz8 (equation 93). 

c3 (NOBF4 NO+ o r -  c-:> NO+_ a> 2 i F 4  

NOPF6) 
(46) (44a) (44) 

n 

(47 ) (45) 

+ Me-C-Me 
II 
0 

When a mixture of methyl p-toluenethiolsulphonate and methyl triflate was 
allowed to  stand at  room temperature for 10 days, the colourless crystalline deposit 
was identified as  a sulphonyl-substituted sulphonium salt 48130 (equation 94). 

P-To lS02-S-Me + CF3S03Me - p-TolSO2-S--Me CF3SO3- (94) 
I 

Me 

(48) 

D. Halosulphonium Salts 
Sulphide-halogen complexes formed by treatment of sulphides with molecular 

halogens had already appeared in the literature in the last century. These complexes 
are known to be generally unstable upon exposure to air o r  moisture. For easy 
handling, the gegen anion usually halide. has been exchanged for other less 
nucleophilic anions to  form stable halosulphonium salts. 

Meerwein et 01. prepared the stable salt dimethyl chlorosulphonium 
hexachloroantimonate in high yield by reaction of the dimethyl sulphide-SbCI Zdduct 
with chlorine at low temperature23 (equation 95). Instead of chlorine. other 

Me-S-Me.SbC15 + CI;, - Me-;-Me SbCI6 (951 
I 
CI 

chlorinating reagents such as S0,Cl2. SOC12. C0Cl2. and acetyl chloride were used 
successfully for the preparation of the chlorosulphonium salt23. They also prepared 
the hygroscopic dimethyl chlorosulphonium tetrafluoroborate by treatment of 
dimethyl sulphide with sulphuryl chloride in the presence of HBFJ 23. 

The  dimethyl chlorosulphonium salt was also prepared by reaction of dimethyl 
sulphidc with chlorine in the presence of boron trichloride in liquid hydrogen chloride 
at l o w  tcmperaturcsI3l. When dimethyl or ethyl methyl sulphide was trcated \vith a 
2-4 molar ~ X C ~ S S L ' S  of S K I 5  alone. the chlorosulphonium hesachloroantimonates 
\verc obtaincd in 68-88X (equation 96). 



15. Heterosulphonium salts 593 

(96) Me-S-R + 2SbCI5 - Me- i - f?  sbc16 
I 
CI 

R = Me, Et 

The same dimethyl chlorosulphonium salt was also prepared by the reaction 
between DMSO-SbCIS adduct and thionyl chloridez3 (equation 97). 

-so2 
Me-SO-Me.SbC15 + S0Cl2 - Me-g-Me sbCl6 (97) 

I 
CI 

Bromosulphonium salts are known to be stable compared with the corresponding 
chlorosulphonium salts, and several bromosulphonium bromides have been isolated 
simply by treatment of sulphides with bromine without any exchange of gegen anion. 
In 1909 Zincke and Frohneberg isolated the dark-red bisbromosulphonium salt 49, 
consisting of two separable isomers, by either treatment of the sulphide with bromine 
or of the sulphoxide with hydrogen bromide'32 (equation 98). 

M e - S a S - M e  + 2 €3'2 

CHC13 

M e - i G i - M e  + Me-S + e ! > M e  I 

Br (98) 
I 
Br 

I 

\ 
CHzClz f  Br 
/ 

M e - S O O S O - M e  + 4 HBr(g) 2 Br- (49) 2 Br- 

Several other stable bromosulphonium bromides, such as dimethyl'33, 
diphenyl'34-'36, and other alkyl aryl corn pound^'^^^'^^ have been obtained by 
treatment of the corresponding sulphides with bromine in non-polar aprotic media 
below 0°C. 
By replacement of the gegen anion of the bromide by other less nucleophilic 

anions, the resultant bromosulphonium salts are converted into more stable salts. 
Thus, dimethyl bromosulphonium bromide. on treatment with sodium perchlorate in 
methanol, is converted into the perchlorate, which is stable for 12-18 days at room 
temperature if free from m e t h a n ~ l ' ~ ' .  

A few stable sulphide-halogen complexes have been subjected to X-ray 
crystallographic analysis. Thus. the sulphide-chlorine complex 50 was found to have 
a covalent sulphurane structureIJ0, while the sulphide-bromine complex 51 1 4 1  and 
sulphide-idodine complexes such as 5214' and S3IJ3 were found to have 
charge-transfer structures in the solid state (equation 99). 

CI 
I ,C€iH4CI-P PhCH.2 %o A . - s+ ----Br - Br S..--l- I  1 - 1  .._. s S---.l-I (99) 

!.'CgH4CI-p PhCHz d W 
LI 

(50) (51 1 (52) (53) 

Both S-CI bond lengths (2.26 and 2.32 A)  in 50 are much longer than the 
covalent radius sum (2.03 A). in keeping with the apical bonding arrangements o f  
the two S-CI linkagcs in the hypervalent trigonal bipyramidal sulphur structurelJO. 
Wilson and Chang. however. have claimed. based on IyF n.m.r. measurements. that 
the sulphide and chlorine complexes are in rapid equilibrium bctwcen the sulphuranc 
54 and the sulphonium salt 55 in solutionlJ".lJ' (equation 100). 
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CI 

(54) 

CI- 
(100) 

(55 

Recent 13C n.m.r. studies showed that adducts of alkyl and aryl sulphides with 
bromine or iodine were simple molecular c ~ m p l e x e s ' ~ ~ . ~ ~ ~ .  It is also known that the 
stability of the charge-transfer complexes formed between substituted diphenyl 
sulphides and iodine is substantially influenced by substituents on the benzene 
ring14*. 

Sulphide-halogen complexes would generally exist as  sulfonium salts in solution, 
but the equilibrium between the sulphonium salt and the sulphurane is markedly 
influenced by the solvent. The azasulphonium bromide 56 exists a s  a covalent 
sulphurane 57 in non-polar solvents such as  chloroform, while in polar solvents 
such as water o r  dimethyl sulphoxide the sulphonium structure 56 was found by 
n.m.r. spectral measurements to  p r e d ~ m i n a t e ' ~ ~  (equation 101). 

I -  

S-N=S -m 'R 
S-N=S & 'R 

(101) 

(56) (57) 

A low-temperature n.m.r. study suggested that the counter anion plays an important 
role in the equilibrium between the sulphonium salt and the sulphurane; methyl 
phenyl r-butoxysulphonium tetrafluoroborate exists as the sulphonium salt a t  -46°C. 
while the same salt with chloride as counter anion. prepared by reaction of the 
sulphide with I-BuOCI. has the sulphurane structurezh. 

E. Optically Active Heterosulphonium Salts 
Several optically active alkoxysulphonium salts have been prepared by alkylation 

of the corresponding optically pure sulphoxides with the Meerwein reagent (Table 1 )  
(equation 102). 

p-To1 - 5 0 - R  + R'30 '  i F 4  p-Tol - S*-R BF4 (102) 
I 

OR' 

An optically active alkoxysulphonium salt has also been prepared by separation of 
diastereomeric alkoxysulphonium salts. (+)-Benzyl p-tolyl menthoxysulphonium salt 
with [a ]1 ,  -+ 137" \ \ ~ i s  obtained on recrystallization from benzene-hesane (2: I )  of the 
diastcrcomcric niisturc o f  the alkoxysulphonium salts \vith [.Iu +5S.J0 from 
rcaction of hcnzyl p-tolyl sulphide with (-)-menthol in the presence of 
N-chlr,robcnzc~tri~izolc's (cquation 103). This salt \\as obtained in at least S7% 
cnantionicric csccss \\ith the R-configuration at sulphur since. when the salt \vas 



15. Heterosulphonium salts 

TABLE 1. Optically activc alkoxysulphonium salts, p-Tol- -R' BF, s 
OR2 

595 

~~ 

Absolute 
R' R2 configuration [a]D (solvent) Re fcre nce 

CH2Ph Et R +203"(CHCI,) 200 

CH2Ph Et S -202" 200 
CH2Ph Me R + 1 89"(CH2C12) 3 

+202.6"(CHC13) 209 
+205"(CHCI3) 356 

tl-Bu Et R +188°(acetone) 206 
Me Me R + 135.8"(CH2CI2) 21 1 

+186"(acetone) 205 
Me Et R + 149"(acetone) 356 

Me 1-Adamantyl" - +68.4"(acetone) 207 

"Counter anion is %C16 for GF4. 

a-Naphthyl Et S -41 Oo(acetone) 355 

recrystallization 
P-To1 -;-CH2Ph BF4 c &,I I (l)(;;;;:tqh0' - OMen I 

p-Tol -S--CH2Ph 4 

CI 

- 
OH 

p-ToI-6-CH2Ph EF, - p-Tol-SO-CH2Ph 
I 
OMen 

[ ~ I I J  +137" [a] D -21 9" (87% enantiomeric excess) 

( R * )  (S 1 
subjected t o  alkaline hydrolysis, S-benzyl p-tolyl sulphoxide with 87% enantiomeric 
excess was obtained. The azasulphoniurn salt 59 with [.ID t 4 . 2 "  was prepared by 
protonation of the optically active N-acyl sulphimide 58103.150, (equation 104). 

O 0 5  + 
Et-S-Me + P-TolS03H - Et-S-Me TsO- (104) 

I 
NHCOMe 

II 
NCOMe 

[ & I D  +83O [a] D +4.Z0 

(58 1 (59) 

Menson and Danvish carried o u t  a kinetic study of the thermal racernization 
caused by pyramidal inversion of both this azasulphonium salt 59 and of the 
sulphimide 58 in a~e toni t r i le '~" .  Racemization of 59 was found to be 32-46 times 
faster than that of 58 in the range 70-90'C. The ready racernization of the 
azasulphonium salt is due to the low activation enthalpy (29.2 kcal/rnol) relative to 
those of sulphirnides 58 (34.1 kcal/mol). Ip-CIC,H4(Me)S=NTsJ (27.9 k c a l / r n ~ l ) ~ ~ ' .  
and [Ph(o-MeOC6H4)S=NCOPh] (30.0 kcal/rnol)'52 [cf. those of alkyl aryl and 
diary1 sulphoxides (36-43 kca l /mol)~~~ ' ] .  The activation enthalpy for racemization of 
the azasulphonium salt 59 was. however. higher than those of the sulphoniurn ylide 
[Me(Et)S-CHCOPh] (23.3 kcal/mol)l"l and sulphonium salts155-'5K . e.g. 
adamantylethylmethylsulphonium perchlorate (AH' = 26 kcal/mol)15'. 
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Darwish and Datta also observed that another optically active azasulphonium salt 
61 with [ a ] 5 4 6  -17", prepared by alkylation of the sulphirnide 60 with methyl 
tnflate, undergoes ready thermal r a c e r n i ~ a t i o n ' ~ ~  (equation 105) 40 times faster than 

(-)-p-Tol -S-Me + CF3S03Me - (-)-p-Tol -S-Me CF~SOJ-  (105) 
+ 

I 
N 

Me/ 'Ts 

II 
NTs 

(60)  (61 1 
60 in ethyl acetate a t  90°C. Activation parameters were obtained both for 61 
(AH* = 25.8 kcal/rnol, AS* = -1.08 e.u.) and for 60 (AH* = 28.7 kcal/mol, 
AS* = - 1.08 e.u.)Io3. 

Methylation of 60 with trirnethyloxoniurn salt was also successful103 
(equation 106). 

(-)-p-ToI-S-Me + Me30+ X- - (-)-p-Tol-6--Me X- (106) 
II I 
N Ts 

(60)  

N 
Me/ 'Ts 

[a] 546 -5O for X = BF4 

(61 

Thermal racemization of alkoxysulphonium salts has not been explored, but they 
are probably more stable thermally than azasulphoniurn salts as the planar sp2 
transition state of the former should have a higher energy than that of the latter, as 
in the difference of barrier to stereornutation for the sulphoxides and 
s u l p h i r n i d e ~ ' ~ ~ ~ ' ~ ~ .  

The crystal structures of the azasulphoniurn salts 62I6O and 5394 have been 
determined (equation 107). Both are pyramidal at sulphur and have shorter S-N 

+ 
Me-S 

BF4 

'Tol-p 
coo- 

(107) 

(62) (63) 
bonds (1.64 A for 62; 1.68 A for 63) than that of the sum of the covalent radii of 
sulphur and nitrogen (1.74 A). The configuration at nitrogen in 62 is sp', indicating 
that there is a significant pn-dn bonding between sulphur and nitrogen while that of 
63 is sp3 indicating the absence of pn-dn bonding. 

X-ray crystallogrpahy of salts 64 and 65 showed that the symmetrical one 64 has 
the structure 64b as a major contributor in which two lone pairs on nitrogen and one 
on each sulphur atom are not localized, because both S-N bond lengths (1.63. 
1.64 A) and both C-N-S angles at sulphur are nearly the samei6' (equation 108). 
In the unsymmetrical salt 65, the positive charge is localized predominantly on the 
sulphur atom of methyl phenyl sulphide (structure 6%). since one S-N bond length 

Me Me + /Me Me 

Me \Me Me 'Me Me Me 

'' Br- - \S=N=S Br- (108) 
\ +  

Me 

/S--N-s / \ 

\ +  /Me 

/S-N=S Br- - 
(64a) (64b) ( 6 4 C )  
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(1.67 A) is nearly the same as that of the azasulphonium salt and the other (1.60 A) 
as that of the sulphimide162 (equation 109). 

P h \ +  - +/Ph 
C104- - ,S-N-S c104- - Ph\+ / Ph 

S-N=S 

P h /  'Me Ph 'Me 

(65b) 

Ph 
+/  

C104- 
Ph\ 

Ph 'm 
/S=N-S  

111. REACTIONS 

A. Nucleophilic Substitution at Sulphonium Sulphur 

1. Introduction 
Nucleophilic substitution at trivalent sulphur is considered to proceed by way of a 
bipyramidal sulphurane or transition state intermediate. Pseudorotation, although 
slower than that for analogous phosphorus intermediatesI6', must also be considered. 
The stereochemistry depends on the steric arrangement and the electronic properties 
of both incoming and outgoing groups. In  the hypervalent trigonal bipyramid 66 
(equation 110). apical positions are considered to be occupied by the more , ;pica1 (axis; 

t- I 
(66)  

electronegative groups, one of which is often the leaving group in nucleophilic 
substitution. Since the apical bonds are longer than equatorical bonds. most 
nucleophilic substitutions proceed with both the entering and leaving groups at apical 
positions. much as in S N ~  reactions at carbon. The result is inversion of 
configuration. and many examples are cited in this section. 

When the entering and leaving groups both assume ecluatorical positions. the 
situation is less favourite. since both groups are electronegative and tend to occupy 
apical positions. but the stereochemical result of the reaction is similarly net 
inversion. Cram and coworkers suggested that the formation of methyl p-tolyl 
N-p-tosylsulphimide from the corresponding sulphoxide. which is second order in 
diimide and proceeds with 98% inversion. may be an example of such a processlh*'hh 
(equation 11 1). 

I f  incoming and outgoing groups can assume apical and radial positions. i.e. the 
perpendicular arrangement. reaction will lead to net retention via one pseudoratation 
without violating the hypervalency concept. One of the earliest examples is the 
oxygen exchange reaction behveen methyl p-tolyl sulphoxide and dimethyl 
~ u l p h o s i d e ~ ~ ~  (equation 1 12). By changing the medium from pyridinc to a apnlar 
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NTs 

I 4. 
Ar . I *- 

B-S" 0 - 9  Ar 1 -  
Me-S-0 1 I'm3 -- Me-S-0  I I'CH, 

I 
Me 

I 
Me 

(112) 

Ar 

SIIIIII: +Me-S-Me - I 

II 
@O 'CH, 0 

( R )  

Ar 

SIIIIII: + Me-S-Me 
I 

II 8 'CH3 ' 8 0  

( R  1 
benzene, net retention was observed by ChiIs-ccnsen in the reaction between methyl 
p-tolyl sulphoxide and NN'-bis(p-tosy1)sulphur diimide168. The same author had 
earlier observed retention in the reaction between N-phthaloylmethionine sulphoxide 
and N-sulphinyl t o ~ y l a m i d e l ~ ~  

The following example also results in retention of configuration and involves a 
type of thiasulphonium salt as intermediate17" (equation 113). Some reactions 

between diary1 menthoxysulphonium salts and acylamides were found to give the 
corresponding sulphimide- =.:i!h net retention of configurationI7'. 

2. General reactions 
Since the heterosulphonium salt has a positive charge on the sulphonium sulphur, 

nucleophilic substitution on the trivalent sulphur of the heterosulphonium salt occurs 
easily. 

(1. Halosulphoriiiir~ solrs. Since 1909. when it  was reported that halosulphonium 
salts were easily hydrolysed by water to give sulphoxidesl". this reaction has been 
widely used in syntheses of sulphoxides. When I8O-enriched water is used. 
lHO-labelled sulphoxides are obtained. The synthesis of lXO-labelled sulphoxides is 
easily achievcd by treatment of a sulphide with either bromine-DABCO or 
bromine-pyridine complex. with hydrolysis it? sint of the bromosulphonium saltI7' 
(equation I 14). 
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+ H21B0 

I 
R -S-R  + R'3N.Br2 - R-S-R Br- - R-S-R (1 14) 

II 
'80 

lasf 

Br 

Alternatively, an acetic acid solution of any dialkyl. alkyl aryl or diary1 sulphide, a 
3-10 molar excess of H20 and one equivalent of pyridine is treated with an acetic 
acid solution of one equivalent of bromine. 

In a kinetic investigation of oxidation of alkyl aryl sulphides with bromine in 
aqueous methanol, formation of the respective bromosulphonium bromide was 
suggested to be rate-determining, based on the observation of the large steric effect 
of the alkyl group and the large p-value (-3.2)'73. When alkyl aryl sulphides were 
treated with bromine in 95% acetic acid. bromination was found to take place 
predominantly at  the pura-position on the benzene ring. The rate decreased with 
increase in the size of the alkyl group, also supporting the intial formation of the 
bromosulphonium salt during the reaction'74. 

Various sulphoxides have been synthesized by treatment of sulphides with many 
other halogenating agents, followed by in siru hydrolysis or alcoholysis. Examples are 
NBS175-177, NCS'76.'78, ~ h l o r a m i n e - B ' ~ ~ ,  N-chlorobenzotriazole'80, N-chloronylon 
66Is', N-chloro-&-caprolactam'82, i ~ d i n e ' ~ ~ . ' ~ ~ ,  iodobenzene d i c h l ~ r i d e ' ~ ~ . ~ ~ ~  
iodobenzene diacetate'87.'s8, t r ib romocre~ol '~~ ,  S02C12'90, and ~ - B u O C I ~ ~ - ' ~ ' - ' ~ ~ .  
Asymmetric oxidation of sulphides to sulphoxides by halogenating agents in the 
presence of optically active alcohols~94~g6 or dicarboxylic acidsIg7 has also been 
reported. 

b. Oxysulphoriium salts. Smith and Winstein observed that a dimethyl 
alkoxysulphonium salt was easily hydrolysed by water'. Leonard and Johnson 
reported that when the eight-membered cyclic sulphoxide 67 was treated with 70% 
perchloric acid, followed by acetylation, the alkoxysulphonium salt 68 was obtained 
and was easily hydrolysed with H j 8 0  at room temperature to afford the '80-labelled 
initial sulphoxide, indicating that water attacked the sulphonium sulphur atom of the 
sulphonium salt exclusively (equation 115). A similar transannular sulphoxide 
ketone interaction was observed in a seven-membered cyclic y-keto sulphoxidelyH. 

* 

(67) (68 1 
(115) 

A simple alkoxysulphonium salt such as dimethyl methoxysulphonium perchlorate 
is hydrolysed with H ? * 0  to 'HO-labelled dimethyl sulphoxideH (equation 1 16). 

Hzl'O 
Me-<-Me C104- 7 Me-S-Me (116) 

I I  
' 8 0  

I 
OMe 

The stereochemical course of the alkaline hydrolysis of alkoxysulphonium salts was 
established by Johnson lY'. cis-p-Chlorophenylthiane S-oxide 69 was transformed 
into the rmns-sulphoxide 71 by alkaline hydrolysis of the intermediate 
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ethoxysulphonium salt 70, and the trans-sulphoxide 71 was converted into the 
cis-isomer 69 in the same way (equation 117). Alkaline hydrolysis of the 
ethoxysulphonium salts 70 and 72 was found to proceed via with over 96% inversion 
of configuration. 

0 Et 

(1 17) 

BF4 (72) 

R = ~ - C I C G H ~  

The same stereochemical cycle was completed by Johnson and McCants for 
benzyl p-tolyl sulphoxide. In this case the alkaline hydrolysis of the 
alkoxysulphonium salt with 0.1 N NaOH proceeded with more than 98% inversion of 
configurationzo0 (equation 1 18). 

BF4 
EtOj+  EFq + 

p-Tol- S-CHzPh P p - T o l t S e C H Z P h  
I 

OEt 
I1 
0 

( R  1 

0.1 N NaOH I 0.1 N NaOH I (1  18) 

OEt 0 
E t 0 3 +  6Fq I 1  

f?F4 (S) 

- P-Tol-S-CHzPh P-Tol- kL CHZPh .. 

The stereochemistry of the alkaline hydrolysis of the alkoxysulphonium salts was 
demonstrated in the examples shown in equations 119*"'. 120163, 12Izo2, and l2Zzo3, 

- .. 0 Et 
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0 
( 1 )  E ~ ~ o + B F ~  I t  

Ph' 3CH2- S-CH2Ph (2) NaOl-l - P h l  3CH2-S-CH2Ph 
II 

( R )  6 1  

0 

0 

(1 22)  
( 1 )  E t j O +  6Fq I 1  

PhCDz-S-CH2Ph (2) NaOH - PhCD2-S-CH2Ph 
II 
0 

(Rl  (S I 
and was found to proceed through inversion of configuration at  sulphur with high 
stereospecificity in every case. 

ISO tracer experiments revealed that in alkaline hydrolysis of the steroidal 
alkoxysulphonium salts 73 (anti) and 74 ( syn)  in N-methylpyrrolidone solution, the 
site of attack of hydroxide ion changed from sulphur to the a-carbon of the alkoxy 
group owing to steric crowding in the (equation 123). 

60 1 

(121) 

/ -  
Mel'O B F 4  

(73 1 

' 0 :  1.1 6 excess atom -% 

Me' ' 0  

- 
OH 

84.3% 
c 

BF4 

(741 

'0: 1.14 excess atom-% 

(75) 

1.1 8 excess atom -% 

(123) 

0 

(751 (76) 

69 : 31 

0.06 excess atom-% 1.1 8 excess atom-% 

'sO-labelled syri salt 74 afforded both the miri-sulphoxide 75, which retained 
little "0 (4.8%), and the syrl-sulphoxide 76, with complete retention of I80. in  the 
ratio 69:31, indicating that the anti-sulphoxide 75 is produced by attack of 
hydroxide at  sulphur, and the syn-fulphoxide 76 by attack on alkoxy a-carbon. The 
180-labelled anri-alkoxysulphonium salt 73 afforded only awri-sulphoxide 75 with 
completely retained I8O. Attack of hydroxide occurs exclusively on  the alkoxy 
a-carbon, undoubtedly due to severe steric crowding of the rear side of the nnri-salt 
73 by the la - ,  la-. and 9a-hydrogens of the adjacent cyclohexane ring. 

Alkoxysulphonium salts are known to undergo facile alkoxy exchange in the 
presence of a l k o x i d e ~ ~ . ~ . ~ ~ ~ ,  whereas under neutral conditions the reaction with 
alcohol is surprisingly s l o ~ ~ . " ~ ~ .  Johnson and Rigau found that alkoxy exchange in 
the ethoxysulphonium salt 77 took place very slowly in neutral IJC-labelled ethanol. 
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but that on addition of catalytic amounts of hydrogen chloride or 
tetrabutylammonium chloride, akoxy exchange took place rapidly a t  room 
temperature, suggesting that chloride ion is catalyticz6 (equation 124). 

I 
OEt 

(77 )  

r- 

CI OEt 

7 

/ \  I 
CI OEt" OEt" 

*14C label 

When the primary and secondary P-hydroxyalkoxysulphonium salts 78 were 
treated with methanol, nucleophilic attack of alcohol at  the sulphonium sulphur took 
place slowly to give the glycol and dimethyl methoxysulphonium salt19.20 
(equation 125). When the benzylic P-hydroxyalkoxysulphonium salt 79 was allowed 
to react with methanol, the four products obtained indicated that the major reaction 
is nucleophilic attack at  the benzylic carbon atom of the alkoxy group and the s N 1  
reaction on sulphur is the minor process20 (equation 126). 

+ MeOH + 
Me - S  - Me - Me-S-Me X- + R-CH-CH2 (1 25) 

I I  
OH O H  

I r.t. 

OMe 
I 
OCH -CH2 

R OH 

(78) 

R = H, alkyl 

I I  

X- = TNBS- 

+ MeOH 
Me - S  - Me X- Ph-CH-CH2-OH + Ph-CH-CH2-OH + 

I 
OH 

I 1.t. 

30 h OMe 
I 
OCH - CH2 

75% 25% 
I .  I 

Ph OH 

+ + 
(79) Me-S-Me X- + Me-S-Me X- 

I 
0 Me 

I 
X- = TNBS- OH 

25% 

Attack of alcohol at benzylic carbon probably proceeds through an s N 1  
process. since the salt 79 when kept in DMSO-d6 was hexadeuterated on recovery 
80") (equation 127). 

Andersen c'r (11. reported that when the cis- and trans-methoxysulphonium salts 81 
were treated with methylmagnesium bromide at - 78°C or with dimethylcadmium 
at room temperature. the sulphonium salt 82 was obtained with more than 85% 



15. Heterosulphonium salts 603 

+ + 1 Me-S-Me Ph-CH-CH2 - Ph--CH-CH2 
\ + /  

0 
I 

I 
Me- S- Me 

I 
0 -CH -CH2 0 OH 

I I  
Ph OH 

(79) 

H 

(127) 
+ 

CD3-S-CD3 
I DMSO-ds  

% 

c O-CH-CH2 
I I  
Ph OH 

(80 )  

inversion. They concluded that loss of stereospecificity may occur by isomeriza- 
tion of the starting methoxysulphonium salt under the reaction conditions205 
(equation 128). 

=Me 

mMe o r M e 2 C d  MeMgBr - mMe (128) 
Me3O+ L?Fq 

II I I 
OMe Me 0 

- 
BF4 gF4 

(81 1 (82) 

Optically active open-chain alkoxysulphonium salts, such as  n-alkyl p-tolyl 
alkoxysulphonium salts, react with an alkyl Grignard reagent or alkylcadmium to 
give optically active dialkyl aryl sulphonium salts. Diary1 alkoxysulphonium salts 
afforded racemic alkyl diaryl sulphonium salts, and dialkyl alkoxysulphonium salts 
gave no sulphonium salt on the same t r e a t ~ n e n t ’ ~ ~ . ’ ~ ~ .  Treatment of diaryl 
alkoxysulphonium salts with aryl Grignard reagents afforded racemic triaryl 
sulfonium ~ a l t 9 ~ 8 - 2 0 ~ .  

Diphenyl ethoxysulphonium ion was attacked by p-toluenethiolate at sulphonium 
sulphur to  give diphenyl sulphide and di@-tolyl) disulphide210 while in the reaction 
of aryl methyl methoxysulphonium ion with thiophenoxide. nucleophilic attack was 
at  sulphur and the  a-carbon of the alkoxy group in nearly the same ratio”’. 

Johnson and Phillips claimed, o n  the basis of a deuterium tracer experiment. that 
in the reaction of methy phenyl methoxysulphonium ion with sodium borohydride. 
the methoxy group is displaced from the sulphur by BH., and the protonated 
sulphide is formed”’ (equation 129). 

H 
-ti+ 

(129) 
B H4 I 

Ph---Me BF, - Ph-S+-Me Ph-S-Me 
I 
OMe 

Durst er al. have developed a mild and selective method for reduction of 
sulphoxides to sulphides via alkoxysulphonium salts. The salts are  easily reduced at 
0°C in 77-91% yields with NaBH3CN in methanol or in CH,CI’ in the presence of 
a catalytic amount of a crown ether’?. 

Reaction of sulphoxides in acidic media may involve a protonated sulphoxiae. i s .  
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hydroxysulphonium salt, which is easily attacked on sulphur by any nucleophile 
present. Sulphoxides have a basic oxygen atom (pKBH+ -5 to o)2”2”. Landini et 
01. have claimed that sulphoxides are non-Hammett bases and in reactions of 
sulphoxides in acidic media the acidity function which should be chosen is H A  and 
not H0216. Olah et 01. reported IH n.m.r. studiesz2” showing that sulphoxides are 
protonated on sulphur in super-acids. while a 13C n.m.r. study carried out by Gatti 
et al.221 and reinvestigation by Olah et 0 1 . ” ~  using 13C n.m.r. and MIND0/3 
calculations showed that dimethyl sulphoxide is protonated on oxygen in strong 
acids. Protonation of sulphoxides now is generally considered to take place on 

Diphenyl sulphoxide protonates (equation 130) in concentrated sulphuric acid to 
afford a deep blue-green solution which gives a Van’t Hoff i-factor of 2 in 
cryoscopic  measurement^^^^-^^' (equation 130). 

Ph-S-Ph + H2SO4 - Ph-S-Ph + HS04- (1 30) 
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0xygen223.224~ 

+ 

I 
OH 

I1 
0 

When the sulphoxide was dissolved in a large excess of concentrated 
I80-enriched sulphuric acid, ‘80-labelled diphenyl sulphoxide was recovered on 
dilution with a large excess of ordinary water, and found to incorporate roughly the 
same content of I 8 0  as that of I80-enriched sulphuric acid. (-)-p-Aminophenyl 
p-tolyl sulphoxide was racemized under these conditions228. 

A careful kinetic study with optically active and ‘80-labelled phenyl 180-labelled 
phenyl p-tolyl sulphoxide and substituted diphenyl sulphoxides revealed that the 
rate of oxygen exchange in 95.5% sulphuric acid was identical with that of 
racemization (k,Jk,,, = 0.97) and correlated with the acidity function H A  (or Ho). 
The effect of polar substituents was very small and a large positive activation 
entropy (AS’ = 9.86 e.u.) was obtained. A clear e.s.r. signal of a cation radical 
species was also observed. Based on these observations, the following A-1 
mechanism involving S-0 bond fission was s u g g e ~ t e d ~ ~ ~ . * ~ ~  (equation 131). 

2 +  
,,+ . .  - r Ar-S-Ar’ 1 .__, 
n ,a>, 

01 - Ar-<-Are (131) 
I Ar-S-Ar‘ 1 H20 I -n2- 1 +. 

*f 
Ar-S-Ar’ Ar- i -Ar’  - 

+@H2 OH 
I 

‘*@H 
racemic 

Methyl p-tolyl and n-butyl methyl sulphoxide were similarly found to undergo 
concurrent oxygen exchange and racemization through an A-1 route in both 90% 
and 60% sulphuric acid. The rates showed linear correlation with HA, and positive or 
small negative activation entropies and a kcJkr:,, value of unity were o b s e r ~ e d ~ ~ O . ~ ~ I .  

In less concentrated sulphuric acid (e.g. below 60%). concurrent oxygen exchange 
and racemization reactions were also found to occur. but the rate of racemization no 
longer correlated with H A  and k,Jk,,, became approximately 0.5’30.232. An A-2 
mechanism. (nearly sN2 on sulphur) was suggested with the rate-determining step 
involving nucleophilic attack of water on the conjugated acid and every oxygen 
exchange resulting in inversion at sulphur. Apparently there is a gradual change of 
mechanism from A- 1 to A-2 with decrease in sulphuric acid concentration. 
Associated with this change the activation entropy also became negative and k,Jk,, ,  
also gradually changed from 1 to 0.5230.23z (equation 132). 

Similar concurrent oxygen exchange and racemization reactions were found to 
take place with acids. such as p-toluenesulphonic acid’”. orthophosphoric acid233. 
acetic acid. and monochloro-. dichloro- and trichloroacetic acid234. In all these cases. 
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'OH2 OH 

1132) 
I 
I 

Ar-S-R 
* +  H20.  slow I 

I I 
Ar-s--R .; Ar-S-R --- 

@H 
syrn. 

OH 1 8 0 H  

the reactions were found to be acid-catalysed, the effect of polar substituents was 
small, and k,, was identical with k,,,. These reactions are suggested to proceed via 
homolytic S-0  bond cleavage in the rate-determining step. 

The concurrent oxygen exchange and racemization reaction of diary1 sulfoxides in 
N 2 0 4  is different in that the polar effect of substituents on  the rate is large and 
correlates with the a+ values (p = -1.30), although the rate of oxygen exchange is 
identical with that of racemization. The reaction was suggested to involve the 
rate-determining heterolysis of the  S-0 linkage, via incipient formation of a 
sulphinyl oxygen-N204 a d d ~ c t ~ ~ ' .  which is known to  be partly ionized236. 

t-Butyl phenyl sulphoxide undergoes racemization and cleavage in aqueous 
perchloric acid2". Experiments with '80-labelled sulphoxide and (Rs,  
Rc)-1-phenylethyl phenyl sulphoxide showed that racemization at sulphur did not 
proceed via the usual acid-catalysed oxygen exchange and was accompanied by 
partial racemisation of the carbon chiral centre, suggesting that the reaction proceeds 
through acid-catalysed heterolysis and recombination of an alkyl cation-sulphenic 
acid ion molecular pair237 (equation 133). Similar cleavage was also observed in 
reactions of optically active alkyl t-butyl sulphoxides in perchloric 

+ [Ph-!, +Bu-r] - 
(+).Ph-S-Bu-t A- Ph-6-Bu-t  

I 
OH (133) 

I I  
0 

PhSOH + t-Bu+ - (+) -Ph-S -Bu- t  + PhSSPh + PhS02SPh + others 
I 1  
0 

Hydrochloric acid23s24' and hydrobromic acid2JZ were found to effect similar 
concurrent oxygen exchange and racemization reactions in which the rate of oxygen 
exchange is identical with that of racernization'3'.240. The concurrent oxygen 
exchange reaction with hydrochloric acid or chloride ion in strong acids such as 
HC104 or H2SOJ was found to be markedly retarded by bulky substituents around 
s u l p h ~ r ~ ~ ~ - ~ ~ ~ . ~ ~ ~ . ~ ~ ~ .  while a linear dependence between k,,, and the acidity function 
was observed for various s u l p h o x i d e ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  On the basis of these observations, a 
mechanism involving the formation of a halogen-sulphide complex was suggested. 
The identity of the rates for oxygen exchange and racemization is considered to be 
due to the rapid interconversions between 83 and 84 in polar media (equation 134). 

CI CI - 
H+ + CI I H+ I 

I 
R - 5 - R '  R - s - R ' B  R - S - R '  R - S - R '  

' 0  H2 
I 
(bH 

I 
18; QH 

(134) 

CI CI 
slow I CI- I 

R - S + - R '  - R-S-R' 
I 

(831 CI 

svm 

(84 )  

- - 
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Kwart and Omura have suggested that the hydrochloric acid-catalysed 
stereomutation of sulphoxides can occur through an SS-dihydroxysulphide 
intermediate via slow formation of S-chl~ro-S-hydroxysulphide'~~ (equation 135). 

0 O H  O H  'OH2 
II n *  I +  CI- I ti+ I 

Ar-S-R 

CI 

Ar-s-,R Ar-s-R - Ar-S-R 
rapid 5lOW I rapid I 

CI 

n20 ; rapid ( 1  35) I/ 
O H  O H  CI 
I+ rapid I rapid I 

I 
Ar-S-R + H20 -Very- Ar-S-R - Ar-S-R + H 2 0  

+OH2 
I 

O H  
5 l O W  

The a-chlorosulphoxide 85 was shown to isomerize on treatment with hydrogen 
chloride in dioxane at 0°C to a mixture of isomers. In this reaction, epimerization 
could have taken place either a t  sulphur or at carbon bearing the chlorine, or at  both. 
Since no deuterium or bromine was incorporated when the reaction was carried out 
with DC! or HBr, epimerization was suggested to proceed through C-S bond 
breaking and reformation presumably via the intermediate g6247 (equation 136). 

E 

&s-o __c n+ - q0 ( 1  36) 

H 
CI 

(85) (86) 
The three-membereci cyclic sulphoxide, ethylene episulphoxide, undergoes 

acid-catalysed ring opening in dilute hydrochloric acid to  give the disulphide and 
thiolsulphonate, presumably via a sulphenic acid inter~nediate '~~.  An A-2 mechanism 
was proposed for the reaction based on a kinetic249 and stereochemical study of the 
reaction (inversion of configuration around carbon)250, and also by analyses of the 
product with the change of episulphoxide and solvent used2so-2s1 (equation 137). 

O H  

[NuCHRCHR'SOHI - NuCHRCHR'- S -S-CHR'CHRNU 
II 
0 

The steroidal thiolsulphinate shown in equation 138 was prepared from the 
episulphoxide in ethanol containing a small amount of sulphuric acid. and the 
resulting diastcreomeric mixture was separatedz5). 
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,& 

S t  = "W' *\*' 
Treatment of sulphoxides with hydrogen iodide causes r e d ~ c t i o n ~ ~ ~ ~ ~ 6  

(equation 139). Landini and coworkers found243.244.2s7 that plots of log k for the 

R-S-R '  + 2 H I  - R-S-R '  + H 2 0  f 12 (139) 

reduction of several sulphoxides with iodide ion in perchloric acid were linear with 
H A  (slope 1.5) or H o .  The large slopes were attributed to the involvement of two 
protons in the rate-determining step. This was supported by the high Bunnett-Olsen 
I$ values and by Kruger's observation of a second-order dependence on proton 
concentration for the reduction of dimethyl sulphoxide with iodide ion in aqueous 
dimethyl sulphoxide2'*. These observations are consistent with a mechanism 
involving rate-determining formation of an iodosulphonium salt (equation 140). 

R - ~ - R ' +  I -  R-S-R '  a R-S-R' ===e R-S-R' 

I I  
0 

I I I 
I H+ I I +  1- 

I 
OH 

I 
OH 

I 
'OH2 

R-S-R' + 12 (140) 

In some cases general acid-catalysed reduction may occur rather than specific 
acid-catalysed reaction259. 

Since the reduction of sulphoxides is stoichiometric, reaction with iodide ion either 
in acetic acid260 or in acetic acid-acetyl chloride'61 has been suggested as a 
convenient method for the determination. 

Ring-size effects on these nucleophilic hydrogen halide-catalysed racemizations 
and reductions of sulphoxides have been studied by several groups. Sagrainora et al. 
reported that the rate of hydrogen chloride-catalysed stereomutation of thiolane 
S-oxide 87 was 390 times larger than that of thiane S-oxide 8g2". A similar order 
of the relative rates of reduction of sulphoxides with hydrogen iodide was found by 
Tamagaki er al.263 (equation 141). The high reactivity of thiolane S-oxide 87 was 

187) 188) 

relative rates: 37 717 1 33 

attributed to  its much more favourable entropy of activation (AS: = -15 e.u.) than 
that for dimethyl sulphoxide. The slow rate of reduction of thiane S-oxide 88 is 
believed to be due to steric hindrance by 0-axial hydrogens to nucleophilic attack of 
iodide on sulphur. while such a steric repulsion can be minimized by twisting of the 
ring into a half-chair form 89. Evidence in support of this view comes from the 
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extremely low reactivity of bicycle[ 3.3. llnonane 9-sulphoxide, which is so rigid that 
it cannot bend to minimize steric effects263 (equation 142). 

Shigeru Oae. Tatsuo Numata. and Toshiaki Yoshimura 

n 

(89) 

Curci et al. observed a similar tendency in the reduction of the cyclic sulphoxides 
with Na1-HC1O4. trans-4-t-Butylthiane S-oxide was reduced ten times faster than the 
c i s - i ~ o m e r ~ ~ ~  due mainly to preferential axial orientation (by 1.6 kcal/mol) of the 
hydroxy group of the protonated thiane S-oxide21s. 

Several studies on  the reduction of sulphoxides with hydrogen chloride188~z6s and 
hydrogen bromide26~2668 have been made. Interestingly, dialkyl and alkyl aryl 
sulphoxides are reduced catalytically with HBr-Br2 268. 

Reduction of sulphoxides with sulphydryl compounds under acidic conditions is 
considered to proceed through a nucleophilic substitution on sulphur in the 
conjugate acid. 

reported independently that several 
sulphoxides are quantitatively reduced in an exothermic reaction at room 
temperature by treatment with dithioacetic acid 90 (equation 143). 

Mikotajczyk and Paraz69 and Oae et 

Me-C-SH + R - S - R '  - R - i - R '  MeCS2- - 
I 

OH 
II 
0 

II 
S 

(143) 

R-S-R'  + Me-C-S-S-C-Me + H 2 0  
I I  II 
S S 

Mikotajczyk also showed that dimethyl sulphoxide can be reduced with 
dithiophosphoric acids 91 and other highly acidic sulphydryl c o r n p o ~ n d s ~ ~ ~ . ~ ~ ~ .  
Independently. Nakanishi and Oae found that dialkyl, alkyl aryl and diary1 
sulphoxides were quantitatively reduced to sulphides in exothermic reactions with 
other dithiophosphoric acid 91a and 91b273.274 (equation 144). Reduction with 

R R'  
I I 
I/ II 

(144) R - P - O H  R-P-SH 

S S 
(91 1 (92) 

(a) R = EtO; (b) R =;-Pro; (a) R = R ' =  EtO; (b) R = R ' =  Et; 

(c) R = MeO; (d) R = Ph (c) R = EtO, R '  = Et; 

(d)  R = R ' =  PhO 

monothiophosphorus acids 92 requires high temperatures and addition of 
electrophilic catalysts such as p-toluenesulphonic acid or BF3-Etz026y.?71.272. 
Optically active monothiophosphorus acids have been used in the asymmetric 
reduction of racemic s u l p h ~ x i d e s ~ ~ ~ .  

S e n r ~ i n g ' ~ ~  and Numata et ( ~ 1 . ' ~ ~  reported a further method for the reduction of 
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sulfoxides involving an oxygen transfer reaction (equation 145). It is not clear 

R-S-R' 4- R"-S-CI - R-S-R '  + R"-SO2CI 
It 
0 

II 
0 

(145) 

R"  = Me, P - N O ~ C ~ H ~  

whether the reduction proceeds in one step, via formation of a covalent intermediate 
93, or through the consecutive formation of two sulfonium salts 94 and 95 
(equation 146). 

(94) (95) 

Volycskii et al. reported that sulphoxides were reduced to sulphides by thionyl 
chloride278 and thiolane S-oxide gives the sulphide in 25% yield in reaction with 
thionyl chloride together with a small amount of the 2 - c h l o r o s ~ l p h i d e ~ ~ ~ .  

Sulfoxides are readily reduced to the corresponding sulphides by iodide280, H2S281, 
.and Me2S282 after activation with trifluoroacetic anhydride. Yields are nearly 
quantitative and the reaction conditions are mild (O°C with iodide ion and Me2S, and 
-60°C with H2S) (equation 147). 

R - S - R '  + (CF3CO)20 - R - 6 - R '  CF3COO- 
II I 
0 OCOCF3 

R-S-R '  

+ 12 

R - S - R '  

I . 
MeSMe I 

R - S - R '  

+ MeSCH20COCF3 + CF3COOH 

Acetyl chloride is also a good reducing agent for sulfoxides. A mechanism 
involving an acyloxysulphonium intermediate is s u ~ e s t e d ~ ~ ~  (equation 148). 
Similarly, sulphimides were also reduced to sulphides by acetyl chloride283. Dimethyl 
sulphoxide affords chloromethyl methyl sulphide quantitatively as the Purnmerer 

R-S-R '  -I- CH3COCI R - i - R '  CI- ====E R - i - R '  MeCOO- MeCOC, 

OCOMe CI I J -  
(148) 

I I  
0 

R - S - R '  + cia 
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product on treatment with acetyl chloride2". The reaction with optically active 
sulphoxides produced the first examples of optically active sulphuranes (equations 
149285 and 150286). 

Shigeru Oae. Tatsuo Numata. and Toshiaki Yoshimura 
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as*\\\\ Ph .- k\\\\\\Ph 

*;@ -7aOc. AcCl cn2ci2 * -0s 

Me Me Me Me 

(1491 

(S) [a1 D -146= [a] ~ 4 - 2 6 7 ~  

(150) 

COOH ii 
0 

[a] 546 +163.3' [a] 546 +113.4O 

Diary1 sulphoxides are known to undergo concurrent oxygen exchange and 
racemization reactions in acetic anhydride, the rate of racemization being twice that 
of oxygen e x ~ h a n g e ~ ~ ' . ~ ~ ~ .  Reaction clearly proceeds through an s N 2  process at  
sulphur (equation 151). 

OAc 
I 

I 
R - ~ - R '  + A ~ ~ O  R-;-R* A ~ O -  R - S - R '  (1511 

0 Ac 
I 
0 Ac 

II 
1 %  

sym. 

The addition of a Bronsted or Lewis acid markedly accelerates the 
racemization of methyl p--tolyl sulphoxide takes place rapidly even at room 
temperature on treatment with trifluoroacetic anhydride alone, again probably by 
oxygen exchange292. 

Both alkane- and arenesulphinates undergo concurrent oxygen exchange and 
racemization without cleavage of the S-OR' bond on treatment with trichloroacetic 
anhydride292 (equation 152). The rate of racemization of (-)-menthy1 

- R-;-OR' C13CCO2- = R-A-OR' (1521 

ococc13 
slower slow R - G - o R '  + ~ C I ~ C C O I ~ O  - 

I I 
ecoccI3 8COCC13 

I I  
l 8 0  

sym. 

(-)-p-toluenesulphinate was twice that of oxygen exchange, suggesting that the 
reaction involves Walden inversion at sulphur. When the reaction was carried out in 
benzene, the rate of racemization was found to be first order in both sulphinate and 
trichloroacetic anhydride. The value of p is large (-1.53), suggesting that the initial 
acylation is rate determining. Racemization of the sulphinate was 1 O3 times slower 
than that of the sulphoxide under the same conditions. presumaly owing to the lower 
bilsicity of the sulphinate oxygen"'. 

c. Azasulphotiiiitn salts. Azasulphonium salts are hydrolysed by aqueous 



15. Heterosulphonium salts 61 1 

hydroxide to  sulphoxides with inversion of configuration at sulphur. However, 
nucleophilic attack at the a-carbon of the nitrogen substituent competes, and the 
ratio of the competitive reactions was highly dependent on the structure of the 
azasulphonium saltlo2 (equation 153). 

0 

OH + f - B u a s - - N T s  
t - B u m " N  I --Ts -L t-Bu 

Et B F 4  
major minor 

(153) 

7" 
N -Ts -+ -OH />:lo + /-)).*.-. /2:. 
I _  
Et  BF4 

(1 : 2.6) 

Several N-acyl and N-aryl dimethyl azasulphonium salts are hydrolysed to 
dimethyl sulphoxide and the corresponding a m i n e ~ ~ ~  (equation 154). NN-Dialkyl 
diphenyl azasulphonium salts are hydrolysed quantitatively by aqueous 15% KOH at 
95"CS2 (equation 155), while the NN-diethyl azasulphonium salt 96 underwent 
oxidative cleavage via the ylide intermediate 97 on similar treatment28 
(equation. 156). 

(154) Me-S-Me CI- - Me-S-Me + R N H z  
+ H20 

II 
0 

I 
N H R  

- 
Ph-g-Ph I- 3 Ph-S-Ph + R R ' N H  

II 
0 

I 
NRR' 

(96) (97) t 

MeCHO 
( 1  56) 

An optically active sulphinamide has been converted into its enantiomer by 
0-methylation with CF3S03Me and subsequent alkaline hydrolysis of the resulting 
azasulphonium salt293. 

When the diaminosulphonium salts 98 were treated with carbanions. the 
sulphonium ylides 99 were obtained in 30-7096 yields as products of a typical 
nucleophilic substitution on sulphonium sulphur29J (equation 157). Treatment of the 

R--$-NR'z gF4 R- $- N R ' ~  



612 

azasulphonium salt 100 with equimolar cyclopentadienylthallium in CH2CIz a t  -20 
to -70°C gave bis-sulphonium compounds in 20-25% yields2ys (equation 158). 

Shigeru Oae. Tatsuo Numata. and Toshiaki Yoshimura 

Displacement of N-methyltoluene-p-sulphonamide from an azasulphonium salt 
with phenylmagnesium bromide gave the triphenylsulphonium salt in 90% yield'04 
(equation 159). 

Ph-S-Ph ClO4- + PhMgBr - Ph-S-Ph ClO4- -t TsNHMe (1 59) 
I 
+ + 

I 
Ph / N\ 

Me Ts 

The first work on the acid hydrolysis of sulphimides was reported by Tarbell and 
Weaverzy6. N-Tosyl diphenyl sulphimide in warm hydrochloric acid gave diphenyl 
sulphoxide and tosylamide, undoubtedly by way of the azasulphonium salt, the 
conjugate acid of the s ~ l p h i m i d e ~ ~ ~ .  N-Carbamoyl sulphimides are also hydrolysed in 
acid conditions.66. 

Kresze and Wustrow reported that optically active N-tosyl rn-carboxyphenyl 
methyl sulphimide was hydrolysed stereospecifically with 12 N hydrochloric acidzy7, 
but Cram et af. found that acid hydrolysis of optically active N-tosyl methyl p-tolyl 
sulphimide with 12 N sulphuric acid at  100°C or with 12 N hydrochloric acid at  25°C 
afforded the racemic sulphoxide. Presumably the sulphoxide underwent racemization 
under these conditions'66. 

A kinetic study of the acid hydrolysis of N-tosyl sulphimides in strong acids was 
carried o u t  by Kapovits et nl. and the rate-determining step was found to be 
nucleophilic attack of water on sulphur of the protonated sulphimide. The observed 
+ values (0.94-1.5) suggest that a water molecule participates in the reaction both as 
a nucleophile and as a proton transfer agent at  the rate-determining step2y8 
(equation 160). 

t i +  S-Me + Y ~ S O ~ N H Z  

(160) 
p x  = +1.19 p y  = +1.00 

A thianthrene sulphimide (equation 161) was hydrolysed to the sulphoxide 
together with the sulphide while treatment with aqueous hydrochloric acid in 
acetonitrile afforded predominantly the sulphide2yY. 

When N-alkyl diphenyl sulphimides were treated with hydrogen chloride in 
chloroform and the mixture then diluted with diethyl ether. predominant formation 
of diphenyl sulphoxide (73-8396) was observed for N-methy! and N-r-butyl 
sulphimides. but in the case of N-isopropyl derivative diphenyl sulphide (41 %) and 
diphenyl sulphoxide (23%) were obtainedR2. 

x+i;r*, - x a - - l  0 
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Azasulphonium salts are also reduced by iodide ion in acidic media. The reaction 
is third order, being first order in azasulphonium salt, in iodide, and in acid. A 
negative activation entropy (AS' = -19 e.u.) and a large solvent isotope effect 
( k H 2 ~ / k ~ 2 0  = 0.27) were observed, suggesting that nucleophilic substitution at 
sulphur by iodide is rate-determining'00301 (equation 162). 

Me 
+ H+ + sIDw.I- [ 6 -  /L* 

Me-S-Me ClO4- = Me-S-Me - I - - - S - - - N H  - 
Me 

I 
'NH3 

I 
NH2 

I 
- I 

Me-S+-Me - Me-S-Me -t 12 (162) 

Other azasulphonium salts of phenothiazine derivatives are reduced quantitatively 
with hydrogen iodide to the sulphides' 1 2 .  

N-Arenesulfonyl dialkyl sulphimides are reduced quantitatively with sodium iodide 
in aqueous perhchloric acid. Again, third-order kinetics with first-order dependence 
in sulphimide, acid, and iodide, and a small substituent effect of the leaving group 
(pp = +0.33) were observed, suggesting nucleophilic substitution at trivalent 

Reduction of sulphimides with thiophenol occurs similarly'03. 
When benzyl phenyl N-tosyl sulphimide was treated with a mixture of 

triphenylphosphine, carboxylic acid, and alcohol (or amine) at 100°C, reduction of 
the sulphimide and concurrent reaction to afford benzyl phenyl sulphide and the 
corresponding ester (or amide) quantitatively occurred304 (equation 163). 

Ph-SSCH2Ph -I- Ph3P + RCOOH + R'OH -Ph-S-CH2Ph -t RCOOR' f  Ph3PONH2Ts 
II or or 
NTs R ' N H ~  . RCONHR' (163) 

When N-tosyl dialkyl, alkyl, aryl, and diary1 sulphimides were treated with cold 
concentrated sulphuric acid, the azasulphonium salts 101 were obtained 
quantitatively and further treatment of the salts with base gave the 'free' 
sulphimides 102. Under highly acidic conditions, unimolecular cleavage of the 
S-N bond in the sulphonamide group appears to take place, presumably on 
account of the extremely low activity of water in concentrated sulphuric 
(equation 164). 

The most common synthetic procedure for sulphimides is reaction of a sulphide 
with sodium N-p-tolenenesulphonyI chloramine (chloramine-T)'n5.306 (equation I 65). 

N-Acyl sulphimides are similarly prepared by reaction of sulphides with 
chloramine derivatives of carboxylic amides"". 



614 Shigeru Oae, Tatsuo Numata. and Toshiaki Yoshimura 

R-S-R '  - R - - S C - R '  H S O ~ -  - R - - S + - R '  T ~ O -  - R-S-R '  
base conc. H ~ S O . ,  

I I I I  
NHTs NH2 NH 

I I  
NTs 

(101) (102) 

(1 64) 

. Na 
/ 

R-S-R'  + p-TolSOz-N - R-S-R'  + NaCl (1 65) 
II 
NS02Tol-p 

'CI 

The mechanism of the reaction of aryl methyl sulphides with chloramine-T has 
been investigated by Japanese and Hungarian The reaction was found 
to be much affected by p H  and to be facilitated by electron-releasing groups in the 
benzene ring. The suggested mechanism is shown in equation 166 and involves an 
intermediate chlorosulphonium salt. 

TsNClNa ====== TsNHCl 
ti+ 

fast 
R-S-R'  + T~NHCI T~NH-] - [R-!--R' "1-1 - 

(166) 

R-S-R '  + HCI 
II 
NTs 

The inductive effect of the alkyl group plays an important role in controlling the 
rate of the formation of dialkyl sulphimides, while the steric effect is apparently of 
only minor importance. The rate-determining step is S -ch l~ r ina t ion~ '~ .  

d.  Neighbouring group participation. Several examples of neighbouring group 
participation in the racemization and reduction of sulphoxides in acidic media 
have been reported by Allenmark and c o - w o r k e r ~ ~ ~ ~ - ~ ~ ~ .  Reaction of 
(+)-3-benzylsulphinylbutyric acid with hydrogen halide is believed to proceed 
through a cyclic acyloxysulphonium salt 103, which can subsequently undergo 
either reduction or racemization (equation 167). 

ti+ H X  
Me-CH-CH-Me - Me-CH-CH-Me - Me-CH-CH-Me 

I 1  
R -S' COOH 

I I  --H 2 0  

R-S.' ,C=O 
I I  
II 

R - S  COOH 

0 
\ I  
0 I 

X 

Me - CH -CH - Me or Me - CH- CH - Me 
I I  
II 

R - S  COOH 
I 1  

R - S  COOH 

0 

(reduction 1 (racemization) 

It was found by Oae and  coworker^^^^^^^^, using optically active and '80-labelled 
o-carboxyphenyl phenyl sulphoxides. that oxygen exchange reactions in 65.7% 
sulphuric acid proceed about loJ times faster than racemization. In the metn- and the 
I.'c"n-carboxyl-substituted diphenyl sulphoxides these processes occur at similar rates. 
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The high rate of oxygen exchange is undoubtedly caused by neighbouring group 
participation by the ortho-carboxyl group forming a cyclic acyloxysulphonium salt 
104, and subsequent attack of water yields the original sulphoxide. Thus the whole 
process leads to net retention of configuration by double inversion (equation 168). 

8 0  180H 1 G H  

slow inversion 
c 

COOH 
II 
0 - 

OH 

ltPh 

- N O O H  

inversion 
(168) 

(104) 

A similar anchimeric assistance (1 03-l O4 acceleration) by an ortho-carboxyl group 
was observed in the reduction or racemization of o-carboxyphenyl methyl sulphoxide 
with halide ion in acidic ~ n e d i a ~ ~ ~ . ~ ” .  Strangely, the reaction with chloride ion is 
markedly influenced by the steric effect of alkyl groups compared with that with 
bromide ion320. 

Anchimeric assistance of an o-carboxyl group was also observed in the oxidation of 
sulphides with iodine, and an intermediate similar to 104 was suggested321. 

.o-Alkylthio groups display substantial neighbouring group participation in the 
heterolysis of the S - 0  bond. However, in this case the reaction was a net oxygen 
transfer322 (equation 169). 

?H 

OH 
R = alkyl group 

Reduction of the cyclic sulphoxide 105 by iodide ion in aqueous acid proceeds lo6 
times more rapidly than for simple sulphoxides. The rate was essentially independent 
of iodide ion concentration and showed second-order dependence on the 
concentration of perchloric acid. The accelerated rate of reduction was attributed to 
anchimeric assistance by the transannular thioether group which resulted in the 
formation of an intermediate dithioether dication 106”-’ (equation 170). 

The nucleophilic nature of the sulphinyl group is seen in several examples of 
neighbouring group participation. resulting in formation of cyclic alkoxysulphonium 
intermediates. 
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0 O H  I 
slow 

- (-!- . H+ - (-A+> H + . - - H Z q  - I- cis - 
(105) (106) 

The rate of solvolysis of trans-4-p-chlorothiane S-oxide in 50% aqueous ethanol is 
630 times larger than that of the cis-isomer, which underwent normal unassisted S N ~  
~ o l v o l y s i s ~ ~ ~  (equation 171). 

0 

(171) 

O H  

The ready iodohydrin formation in the syn-ester (equation 172) shows 
neighbouring group participation by the sulphinyl oxygen325. Similar sulphinyl 
oxygen participation was observed in iodohydrin formation with norbornene 
s u l p h o ~ i d e s ~ ~ ~ . ~ ~ ~ .  

O=S-Ph O=S-Ph 

(172) 

0- 

Hydrolysis of the mesylate 107 proceeds via intramolecular nucleophilic 
substitution and subsequent nucleophilic attack of water on the sulphur atom of the 
resulting alkoxysulphonium salt, giving the hydroxymethyl thiane S-oxide 108 with 
inverted configuration at sulphur32s (equation 173). 

CH2OH f-l 
9 I 

MeS020 -CH 
I -  

(107) (108) 

3~-Hydroxy-5(R)-a-methylsulphinylcholestane 109 reacts with methanesulphonyl 
chloride in pyridine to give the alkoxysulphonium salt 110 via an intramolecular 
nucleophilic substitution by sulphinyl oxygen3” (equation 174). 

Rates of solvolyses o f  o-chloroalkyl sulphoxidrs. PhS(0)(CH2),CMe2CI (n = 1-4) 
and PhS(0)CH2CH2CRR’CI (R. R’ = H. H; Me. H;  Me. Me; r-Bu. H). in 
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Ho*A - M e S 0 2 C I  *= 

S+ X- = s\\\\\\ - 0- 

'Me 
\ 

Me 

617 

(174) 

(109) (110) 
dimethylformamide o r  sulpholane fall in the order 6 > y > f3 > E =s r - B ~ ~ ~ ~ 3 3 * ,  
similar to  reactivity in the PhCO(CH2),Br series333, indicating neighbouring group 
participation by 6- and y-sulphinyl groups. 

Solvolyses of benzyl chloride derivatives with a sulphinyl group at an appropriate 
position within the molecule have been reported tc  proceed rapidly owing to 
anchimeric assistance by sulphinyl oxygen334. 

Oxidation of 4-hydroxy-2,6-diphenylthiane 111 with r-BuOCI afforded the 
equatorial sulphoxide 112. In this case, the cyclic alkoxysulphonium salt 113 was 
the probable intermediate, while oxidation of cis-2,6-diphenylthiane also afforded 
the e ~ i m e r ~ ~ ~  (equation 175). 

(111) (113) (1 12) 
(175) 

0 

&f'h - f -B uo c I &-==; + dPh 
1.1 : 1 

The optically active sulphimide shown in equation 176 was readily hydrolysed in 
sulphuric acid to the sulphoxide, in which the configuration at sulphur is the result of 
net retention of configuration by double inversion, involving neighbouring carboxyl 
group participation during the reaction336 (equation 176). 

N HTs 0 
I 1  

N Ts 
I +  a:: I1 
S-Me inversion+ [ a ~ M e ]  inversion H 2 0  

(176) 0 

xx A a C O O H  

B. Nucleophilic Substitution on the Heteroatom 

An n.m.r. study by Kice and Favstritsky revealed that the thiasulfonium salt 114 
undergoes exchange of the sulphide extremely rapidly (k 2 1 0 ' M - I  s-'), and that 
nucleophilic substitution at sulphur by MezS was at least 10y-lO'o times faster than 
displacement by Me,S on any sp3 carbon. Displacement of MezS is faster by a 
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factor of cn.  lo5 than that of MeS- Me-S-S-Me. presumably because the 
leaving dimethyl sulphide group in 114 is a much better one337. 

Me-S-S-Me X- + S-Me Me-S + Me-S-S-Me X- (177) 
+ + 

I 
Me 

I 
Me 

I 
Me 

I 
Me 

(114) 

Smallcombe and Caserio also studied the equilibrium reaction shown in equation 
178 and showed that reactivity of the S-S bond toward nucleophilic attack is 
enhanced by a factor in excess of lo6 by methylation and methylsulphenylation of 
the disulphide3’*. 

+ kl + 

Me Me 

Me-S-S-Me X- i- S-S-Me Me-S + Me-S-S-S-Me X- (178) 
I 
Me 

I I k- 1 I 
Me 

K = k l / k - l  = 7 . 4 X  l O P 4 ; k l  = 1.06X lo4 M - ’ s - ’ ; k - l  = 1400X l o 4  M - l s - ’  

Minato et al. measured the equilibrium constant of the reaction shown in equation 
179 by n.m.r.. and observed large electronic effects of s u b ~ t i t u e n t s ~ ~ ~ .  

K 
Me-i -S-Me + S-R’  Me-S -t Me-S-6-RR‘ (1 79) 

I 
R 

I 
Me 

I 
R 

I 
Me 

R-S-R’  ( K )  = MeSEt (1.01, MeSPr-i (2.61, EtSEt (4.5). PhSPh (0.0047) 

A later study using D-labelled and optically active sulphides indicated that there is 
an irreversible process (involving a 1 ,Zshift of alkyl group within the intermediate) 
in the exchange reaction340 (equation 1 SO). 

Me-i-S-Me + S-R ’  .- Me-S + Me-S-6-R* 
I 1 
Me CD3 

I I 
Me CD3 

+ 
Me-S-Me + Me-S-S-CCD3 

I 

slow 

M e +  
CL 

R 
I +  

Me- S - S- CD3 

k 
R’ = optically active 1-phenylethyl group 

The thiasulfonium salt 114 is readily attacked a t  the sulphenyl sulphur atom by 
other nucleophiles, such as  potassium cyanide, phenylmagnesium bromide, sodium 
iodide, anisole, phenols, benzenethiol, and phenyl phosphite. to give the 
corresponding methylsulphenylated  product^'^.'*^.'^'. BioIogicaIly active thiols are 
converted into the asymmetric disulphides by treatment with 1 1434’. When the 
thiasulfonium salt 114 was treated with alkyl- or dialkyl-substituted olefins. the adduct 
115 was obtained generally in high yield via trnm ring opening of the intermediate 
116343.344. Acetylenic compounds were similarly found to give the adduct 
(equation 181). 

An intermediate such a s  116 can be isolated under mild conditions. For example. 
treatment of the salt 114 with tetramethylethylene in liquid SO? at -60°C afforded 
the thiiranium salt 116 in 78% yield’23 (equation 182). 
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Me H 

H’ %“Me 
Me- i -S -Me TNBS- + ,c=c ‘ 

I H \Me 
Me 

Me-CH-CH-Me TNBS- 

Me - S ‘SMe2 

(115) 

I 1  

+ 
+ R \  /SMe2 

I MeS \ R  
Me-S-S-Me TNBS- + R - C G C - R  - /C = c TNBS- 

Me 

Me\ /Me liq.so2 

I Me \Me - 6 O O C  
Me-i-S-Me SbClC + ,c = c ___) c-c, SbCls (182) 

Me’ Me 
I Me 

Me 

(116) 
The thiasulphonium salt 117 also afforded eight- and ten-membered cyclic 

sulphonium salts in 51-90% yelds120.345 (equation 183). Concerted [ 2  + 21 and 

Me Me 

i- RCH=CHR - CfMe TNBS- S-CHR 

(117) 
(1831 

Me 

+ xl - cXR TNBS- DMe TNBS- R 

[ 2  + 41 addition mechanisms were suggested and n.m.r. study of the products 
revealed the total absence of a transannular interaction between the two sulphur 
atomsl20. 

The dithiasulphonium salt 118 can also act as  a sulphenylating agent. When the salt 
was treated with alkenes in methylene chloride a t  0°C or in liquid SO2 at -60°C the 
thiiranium salts were produced stereospecifically in 85-95% yields. The S-methyl 
group is on the less crowded side346 (equation 184). 

(118) 

With di-t-butylacetylene, the dithiasulfonium salt in liquid SO2 at low temperatures 
gave the stable thiirenium salt 119347.348 (equation 185). 
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t-Bu 
\ Pt 

Me-S-i-S-Me sbc i6  + t - B u - C G C - B u - t  - c=c sbc i6  (185) 
I \g 

I Me 

Me 

(118) (119) 

O n  treatment with tetrachlorocyclopropene, the salt 118 afforded the 
cyclopropenium cation 119 in 80% yield, which then gave the cyclopropene thione 
120349 (equation 186). 

CI CI 

3 -80% steps ‘SMe (186) 
118 + CI A CI - MeS A -  SMe MeS 

sbcI6 

(119) (1201 

Reaction of ‘free’ sulphimide with either Z- or E-dibenzoylethylene in benzene at 
room temperature yielded the trans-aziridine 121 and the enamine 122 each in 
50% yield, together with 100% of diphenyl ~ u l p h i d e ” . ~ ~ ~  (equation 187). 

PhCO, /H  
PhCO 

Ph-S-Ph -I- PhCOCH=CHCOPh - c=c + /c=c , (187) 
I1 H’ \N/ ‘COPh H ~ N  COPh 
N H  

\ 

I 
H 

(121) (122) 

Aziridines with optical purities of nearly 30% were synthesized by treatment with 
optically active sulphimides351 (equation 18s) .  T h e  reaction is believed to proceed by 

OMe 

R H H 
(1 88) 

/ c=c R \  + R \  / H  */ 

COPh COPh H ~ N /  \ COPh 
\ 

&-Ph + H,C=C 

NH I 
R = PhCO, Ph I 

H 

initial addition of the sulphimide to the alkene t o  give the azasulphonium salt 123, 
followed by intramolecular attack o f  the carbanion centre on  nitrogen. The enamine 
is believed to bc formed via the intermediate 124. Asymmetric induction is 
considered to arise during formation of the intermediate 123. since the cyclization 
step appears to bc stercospecific in view of the predominant formation of the 
~rrrns-aziridine (equation 189). 

Other  electrophilic alkenes such as acrylonitrile and phenyl vinyl sulphone gave 
the N-(B-substituted-alkyl)-sulphiniides in good yields-’!” (equation 190). 

N-Alkyl sulphiniides also gave N-alkylaziridines and enamines on treatment with 
dihenzoyletliylcnc’~~. N-Phthalimido dimethyl sulphimide afforded an aziridine o n  
trcatnicnt \\it11 methyl acrylate a t  80°C3i3 but  o n  reaction without alkene present the 
c.i.s-phth~il[~~ltctrazcnc. 125 \\:IS a major product. suggesting that the aziridinc may be 
tcirnicd by r cx t ion  o f  thc alkcnc \vith a nitrene formed during the reaction”!” 
( q u a t i o n  191). 
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+ 
Ph-S-Ph Ph-S-Ph + RCH=CHCOPh - 

<I 
NH 

QRCH = CPh 

I t  
NH 

CHCHCOPh - 
R 

(123) (124) 

I 
H d - o  

I 

I 
1 (1 89) 

I 
/H 'c=c 

R \ 
R 

c-c, 
H' IN/ COPh H ~ N '  ' COPh 

I + Ph-S-Ph H 

+ Ph-S-Ph 

Ph-S-Ph + RCH=CH2 - Ph-S-Ph (1 90) 
II II 
NH NCH2 CH2R 

R = CN, PhS02 

/N=N, 

(125) 

0 R R 
II 

R = - N " D  'C 

0 
I1 

When conjugatively stabilized sulphimides were heated. intramolecular 
displacement reactions occurred giving heterocyclic products (equations 1 92354. 
193", and 1 9470). 

54-75% 

63-70% pcI 63-70% 
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60% (194) 

C. Nucleophilic Substitution on the CaibGii Aiom Attached to the 
Heteroatom (Transalkylation) 

In reactions of alkoxysulphonium salts with nucleophiles, attack occurs not only at  
sulphonium sulphur as mentioned in Section IIIA2b, but also at  the carbon atom 
attached to the heteroatom, resulting in transalkylation. Generally, strong 
nucleophiles such as carbanions, hydroxide ion, and amines attack at  sulphur, while 
weak nucleophiles such as  halide anions, pyridine and sulphides attack the a-carbon. 

One of the early examples is the reaction of dimethyl methoxysulphonium salt with 
sodium iodide to give dimethyl ~ulphoxide '~ .  A study on the reaction of the 
alkoxysulphonium salt with halide ion was carried out by Annunziata er ~ 1 . ~ ~ ~ .  In the 
reaction of optically active and ' 80-labelled diaryl alkoxysulphonium salt with halide 
ion, they found that with a two-fold excess of chloride, bromide, or iodide, the 
sulphoxide produced completely retained both the l80 label and the configuration. 
However, in the reaction with fluoride, the sulphoxide produced was found to have 
retained about 30% optical purity and only 10% of the original l80 content 
(equation 195). 

~-TOI--S~C~~H~-CI + X- - p-Tol -S-C loH7-a  + IEtXI (195) 
.. 

I I  
1 8 0  

I 
180-Et 

i3 F4 

6) (S 1 

X = CI-, Br-, I- 

Annunziata er al. also found transalkylation of alkoxysulphonium salts to occur on 
treatment with pyridine. When the optically active diaryl alkoxysulphonium salt was 
heated with pyridine in refluxing dichloromethane, the sulphoxide obtained was 
found to have retained over 93% of the original configuration, in yielding the 
N-ethylpyridinium salt356 (equation 196). In reactions of alkyl aryl ethoxysulphonium 

Et 
( R  1 ( R )  

salts having a-hydrogen in the alkyl branch, a-pyridinosulphides, products of the 
Pummerer reaction. were obtained in 60-70% 

( + ) - ~ - T ~ I - ~ - c c H ~ R  B F ~  + I 

(equation 197). 0 - (4-1-p-Tol-S-CHR BF4 (197) 
I I 0 OMe 

\ 

Dimethyl mcthoxysulphonium salts can act as methylating agents for 
p-ketoenolatcs. Potassium dibenzoylmethides gave the 0-methylated products. while 
methyl iodide gave the C-mcthylated products357. 
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The optically active methyl p-tolyl methoxysulphonium salt shown in equation 198 
acts as a methylating agent. Benzylethylphenylamine was converted into the partially 
optically active ammonium salt and benzyl ethyl sulphide afforded the sulphonium 
salt with 60% enantiomeric excess on treatment with the salt"' (equation 198). 

Et 
Et 

f I I 
Ph - N - CHZPh 

p-To1 - S - Me i F 4  Ph - NL CH2Ph BF4 I 
I 

OMe Me 

[(Y] D -13.5O 

(198) 

PhCH2- i- Et i F 4  

Me 
I 

[ & I D  +4.g0 

Transalkylation reactions were observed in the reaction of 
aminoalkoxysulphonium ~ a l t s ' ~ . ~ ~  (equation 199). 

3 p-Tol-S-N + Me-S-Me - Me-;-Me -C p-ToI-S-N 
I1 
0 

quant. 

I 
0 ' 3  I Me Me 

(1  99) 

+ A -  A 
Ph-S-N 0 BF4 + R3N - R3&-Et EF4 + Ph-S-N 

I W  0 I1 wo 
0 Et 

91 -95% 94-98% 

R3N= 0, Et3N 

Reaction of frans-cyclohexane-l,2-diol with the sulphurane (equation 200) gave 
the epoxide, presumably via the initial formation of the alkoxysulphonium salt 

Ph- S- Ph 
/OH O R F  

Ph-S-Ph ' + 0 - [ g H ]  - Ph-S-Ph+ I I  
I /~%,o H 0 

O R F  

(200) 

(126) 

12635N. Other 1.2-diols gave epoxides in excellent yields, while reaction with 
alkylidene-l,3-: 1,4-, 1,5-, and 1.6-diols afforded the  cyclic ethers in only moderate 
yields since formation of the open-chain ether was competitive with ring closure3SR. 
1.4-. 1 .5 ,  and 1.6-diols are also dehydrated with dimethyl sulphoxide at high 
temperatures to give the corresponding cyclic ethers"'". 
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D. Ylide Formation 
Heterosulphonium salts possess acidic hydrogens a- to the sulphonium sulphur 

atom, and hence treatment of the salts with bases readily gives an ylide 127 which 
undergoes further reactions (equation 201). 

R - S= CHR' 
+ 

R- S -CH2 R 

I 
X 

path A/ 
I 
X 

I bare / 

\Path c 

- 6"""'"" 

In path A, the Pummerer reaction occurs via an intermediate ion pair 128 
produced by S-X bond cleavage in the ylide 127. Path B is the Sommelet-Hauser 
rearrangement, which involves a nucleophilic attack of the carbanion at an 
ortlzo-position of the aromatic ring. Path C represents intramolecular 
oxidation-reduction of the heterosulphonium salt with formation of a carbonyl 
compound and sulphide. It is described further in Section IIIE. 

1. Pummerer reaction 
When sulphoxides with a-protons are treated with acetic anhydride, the Pummerer 

reaction takes place and the corresponding a-acetoxysulphides are obtained in good 
yields360 (equation 202). The reaction361 was named after the discoverer by 

RSOCH3 + ( C H 3 C 0 ) 2 0  - R-S-CH2OCOCH3 t CH3COOH (202) 

and the mechanism was studied using dimethyl sulphoxide and uniformly 
180-labelled acetic anhydride in diethyl ether363. Based on the observation that all of 
the oxygen atoms were completely scrambled during the reaction. involvement of 
intermolecular nucleophilic attack of acetate a t  the a-carbon was suggested. Oae et 
01. pointed o u t  possible involvement of the acyloxysulphonium ylide. but did not 
specify involvement of the sulphur-stabilized carbonium ion as an intermediate363 
(equation 203). 

Although the initial formation of the sulphonium ylide 129 was also presumed, 
involvement of the carbonium ion 130 was first suggested by 
(equation 204). 
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CH3-S-CH3 f Me-C-@-C-Me - CH3-$-CH3 Me-C-@- - 
I I  
0 

I I  I 
a 0-C-Me 

II 
0 

I1 
0 

II 
e 

( 203 ) 
0.55 ex. atom-% 

CH3 - Z-CH, + Me-C-eH - CH3-S-cH2B-c-Me 
I I  
Q 

0.49 ex. atom-% 

[ A - i - M e ]  0 I1 

molar ratio DMSO : AczO = 1 : 3 

AciO -AcO- 
i-Pr-S-CH3 - i-Pr-$-CH3 A d -  - i-Pr-i-CH, - 

I 
OAc 

(129) 

I I  I 
0 OAc 

+ + 1 Ace- 
i-Pr-S=CH, - i-Pr-S-CH2 - i-Pr-'5-CHzOAc 

(204) 

(130) 

When alkoxysulphonium salts are treated with base, two competing reactions are 
known to occur; one is the Pummerer reaction and the other is oxidative cleavage to 
give carbonyl compounds and sulphides, and in addition a rapid alkoxy exchange also 
takes place during the reaction. Benzylic alkoxysulphonium salt undergoes the 
former reaction preferentially, whereas for methyl phenyl methoxysulphonium salt, 
the latter reaction is  referr red^.^ (equation 205). 

MeO- IMeOH * R-g-CHR' - [R - i=CHR' l  - R-S-CHR' 

OMe 
I 

R - 6 - CH2 R'  l%F4 
I 
OMe 

I 
OMe 

R - 6- CH R'  [ 'A,&H] - R-S-CHzR' + CH20 

NaOAc 
i-Pr--$-cH3 BF,, i-Pr-S-CH20Ac + i-Pr-S-CHzOMe + i-Pr-S-CH3 

I 
OMe 69% 20% 6% 

(206) 

NaOAc 

DMSO 
Ph-$-CH3 BF4 - Ph-S-CH20Ac + Ph-S-CHzOMe + Ph-S-CH3 

I 
OMe 11% 7% 82% 

Two examples are in equation 206. Treatment with sodium salts of propionic. 
benzoic. and p-nitrobenzoic acids give nearly the same results. but. sodium salts of 
the less nucleophilic bromoacetic and trifluoroacetic acid do not yield the 
corresponding a-acyloxys~lphides~~~~~~~. 
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Because of the facile hydrolysis of a-acetoxymethyl sulphide, the Pummerer 
reaction was suggested as a possible pathway for enzymatic demethylation of 
methionine on the basis of the experiments shown in equation 207366. 

0 

II 38 "c H20 CH3-S-CH3 4- Me-C-0-P-ONa 7 CH3-S-CH2OCOMe - 
CHjSH + CH2O + MeCOOH 

I 
OPh 

11 
0 

I I  
0 

0 (2071 

CH 2 - S - CH 2 0  AC CH2- SH 
II 

CH2- S-CH3 
AcpO 1 H+ I 

CHZ 
H20 I 

I 

- I 
CH2 
I 
CHNH2 
I 
COOH 

CH2 
I 

I 
CHNH2 

COOH 

CHNHAc 

COOH 

The general scheme of the reaction is believed to consist of four sequential 
reactions, the rate-determining step varying with change of both acylating agent and 
sulphoxide. Examples of the Pummerer reaction in which each of the focr steps is 
rate determining are known, and the whole mechanistic spectrum of the reaction is 
now complete (equation 208). 

step 1 + 
R-S-CHj + A c ~ O  - R-S-CH3 f AcO- 

I 
0 Ac 

I I  
0 

7 [ R-f-CH2 - 
OAc 

(208)  

step 2 

OAc 

steo 4 - R - S - C H ~ O A C  

The initial step of the Pummerer reaction of the sulphoxide is acylation of 
sulphinyl oxygen to form the acyloxysulphonium salt. In fact, on treatment of 
dimethyl sulphoxide with trifluoroacetic anhydride in methylene chloride at  -60°C. 
Sharma and Swern isolated what appeared to be trifluoroacetoxysulphonium salt 
which. on warming to room temperature. underwent the Pummerer reaction to give 
the corresponding a-trifluoroacetoxysuIphide34 (equation 209). 

-60  "C + I.:. 

CH3-S-CH3 + (CF3C0)20 ~ ~ 2 ~ 1 2 -  CH3-S-CH3 CF3COO- ~ ~ 2 ~ 1 2 -  
1 
OCOCF3 (209) 

II 
0 

CH3 - S-CH2OCOCF3 

A kinetic study of the Pummerer reaction of dimethyl sulphoxide with 
p-substituted benzoic anhydride gave a good Hammett correlation betwen the log k 
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and 0 values with a relatively large positive p value (1.40), and a small kinetic 
isotope effect ( k d k D  = 1.21) with DMSO-db. This suggested the rate-determining 
step t o  be the initial a ~ y l a t i o n ~ ~ ~ .  

Another  example is in equation 210368.36y. 

0 CH3 
II I 

~ ~ ; o ~ 3 ( C D 3 )  + ACPO a> __L slow Q$H3 AcO- 

25 m; S-CH3 __I_ Q-f-CH2 ~ @yHG 

II 
C-0-C-Me 

0 0 0 I 1  II 

(131 1 (132) (210) 

OAc 

C' 
II I1 

0 

(133) 

II 
0 0 

When the sulphoxide 131-methyl-d3 was allowed to  react with acetic anhydride 
t o  50% completion, the recovered sulphoxide was found to  retain all three deuterium 
atoms completely while the cyclized product 133 also was found t o  contain 
two deuterium atoms per molecule. The  kinetic isotope effect was small, i.e. 
k d k D  = 1.07. T h e  reactivity falls in the order of alkyl substituents 
i-Pr > n-Pr > E t  > Me > CH,Ph, which is the order of the basicities of these alkyl 
phenyl sulphoxides, clearly supporting the conclusion that the rate-determining step 
of this intramolecular Pummerer reaction is acylation of the sulphinyl oxygen370. 

The  initial step of this reaction is believed to be the formation of the mixed acid 
anhydride 132, which acylates the sulphoxide intramolecularly in the 
rate-determining step. T h e  rate of this reaction is 140 times larger than that for 
methyl phenyl sulphoxide. The  formation of the mixed acid anhydride 132 was 
supported by the spectroscopic observation of a similar mixed acid anhydride in the 
treatment of o-isopropylsulphinylbenzoic acid with diphenyl ketene370. 

T h e  second step of the Pummerer reaction is proton removal from the 
acyloxysulphonium salt t o  form an acyloxysulphonium ylide 136 which has neither 
been isolated nor confirmed spectroscopically. However. in view of the sizeable 
kinetic isotope effects in a number of cases. rate-determining proton removal by 
acylate ion is evident in many Pummerer reactions. A sizeable kinetic isotope effect 
was first observed by O a e  and Kise in the reaction between aryl methyl sulphoxides 
and acetic anhydride. k d k D  = 2.9371..'72 (equation 21 1). The large Hamniett p value 
of - 1.6 obtained for p-substituents implies that the acylation equilibrium is also 
important in the energy profile of the reaction. Sulphoxides are known to undergo 
oxygen exchange with acetic presumably via a sulphurane 
intermediate. and this oxygen exchange is known from the usual lXO tracer 
experiments to be responsible for the raceniization of optically active 
sulphoxides28i.2xs. For aryl methyl sulphoxides. however. the Pummerer reaction was 
found to  proceed about six times faster than oxygen exchange at 120°C (E: ,  for the 
Pummerer reaction is 2 1.2 kcal/mol. AS' = - 20.7 e.u.). 

The kinetic isotope effect. k l J k D .  rcmaincd about 3 even \vith p-nitrophenyl 
mc thy I s u I p h o x i d e . w ti i I e a st a b 1 c se I e n u ra n e . tetra coo r d i n at c d se I tf n 0- ii n a I o g u e of 
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(21 1 )  

+ I  OAc 

Ar-S-CH3 
I - A r - s - c ~ z  

I - 0 A c  
OAc 

(1351 

(oxygen exchange) 

- Ar - S - CH20Ac 

sulphurane, was isolated in the similar reaction of a selenide with benzoyl 
p e r o ~ i d e ~ ~ ~ . ~ ~ ~ .  Thus, it was once suggested that a sulphurane-type intermediate 
135 may be  also formed in the Pummerer reaction. Proton removal takes place 
through a six-meinbered cyclic transition state with an angle close to 110-120", as in 
the Ei reaction, via either a five- or six-membered cyclic transition state with isotope 
effects generally in the range 3-4375 (equation 21 2). T h e  much slower rate of oxygen 
exchange than in the Pummerer reaction. however. alone can rule out the scheme 
involving the sulphurane 135. 

Me 
I 

(21 2) 

Me 

(135) (136) 

In some cases. e.g. the reaction of o-carboxyphenyl alkyl sulphoxides, reaction 
proceeds via a cyclic acyloxysulphonium ylide to form the cyclized product. and 
intervention of a sulphurane intermediate may be ~onceivable '~".  

When proton removal takes place intermolecularly. a large kinetic isotope effect is 
observed. Examples are sho\vn in equations 21 3'76 and 214377. 

+ + 

R - S - C H ~  ( D ~ ) - N '  \ J  co 
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Ph-CHz-S-CD2-PPh i- AcgO - Ph-CH-S-CDz-Ph + Ph-CH2-S-CD-Ph 
II i I 
0 OAc 0 Ac 

(2141 
k H l k o  = 9 

A large primary deuterium isotope effect (at least 4) was observed in the reaction 
of dimethyl sulphoxide (or DMSO-d6) with acetyl chloride to  form chloromethyl 
methyl s ~ l p h i d e ~ ~ ~ .  

T h e  importance of proton removal is shown by the regioselectivity of the 
Pummerer reaction. The migration aptitude of the acyloxy group is usually 
determined by the relative acidities of the a-hydrogen atoms in the 
acyloxysulphonium salt. In other words. a more stable acyloxysulphonium ylide is 
formed preferentially t o  a less stable one upon removal of the a-proton prior to the 
acyloxy migration. This is in keeping with the mechanism involving the 
acyloxysulphonium ylide intermediate. 

In the reactions of alkyl methyl sulphoxides with acetic anhydride. the acetoxy 
group migrates only to  the methyl (equation 21 5) .  while with p-nitrobenzyl 

RCH2-S-CH3 -t A c ~ O  - RCH2-S-CHzOAc (21 5) 
II 
0 

RCH2 = n-Pr, i-Pr, n-Bu 

benzyl sulphoxide, acetoxy migration occurs at the p-nitrobenzylic site selectively379. 
A clearer case is the Pummerer reaction of cyanomethyl benzyl sulphoxide, in 
which the acetoxy group migrates only to  the cyanomethyl side380. 

In the earlier study on the Pummerer reaction of methionine sulphoxide, 
migration of the acetoxy group was found to take place nearly exclusively to the 
methyl side, giving homocysteine after hydrolysis366. Thus. the migration of the 
acetoxy group generally takes place a t  the a-carbon atom which bears the most 
acidic proton. Qualitatively. the acidity of the u-methylene protons of various 
substituted sulphoxides falls in the order CH2COR. CH2CN > PhCH2 > CH3 > 
n-alkyl > sec-alkyl > -CH=CHR. 

There is a case in which regioselectivity is caused by steric strain, a s  shown by 
Jones et 

The a-isomeric steroid with the methylsulphinyl group at position 6 137 affords 
the 6-acetoxymethylthio derivative, the normal Pummerer product. In  the p-isomer 
138, the acetoxysulphonium salt 139 is sterically crowded by axial hydrogens at 
positions 4 and 8 and the 19-methyl group. Deprotonation would result in the 
release of steric strain to form a nearly coplanar ylide 140. Acetoxy migration is 
presumed to  take place at  the ring carbon. followed by subsequent elimination of 
acetic acid resulting in formation of an alkene 141. 

T h e  third step of the Pummerer reaction is S-0 bond cleavage which results in 
the formation of an ion pair between the sulphur-stabilized carbonium ion and 
acetate (equation 217). The  sulphur-stabilized carbonium ion pair may o r  may not 
be very intimate depending upon the nature of the substituent. R'. The lifetime of 
the ion pair depends very much on  the substituent R'. and on other factors such as 
solvent and acylating agent. None of these intermediates has yet been detected. 
There are. however. reactions in which the third step is obviously rate determining. 
These are called 'ElcB' Pummerer reactions. In these reactions. proton removal is 
fast and reversible. and S-0 bond cleavage is the slowest step. Usually. the R' 
group is an electron-\vithdra\ving one such as cyano. carbonyl. :rlkynyl. cyclopropyl. 

in the reactions shown in equation 216. 
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r rMe 
0 

(138) 

(21 6 )  

step 3 
R-6-CH2R' R-g-CH2R' - R-gS+CHR' - R-S-CHR' 

I [ - 0 A c  ] OAc 

(217) 

I 
OAc 

I 
OAc 

o r  phosphoryl. which facilitates proton removal, and the S - 0  bond cleavage is 
retarded by the a + I effect of R'. as for alkene formation by the ElcB mechanism. 

In the typical case of cyanomethyl phenyl sulphoxide, almost no  kinetic isotope 
effect ( k H / k D  = 1.02) was observed in reaction with acetic anhydride'82, and the 
cyanomethyl-d-, derivative was found to lose deuterium completely before 
half-completion of the reaction. demonstrating fast reversible proton removal. The 
rate-determining step is believed to be S - 0  bond cleavage. 

The ElcB mechanism is more evident in the Pummerer reactions of sulphimides 
and sulphonium ylides. A well studied case is the reaction between the 
five-membered N-tosyl sulphimide 142 and alcoholic potassium hydroxide, which 
gives the a-alkoxysulphide3R3 (equation 2 18). T h e  kinetic isotope effect 
( k I J k D  = 1.09) was of the magnitude of the secondary one  due to hyperconjugation. 
Lvhich is found in solvolysis. The recovered sulphimide was found to have lost its 
original deuterium during the reaction. and the Hammett p value (+2.0) obtained 
with CJ values \vas substantial. All of these observations f i t  the ElcB mechanism. 
Again. the original sulphimide bas a poor leaving group. namely the 
arenesulphcmaniide anion. In the case of alkyl aryl N-tosyl sulphimides. treatment 
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(142) k H l k D  = 1.09, p = t2.0 

Ar =p-MeCsH4, Cgti5,p-CIC6H4 

with alcoholic alkai metal hydroxide solution gives only partly the Pummerer product 
and mainly the sulphides, presumably formed by oxidative cleavage of 
alkoxysulphonium salt formed during the reaction384. When N-tosyl alkyl 
sulphimides having P-hydrogen were treated with t-BuOK in benzene, the 
corresponding vinyl sulphides were obtained in more than 50% yields38s. 

Aryl methyl N-tosyl sulphimides undergo the Pummerer reaction with acetic 
a n h ~ d r i d e 3 ~ ~ .  The  values of the activation parameters (AH* = 15.2 kcal/mol, 
AS? = -41.2 e.u.) are similar to those of the S N ~  oxygen exchange reactions of 
diary1 sulphoxides with acetic anhydride (AH* = 13.1 kcal/mol, AS: = -45.1 e.u.). 
Moreover, the  corresponding sulphoxide was isolated when the reaction was stopped 
halfway. The observations fit a mechanism which involves rate-determining S N ~  
acetoxy exchange (equation 219). The Hammett p value (px = -0.71, py = -0.57) 
and the small kinetic isotope effect ( k H / k ~  = 1.57) support the mechanism. 

0 Ac (219) 

I +  
Ar-S-CH3 __*. - Ar-S-CH20Ac 

AcNS02Ar' main product 

Treatment of a stable sulphonium ylide such as 143 with either acetic anhydride or 
benzoyl peroxide similarly gives the Pummerer product, a-acetoxymethyl aryl 
sulphide or a-benzoyloxymethyl aryl sulphide, q~an t i t a t ive ly~~ '  (equation 220). The 

S-CH3 + Ac20  - Ar-S-CH20Ac 4- AcCH(COOMe)2 

AH+= 21.4 kcallmol 
xa-; -C(COOMe)Z 

(143) AS*= -22.2 e.u. 

(220) 

+ BPO - Ar-S-CH20COPh + PhC02CH(COOMe)2 

AH+= 17.3 k c a l h o l  

AS*= -1  8.7 e.u. 

kinetic isotope effect (kH/kD)  observed with the trideuterated methyl aryl 
sulphoniurn ylide 143 and acetic anhydride was 1.57 while that with benzoyl peroxide 
was 1.13. The ylide 143. recovered after half-completion of the reaction. had lost 
over 80% of the original deuterium. revealing the reaction to proceed via ElcB 
mechanism. 

Step 4 of the Pumrnerer reaction involves recombination of the acyloxy group with 
the sulphur-stabilized carbonium ion within the ion pair which is formed by S-0 
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bond cleavage in the third step. The shift is believed to be fast, and the manner of 
the acyloxy shift differs from one sulphoxide to another. It also depends on the 
nature of the migrating group. There has therefore been some controversy about the 
nature of the migration. The most controversial point has been whether the 
migration is intra- or  intermolecular. The intermolecular mechanism was first 
suggested for the acetoxy migration on the basis of ISO tracer experiments by Oae el 
af.363, and has prevailed for more than a decade: Recent stereochemical 
investigations, however, have revealed the occurrence of intramolecular acetoxy 
migration in various ca~es38*.38~*~89. 

Treatment of the optically active cyanomethyl p-tolyl sulphoxide 144 with acetic 
anhydride gave a-acetoxy-a-cyanomethyl sulphide 145 with induced optical rotation 
at  the a-carbon to the extent of 29% enantiomeric excess on  measurement with 
europium shift reagent382 (equation 22 1). 

H .. 

M e G - C H 2 C N  + Ac20 - 1200c M e e S - i - C N  

0 OAc 
(221) 

[a] D +252O [a] D +26.8" (29% enantiomeric excess) 

(144) (145) 

ISO-Labelled sulphoxide, recovered after 50% reaction, was found to retain 96% 
of the label while the product 145 was found to contain 55% of the label. When the 
loss of 4% of I8O due to possible oxygen exchange is taken into the account, the 
reaction is considered to proceed via intramolecular acetoxy migration to the extent 
of at  least 90%. Analysis of the distribution of I 8 0  in the ester showed that 63% of 
I 8 0  is at the carbonyl group and the remaining 37% is at  the ethereal oxygen. This 
uneven distribution of l 8 0  suggests that the precursor of the ester is not a dissociated 
ion pair but is an intimate ion pair or even an undissociated ylide-like intermediate. 

The rate-determining step of this reaction is the cleavage of the S-0 bond of the 
acetoxysulphonium ylide 146 in the ElcB process, while the effect of p-substituents 
on the rate of the reaction gives a Hammett p value of -0.65. The I8O tracer 
experimental results, the substantial asymmetric induction a t  a-carbon and other 
pertinent data suggest that the acyloxy migration proceeds via both €ive-membered 
cyclic and three-membered sliding transient intimate ion pairs. The former is the 

+ 
(+)-Ar-:--CH2CN + AczO Ar-S-CH2CN AcO- 

I 
18; 

(144) 

slow 
Ar-g-CHCN - 

I 
0 Ac 

(146) 

Q Ac 

CN 
Ar CN 

. . \  \ 6+ / 
s-c..H - H  

\;. ./ C 

.. and d 
0. 6 1 . 0  I:.. 6- 

C L O  
I I 

Me Me 

cyclic mode sliding mode 

(major) (minor1 

(147) 

(222) 

H 
I 

I 
(+I-Ar-S-C-CN 

37% a- C- Me 

0 63% 
I t  

63% 

(145) 
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major route, probably due to the necessary anchimeric assistance of the carbonyl 
group to ease the S-0  bond cleavage (equation 222). 

The asymmetric induction cannot be caused by the stereoselective proton removal 
from the acyloxysulphonium salt, since the resulting a-cyanocarbanion, the ylide 146, 
is known to be a planar resonance-stabilized spz carbanion and proton removal is 
reversible. Asymmetric induction takes place when the acetoxy group shifts from the 
chiral sulphur atom to the a-carbon. Proposal of dual pathways for the acetoxy 
migration in_ which the five-membered cyclic path predominates over the 
three-membered sliding path is similar to those made for acyloxy migration in several 
rearrangements of t-aniine N-oxides with acylating agents3". 

-There are a few other examples of asymmetric induction in the Pummerer 
reaction. Optically active p-tolyl propargyl sulphoxide 148 gives the optically active 
u -ace t~xysu lph ide~~~ ,  as does p-tolyl phenacyl sulphoxide 14939z (equation 223). In 

H 
I + AczO - p-Tol-S-C-CECH 
I 

68% 0 -c -Me 
I I  

H 
I 
I 

P-TOl-S-CHp-C-Ph + A C ~ O  p-Tol--S-C-C(O)Ph 

44% 0 -C  -Me 
II 
0 

II 
1% 

II 
ii- 36% 

(149) [Ul D -0.5O 

both cases, l 8 0  tracer experiments revealed the acetoxy migration to proceed at  least 
50% intramolecularly and the distribution of l8O was found to be uneven. One 
obvious case of intramolecular Pummerer reaction proceeding with induction is that 
of (-)-o-benzylsulphinylbenzoic acid with acetic anhydride (equation 224). 
Asymmetric induction was 19.5% in enantiomeric excess at a-carbon. When the 
sulphoxide was treated with DCC (dicyclohexylcarbodiimide) in THF, the cyclic ester 
was formed with asymmetric induction to the extent of 29.8% enantiomeric 
excess388*389. With DCC present, an unusually high induction (70%) was achieved 
with P-carbonyl s u l p h o ~ i d e s ~ ~ ~ .  

0 
I I  

@ T F h  (224) 

+ AcpO - 
II 
0 

[ C Y I D  -30.2" 

Another recent example of asymmetric induction in the Pummerer reaction is that 
of a-phosphoryl sulphoxide 150 with acetic anhydride393 (equation 225). 

In all cases in which asymmetric induction takes place, the intermediate 
acyloxysulphonium ylide is substantially stabilized either by electron-withdrawing 
substituents o r  conjugative resonance with substituents or  both. and the heterolytic 
cleavage of the S-0 bond generally leaves highly unstable. very short-lived 
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H 
reflux I 

I I  I 
(Me0)2P-CH;!-S,-Tol-p + Ac2O - (Me012P-C-S -Tol-p 

(2251 

4-144' [a1 D -ao (24% enantiomeric excess) 

0 OAc 
I I  
0 

11: 
0 

(1501 

carbonium ions which undergo very rapid recombination with the intimate counter 
anion. 

Several other examples of Pummerer reactions give geometric isomers 
stereoselectively. One is the reaction of phenyl cyclopropyl sulphoxide with acetic 
anhydride. This proceeds with 69-76% s t e reo~e lec t iv i ty~~~  (equation 226). 

U 

Me 
AcpO/AcONa 

92% Ph-S* AcO 

(76 : 24) 

0 

+ "-WPh AcO 8 

AcpO/AcONa 

170 "C. 3 h 

Ph-S' 
84% 

(69 : 31 

This reaction has a small kinetic isotope effect kH/kD = 1.13-1.49, and the 
Hammett plot (a values) gave a U-shaped curve. The enthalpy and entropy of 
activation are unusually large ( A H S  = 41.3 kcal/mol, AS' = +10.4 e.u.) and 
deuterium in the starting sulphoxide 151 is gradually lost during the reaction395 
(equation 227). There is no product of ring opening in contrast to the acetolysis of 

(151 1 (1521 (2271 

kHlko = 1.13 for X = p - M e 0  

1.24 for X = H 

1.49 for X = rn-CF3 

1-chloro-1-phenylthiocyclopropane, which proceeds through a sulphur-stabilized 
carbonium ion intermediate to give chiefly the products of ring ~ p e n i n g ~ ~ ' . ~ ~ ~ .  

All of these observations suggest that the Pummerer reaction of cyclopropyl 
sulphoxides also proceeds via an ElcB type route with S-0 bond cleavage in the 
rate-determining step. '*O tracer experiments with the sulphoxide 151 showed that 
the rearranged acetoxy derivatives 152 retained roughly 22-30% of the I8O label of 
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the sulphoxide 151, and the acetoxy group of the rearranged product 152 lies at  
the opposite side of the a-hydrogen which was removed. 

Several other stereoselective Pummerer reactions have been observed: reaction of 
2,2-dialkyl-1,3-oxathiolane-5-one S-oxide with acetic anhydride397, reaction of 
3-cephem S-oxides with ethyl c h l o r o ~ a r b o n a t e ~ ~ ~ . ~ ~ ~ ,  reaction of sulphoxide 
derivatives of a thiosugar with acetic anhydride400.401 and pyrolysis of a-trimethylsilyl 
~ u l p h o x i d e s ~ ~ ~ ~ ~ ~ .  

When azasulphonium salts were treated with triethylamine at O'C, Pummerer 
reactions, which appeared to be intramolecular, took place as shown in equations 
228406, 22g407, 230408, 23 1409, and 232410, although no mechanistic details were 
presented. 

+ 
@O + RCH2-S-CH2N 

Et3N. O°C 
RCH2-S-CH3 CI- - RCH2-S-CH20- 

I 7 2-9 5% 'co 
/N\ 

O= cut= O (90-94 : 6-10) 

R = H, Me, Et, i-Pr (2281 

+ R' 
I 

(229) 

CH3-S-CHj CI- oc 

R-C-N-CH2-S-CH3 I 
I I  N 66-84% 

R" 'COR 0 

+ 
CH3-S-CH3 CI- Et3N 

I * Ar - N =C-0 -CH2- S -CH3 (230) 
N 

/ \  I 
Ar COMe Me 

+ 
R-S-CH3 CI- 

Sulphonium ylides were reported to undergo what appears to be an intramolecular 
Pummerer reaction on refluxing with water or ethano14'1.J12. 
lSO tracer experiments on the Pummerer reaction of dimethyl sulphoxide with 

uniformly 180-labelled acetic anhydride in diethyl ether revealed that all of the 
oxygen atoms of the starting materials were completely scrambled in the resulting 
a-acetoxymethyl methyl ~ u l p h i d e ~ ~ ' .  Intermolecular attack of acetate at the a-carbon 
is thus involved in this rearrangement. 
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The discovery of several intramolecular Pummerer reactions with the aid of I8O 
tracer experiments prompted reinvestigation of the intermolecular reaction using 
180-labelled sulphoxides. In the reaction of benzyl methyl sulphoxide, only 5% of 
l 8 0  was found to  migrate from the sulphoxide to the resulting ester, while with 
methyl phenyl sulphoxide the Pummerer product retained only 3% of I8O from the 
starting rnateriaI413. 

Earlier, Johnson and coworkers carried out a cross-over experiment between 
14C-labelled and unlabelled aryl methyl methoxysulphoniurn salts364,365 
(equation 233). This methoxy-sulphonium salt would, however, undergo rapid 

base 

aLrldne 
Ar-Z-CH2CH3 i F 4  + Ph-$-CH2CH3 i F 4 -  - Ar-S-CHCH3 

I t  I t  
OCH3 OCH3 

I 
OCH3 

1389 c p m h o l  423 c p r n h o l  

+ Ph-S-CHCH3 
I *  
OCH3 

939 c p r n h o l  

base = 2.6-lutidine 

= 1 4 C  label 

methoxy exchange at sulphur. This is another example of intermolecular migration in 
the Pummerer reaction and this mechanism is supported by the observation that 
racemic a-methoxybenzyl p-tolyl sulphide is obtained by treatment of the optically 
active (+)-benzyl p-tolyl methoxysulphonium salt with NaH in THR’. When the 
same optically active salt was treated with pyridine at room temperature, the racemic 
pyridinium salt was obtained in 60-70% yields3s6 (equation 234). 

I 
N a H  

(+)-p-Tol-$-CH2Ph BF4 * (+)-p-Tol-S-CHPh 
Tt iF I 

OMe OMe 

In the late 1960s. the Pummerer reaction was generally considered to  involve 
intermolecular reaction with either solvent or an external nucleophile. Thus the ylide 
153 would react directly with solvent to afford the a-substituted sulphide or lose 
acyloxy ion to form thc sulphur-stabilized carbonium ion 154. which reacts 
immediately with solvent to give the final product (equation 235). 

Accordingly. several attempts have been made to obtain clear evidence in support 
o f  carbonium ion formation. Unsuccessful examples are the Pummerer reactions of 
cyclopropyl phenyl. cyclopropylcarbinyl phenyl. and cyclobutylcarbinyl phenyl 
sulphoxides with acetic anhydride. I f  any dissociated ion pair is involved in reaction 
of these sulphoxides. all compounds should give. at least partially. products of ring 
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- R-S=CHR' 

OCO R" OCOR" - 
I 

(153) 

R- s' --CH?R* - 
I 

OCOR" 

637 

(235) 

- R - S - ~ H R '  + R"COO- 
I 
X 

(154) 

opening, which were not found. Instead, only normal Pummerer rearrangement 
products were obtained414 (equation 236). Acetolyses of the corresponding 

R = R ' =  H 

R = R' = Me 

R = H, R'  = Ph 

(cis or trans) 

a-chlorocycloalkyl phenyl sulphides. on the other hand, give products of ring 
opening. Probably, the acyloxysulphonium ylide 153 undergoes heterolysis to form 
the sulphur-stabilized carbonium ion 154. paired intimately with the acylate ion and 
the reaction therefore appears to involve intramolecular migration. 

When the sulphur-stabilized carbonium ion pairs are partially dissociated in polar 
media, the carbonium ion 154 does appear to recombine with other nucleophiles. 
One such example of an intermolecular Pummerer reaction may be seen in aromatic 
electrophilic substitution by the Pummerer reaction intermediateJIS (equation 237). 

32% 17% 

(237) 
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The reaction is presumed to involve the sulphur-stabilized carbonium ion 155 
(equation 238). 

Shigeru Oae, Tatsuo Numata, and Toshiaki Yoshimura 

' I  Ar-S-CH2X - A Ar- i -&lX -H20 c [ A r - i = C H X  - Ar-S-CHX 

I 
OH (1 55)  

II 
0 

Phenol and p-substituted thiophenols are powerful trapping agents for carbonium 
ions and are reported to be substituted by the electrophile 155 formed as an 
intermediate in reaction of dimethyl sulphoxide with trifluoroacetic anhydride416 
(equation 239). 

(1) PhOH. r.t .  

(2) Et3N. refluxlng 
CH3-S-CH3 + (CF3C0)20 P 

II 
0 CHjCN 

35% yield 

91 :9 HO 

1239) 

55-59% 

X = CI, H. Me 

A similar reaction is seen in equation 240"'. 

CH3-6-CH3 FF4 + &Me - Et3N CH3-S-CH2 

I 
OEt 

OH 

4% 
12401 

2% 
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trans-1 ,4-Dithiane disulphoxide 156, on treatment with acetic anhydride, gives 
the ring contracted product 158, indicating that the carbonium ion intermediate 
157, stabilized by both a- and p-sulphur atoms, is involved418 (equation 241). 

0 0 
II II 

(11 ( l l O A c  OAc - (:l OAc 

II 
0 

(1561 (1571 

(1 58) 

The P-ketosulphoxide in equation 242 undergoes the Pummerer reaction‘in dilute 
hydrochloric acid, presumably via a carbonium ion intermediate419 (equation 242). 

H+ ti 2 0  
Me-S-CH2-C-Ph - Me-S-CH-C-Ph MeSH + PhCOCHO (242) 

I I I  
OH 0 

On the basis of an I8O tracer study, the Pummerer reaction of a conformationally 
fixed six-membered sulphur heterocycle such as  4-p-chlorophenylthiane S-oxide 
(cis or trans) was found to proceed intermolecularly to yield the product ester with 
very little I8O from the original sulphoxide. The recovered sulphoxide was found to 
have retained the label completely. The reaction of both cis- and trans-sulphoxides 
proceeded stereo-specifically to afford predominantly equatorial a-acetoxy- 
~ u l p h i d e ~ ~ ~  (equation 243). 

II 
0 

II 
0 

Ar = pCICgH4-  

The allylic sulphoxide 159 gave the two y-acetoxy sulphides in good yields in the 
ratio of 3:1, apparently intermolecularly via an intermediate 160421 (equation 244). 

The base-catalysed rearrangement of the thioxanthene sulphimide 161 may be 
classified as an intermolecular Pummerer reaction (path a)422 (equation 245). In this 
case, an intramolecular 1 ,4-sigmatropic rearrangement (path b) is less likely, 
although it cannot be ruled out completely. A partially stereoselective 
1,4-sigmatropic rearrangement of a 10-aryl group is seen in the reaction of an 
optically active 1 0-aryl 10-thioxanthenium salt with base423. 

Sulphides are known to form addition complexes on treatment with halogens, and 
sulphides bearing a-methylene hydrogens usually react further to form 
a-halosulphides. This type of reaction can be classified as a Pummerer reaction of 
halosulphonium salts (equation 246). 

Not only chlorine424427 and bromineJ’6.428. but also sulphuryl chloride42s.42y433. 
3-iodopyridine-chlorine complex434, NCS435-J42, and NBS433”.443 can serve as 
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0 

AczO/AcOH(Z: 1) 
c 

H C02R' 

(1591 

J 
(1601 

(2441 

-- RNHp-&oAc 0 + RNHp-&oAc 0 

H % 0 g R '  COgR' 

(3: 1 1  

a=[rn-rn] I 

-NTs 
I1 
N Ts 

II 
NTs 

(161 1 -./ \. b 
(2451 

NHTs 

R-S-CH3 -I- Xg R-~ -CH3X- -R-~ -cH2  + HX - R-S-CH2X 

(2461 

halogenating agents and afford a-halosulphides. Sometimes further halogenations, 
depending on the reaction conditions, are known to occur, giving di- or 
t r i h a l o g e n o ~ u l p h i d e s ~ ~ ~ . ~ ~ ~ . ~ ~ ~ ~ ~ .  Some investigations have presented strong 
evidence that the rate-determining step is proton removal. Tuleen and Marcum, for 
example, showed that in the chlorination of a-d,-benzyl phenyl sulphide with NCS, 
the kinetic isotope effect was about 5.3-5.9438 (equation 247). 

I 
X 

I 
X 

Ph-CHD-S-Ph + NCS - Ph-CD-S-Ph + Ph-CH-S-Ph (2471 
I 

CI 
I 
CI 

In the reaction of a.a-d2-thiolane with halogens in methanol to form the 
a-halothiolane. the competitive isotope effect was 5.1 with chlorine and 3.6 with 

Involvement of the halosulphonium ylide intermediate was confirmed by a recent 
spectroscopic identification o f  the ylide 162 in the reaction of 1.3-dithiane with 
sulphuryl chlorideJJ4 (equation 249). 

(equation 248). 
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q--&; H 
+ CI2 - "&&: H CI- - Q- + HCI - 

I 
CI 

I 
CI 

(248) 

CI 

In a special case, a sulphur-stabilized carbonium ion was isolated in the reaction of 
the sulphide 163 with sulphuryl chloride, since the thiapyrilium salt produced 164 is 

(equation 250). 

Initial formation of the halosulphonium salt and the subsequent proton removal to 
form the halosulphonium ylide are similar to the usual Pummerer reaction of 
sulphoxides. The manner of the subsequent migration of halogen from sulphur to 
a-carbon, whether intramolecular or intermolecular, has not been fully investigated, 
however. 

An interesting problem is the regioselectivity of the Pummerer a-halogenation of 
sulphides. Some data have suggested that migration of halogen takes place to the 
more alkylated u-carbon atom, contrary to the course of the usual Pummerer 
reaction of sulphoxides with acetic anhydride (see above). An example441 is shown in 
equation 251. In this case, heterolytic cleavage of the S-CI bond would be easy, 

+ 
'Me -dC01 - , Me 

Me - S-CH. + N C S  - Me-S -CH 
1 'Me \co 'Me 

* 
CI 

+ / M e  
Me-S=C 

'Me 

- Me-S-C ,Me 

I 'Me 
CI 
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while the base available to remove the a-proton is weak. The situation resembles 
Saytzeff elimination of alkyl halides with bases446. Hence, the transition state 165 
should be stabilized by a-alkyl substituents, since both R conjugation and a partial 
positive charge are developed at the a-carbon in the transition state. 

In the reaction of sulphoxides with hydrochloric acid in the presence of molecular 
sieves which yields a-chlorosulphides, chlorination takes place preferentially at the 
a-carbon with the greater number of alkyl s u b ~ t i t u e n t s ~ ~ ~ .  This situation is analogous, 
since the initial step of the reaction between the sulphoxide and hydrochloric acid is 
presumably the formation of the corresponding chlorosulphonium salt (see 
Section IIIA2b), which subsquently undergoes elimination. 

There are many other examples of a-halogenation of sulphoxides with 
various halogenating agents via the Pummerer reaction. Various carboxylic 
acid ~ h l o r i d e s ~ ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~ ,  s ~ l p h e n y l ~ ~ ~ . ~ ~ ~ ,  sulphiny14s1, and sulphonyl 
~ h l o r i d e s ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ ,  thionyl chloride429~436.4s4.4ss, boron t r i c h l ~ r i d e ~ ~ ~ ,  chloro- 
s i l a n e ~ ~ ~ ~ ~ ~ ,  and phosphorus and phosphoryl ~ h l o r i d e s ~ ~ ~ ~ ~ . ~ ~ ~ * ~ ~ ~ . ~ ~ ~  have been used 
successfully. 

As in the abnormal Pummerer reaction of penam sulphoxide, ring enlargement of 
five-membered sulphur heterocycles appears to proceed by an abnormal Pummerer 
reaction via the chlorosulphonium salt (equations 2j2460, 2537’, and 25446*). 

+ ClNHCOOEt - 
R = H, Ph 

(253) 

Ac Ac 

Dithioacetic acid is a fairly strong acid (pK1 = 2.55) and has a strong nucleophilic 
thiol group. Therefore, it can add to nucleophilic alkenes and undergo Michael 
addition with electrophilic alkenes very readily462. It is a strong reducing agent and 
reduces sulphoxides and sulphimides to the sulphides even at  low temperatures462. 
When phenyl vinyl sulphoxide reacts with dithioacetic acid (2 mol) a t  room 
temperature, an exothermic reaction takes place and 1,2-bis(dithioacetoxy)ethyl 
phenyl sulphide 166 is obtained q~an t i t a t ive ly~~’  (equation 255). 

Ph-S-CHZCH2 + 2 Me-C-SH - Ph-S-CH -CH2-S-C-Me + H20  (255) 
I II 
S-C-Me S 

I I  
S 

I 1  
0 

II 
S 

(166) 

This reaction is considered to proceed via initial protonation at the sulphoxide 
oxygen to form a sulphonium salt 167, followed by addition of dithioacetate to  give 
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the Purnrnerer intermediate 168, which is eventually attacked by another molecule 
of dithioactic acid to yield the final (equation 256). 

+ 
Ph-S-CH=CH;! + Me-C-SH - Ph-S-CH=CH;! + MeCS2- 

I 
O H  

I1 
S 

II 
0 

(167) 

M e C S 2 H  
Ph -S- CH -CH2SC(SIMe - Ph - ;=CH - CH;! SC(S)Me c (2561 

-OH 

(168) 

[ 6 H  

Ph-S-CH- CHzSC(S)Me 

SC(S)Me 

(? 5s) 

I 

Similar Purnmerer addition reactions are known, as shown in equations 257463, 
258461, and 259465. 

0 

CI OAc 
II 

Q=sp" E. r.t. o + s - p h  dioxan- A 
- &-;:COOMe (257) 

0 COOMe COOMe H20. ref lux 

30% R O H  H C I  . m + P h  

OR OR 
0 0 

R = Et. one diastereorner 

R = Me, diastereomer ratio 57 : 25 

Addition of methoxide ion to phenyl vinyl rnethoxysulphoniurn salt results in the 
formation of the Purnrnerer product, into which 8.3% of deuterium was incorporated 
on reaction of the alkoxysulphoniurn salt in methanol-dl. This implies that 
protonation of the ylide 169 to afford the P-substituted alkoxysulphoniurn salt 170 
is also involved as a ~ide-reaction'.~ (equation 260). 
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Meo-/MeoH 
Ph-i-CH=CH2 BF4 - Ph-S-CHCH20Me 

I I 
0 Me OMe 

\- / (260) 

MeOH 

Ph-g-CHCH20Me Ph-g-CCH2CH20Me 
I 
OMe 

I 
OMe 

(1691 (170) 

2. Sommelet-Hauser rearrangement 
When phenol is treated with DMSO-DCC in the presence of acid, a 

Sommelet-Hauser type of rearrangement reaction occurs466,467 to give four products, 
as shown in equation 261. 

?H 

DMSO - DCC- H+ 
c 

27% 17% 4% 

(2611 

4% 

Other  alkyl-substituted phenols and o- and p-nitrophenols were also found to be 
oxidized to the corresponding 2-methylthiomethylphenol derivatives in moderate 
yields o n  similar treatment466.468. Other alkyl sulphoxides. such as dibenzyl, 
tetramethylene, benzyl methyl, methyl phenyl, and r-butyl methyl sulphoxide, were 
also found to  be subject to the Sommelet-Hauser rearrangement, although the 
reaction proceeded sluggishly468 (equation 262). a-Naphthol gave the bis(methy1- 
thiom'ethyl) compound as a major (equation 263). 

The  reaction products can be quantitatively reduced with Raney nickel to give 
2-alkyl-substituted phenoW6.  while 1.3-oxathiane derivatives were generally formed 
as minor products. 

The mechanism of the reaction is suggested to involve attack of DMSO on 
protonated D C C  to give an alkoxysulphonium salt 171. which is then attacked by 
phenol at the sulphur atom to give the phenoxysulphonium salt 172. Subsequent 
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CH2SCH3 

CH2SCH3 -t 
DMSO-OCC-H+ & 

4 3% 

645 

0 

dYHz SCH3 

16% 

5.7% 

a-proton abstraction from the salt 172 and attack of the ylide carbanion on the 
ortho position of phenol yields the dienone derivative 173, which eventually affords 
the rearrangement product by r e - a r ~ r n a t i z a t i o n ~ ~ ~ - ~ ~ ~  (equation 264). 

t PhOH + 

I 
R-N=C=N-R.H+  f DMSO - CH3- S - CH3 - CH3-7-CH3 

0 
I 

I 

0 
I 

RNH-C=N--R 

(171) 

In the reaction of 2,6-disubstituted phenols, the intermediate dienone derivative 
174 can be isolated generally in high yields, and then converted into the 
p-methylthiomethyl phenol derivative 175 quantitatively on treatment with 
trifluoroacetic acid or concentrated hydrochloric acid466.47n (equation 265). 

Transfer of the methylthiomethyl group from the intermediate 174 to the product 
175 was found to be intermolecular in a cross-over experiment. When the dienone 
174 was treated with five-fold excess of 2,6-dimethylphenol in the presence of a 
trace amount of trifluoroacetic acid. the reaction occurred spontaneously to give the 
cross-over product 4-methylthiomethyl-2.6-dimethylphenol in 33% yield. together 
with the 175 in 67% yield47n (equation 265). 

Formation of a 1.3-benzoxathiane derivative was esplained tentatively as shown in 
equation 266. since 2.4.6-trichlorophenol gives 176 in 42% yield by the same 
treatmentJ70. Possible involvement of an intermediate such as 177 was also 
suggested4 * 7.467. 
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DMSO-DCC--H+ M e a 2 s c H 3  ti+ 

* - 
Me Me Me' "Me 

(174) 

Me&Me 

L 

OH 

O H  

OH 

67% 

c+ci CI 

DMSO- 

DCC-ti+ 
- 

33% 

f 
CH3-S-CH3 

I 

cl@c' CI 

(265) - Me Me*Me Me 

C H 2 SC H3 

(175) 

CH3 - 6- CH2 
I -H + - 
? 

cl'& I 
CI 
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Methylthiomethylation of phenols with DMSO has also been performed in the 
presence of DCC-pyridinium t r i f l ~ o r o a c e t a t e ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ ,  acetic a n h ~ d r i d e ~ ~ M 7 3 ,  
trifluoroacetic anhydrideJL6, phenyl c h l o r o ~ a r b o n a t e ~ ~ ~ ,  or pyrididine-SO, 
complexJ74, and by extensive heating with DMS0475.476. 

orrho-Methylthiomethylation of phenols was also found to occur on treatment with 
either the azasulphonium salt or the chlorosulphonium salt (equation 267). Several 
o- and p-substituted phenols were thus converted into the corresponding 
2-methylthiomethyl phenol derivatives in 49-73% yields477. 

CH3- S-CH3 I 
CI- 6 Et3N &cHzscH3 - ", + 

R R 
O = ?iC =O 

(2671 

Reaction of dimethyl sulphoxide with dinitro- and trinitrochlorobenzene was 
reported to afford the corresponding phenol derivatives, together with 
methylthiomethyl- and formyl-substituted phenols and thioanisoles as side-products. 
via initial formation of aryloxysulphonium salts478 (equation 268). 4 - -..4 + 6 + 6 + 4 

(NO;!), (NO2 1, CH3SCHz (NOzI, OHC (N021n CH3S (NOzI, 

n = 2 , 3  (2681 

Phenols and naphthols are known to give 0- and p-dimethylsulphoniophenols or 
-naphthols by treatment either with dimethyl sulphoxide in the presence of acid47y 
(equation 269): with an azasulphonium salts9 (equation 270), or  with the 
chlorosulphonium salt76.480 (equation 271). 

It was shown by Gassman's group and independently by Johnson's group that the 
azasulphonium salt undergoes the Sommelet-Hauser rearrangement. Johnson et al. 
reported that when the azasulphonium salt, prepared by treatment of the adduct 
between dimethyl sulphide and N-chlorobenzotriazole with aniline was allowed to 
react with NaH in THR,  the Moffatt-Pfitzner reaction product was obtained 
quantitativelyZS (equation 272). 

Gassman et al. reported an alternative route for the Sommelet-Hauser 
rearrangement of the azasulphonium salt. When the salt, prepared by the reaction 
between N-chloro-N-r-butylaniline and alkyl sulphide. was treated with bases such 

+ 
SMe - OH Me-S-Me X- 

on 

(2691 Me---Me X- + - 4 - ?  ', 5056 

OH 
I 

I 
OH 

O H  
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+ 
M e - S - M e  CI- 

M e - $ - M e  CI- # 
I 
N 

M e - S - M e  CI- o=c;;F=o 

I 
OH 

M e - S - M e  X- - 

Me-;-Me X- + 6 - R&oH - or OH 13 Rh 
(271 1 I 

CI 

H x- = CI-, S b C l S  

R = M e ,  M e O ,  H 

as methoxide in methanol o r  diethylamine, 2-methylthiomethyl-N-t-butylaniline was 
obtained q ~ a n t i t a t i v e l y ~ ~ .  Subsequently, Gassman and coworkers carried out  an 
extensive study of the Sommelet-Hauser rearrangement of azasulphonium salts. 

The general procedure involves the five steps (equation 273): (1) 
mono-N-chlorination of the aniline with a suitable halogenating agent; (2) 
conversion of the N-chloroaniline into an azasulphonium salt by reaction with a 
dialkyl sulphide; (3) treatment of the azasulphonium salt with base to yield an 
azasulphonium ylide 178; (4) Sommelet-Hauser rearrangement of the ylide t o  
produce a substituted dienoneimine 179; and (5) hydrogen transfer resulting in 
re-aromatization of the dienoneimine to  give the o-alkylthioalkyl aniline. Raney nickel 
reduction then produces the ortho-alkylated aniline. Yields range from good to 
excellentJX1.J*2. 

Synthetically useful extensions of this procedure have been reported: indole 
derivatives result from anilines and P-ketosulphidesJ8Mx6 (equation 274). oxindoles 
from anilines and P-alkoxycarbonylsulphide~~~~~~*~. carbostryrils from anilines and 
y-alkoxycarbonylsulphidesJYn. and 2-aminopyridinesJY1 are alkylated at the 
3-position. 
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SMe YH2 (1) CEuOCl/MeSCH2COR 

Raney NI 

R 

(274) 

I 
H 

I 
H 

Treatment of anilines with chlorine complexes of P-ketosulphides, 
f3-carboalkoxysulphides and dialkyl sulphides similarly gives indoles, oxindoles, and 
alkylated anilines in good yield~J92.~93, Phenol was converted into 
2-methyl-3-methylthiobenzofuran in 12% yield by treatment with NCS and 
m e t h y l t h i o a ~ e t o n e ~ ~ ~ .  Selective ortho-formylation of anilinesJY5 and phenolsJg6 can 
be similarly performed with 21-50% overall yields (equation 275). 

NHAc 
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A major limitation to  this synthetic procedure is the tendency for alkene formation 
when the alkyl group bonded to the sulphur atom of the azasulphonium salt bears 
p-hydrogens. Formation of alkene presumably proceeds via Ei elimination of the 
sulphimide formed by in situ deprotonation of the azasulphonium salt482. However, 
alkene formation can be prevented by the use of acetic anhydride or methyl 
c h l ~ r o f o r r n a t e ~ ~ ~ .  

When p-toluenesulphonanilides were treated with the DMSO-DCC-H+ system, 
the compounds 180 and 181 were obtained in 24% and 27% yields, respectively, 
presumably via the ylide 182. The anilide with two o-methyl groups gave the 
N-methylthiomethylsulphonamide in 21 % yield a t  half-completion of the reactiong9 
(equation 276). 

CH3- s’-CH2 

p-TolS02NH 
DCC--H+ 

Me Me 

- p-TolS02N 
I+ 

DMSO 

DCC-ti+ 

CH2 
Me I Me 

CH3S 

b p-Tol SO 2N H- 

The Moffatt-Pfitzner reaction also takes place by treatment of sulphimides with 
base in aprotic solvents or without base in protic media498. The rate of the 
rearrangement was found to depend on the ease of proton abstraction from the 
S-alkyl group ( k d k D  = 2.5-3.3 for X = CI), and to decrease when 
electron-withdrawing substituents were present in the aniline. The rate of 
rearrangement of the azasulphonium ylide was also found to be greater than that of 
its re-protonationJgY (equation 277). 

r 1 

(CD3 )CH3 - S - CH3 (CD3) 
slow 

N I I  - -I++ 1 c H 3 4 E H 2 ]  +cH2scH3 (277) 

Sulphimides 183 and 184 gave the respective rearranged products 185 and 186 

8 CI 

CI 

stereoselectively. via a suprafacial [ 2.31-sigmatropic shift”)” (equation 278). 
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(183) 
CI BNH2 

(278) 

/ 
NH2 

(1 86) 

With 2,6-dimethylanilinosulphimides 187, unstable 2,4-cyclohexadienone imines 
188 were successfuIIy i ~ o l a t e d ~ ~ ~ . ~ ~ ~ .  When an optically active sulphimide 187 was 
used, a partially optically active product 188 was obtainedso3 (equation 279). 

E t - S - C H 3  
II 

KO H "'eMe re1 EtOH lux1 ng 

I 
CI 

[ a l ~  +10.7O 
(279) 

Diethyl N-aryl sulphimides were found to give the Pummerer product in 98% yield 
on treatment with triethylaminesO' (equation 280). 

CH3CH2-  S -CH2CH3 CH3CH2-  S -CHCHj  
I 

NH 
I I  
Y I 

Et g N  

I 

(280) 

CI CI 

E. Kcrrnblurn Oxidation 
When alkyl halides are heated with dimethyl sulphoxide, alkylation takes place 

either at sulphur o r  oxygen. depending on the alkylating agent. Only with methyl 
halides is extensive formation of the S-alkylated product observed"'; with others, the 
reaction appears to proceed via an unstable alkoxysulphonium salt. which on further 
reaction affords an aldehyde and dimethyl sulphide5~5n4~s"5 (equation 281). 

RCH2X + Me-S-Me 100- N a H C O ~  160 O C  - [Me-i i ; ;  X-]  - RCHO + MeSMe 
It 
0 

(281) 
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This reaction can therefore be used as a covenient procedure for the preparation 
of aldehydes. Since Kornblum et af. showed that treatment of p-bromophenacyl 
bromide with DMSO gives phenyl glyoxal in a good yieldsso6, this reaction has been 
used extensivelyso7 (equation 282). The reaction can be applied not only to alkyl 
halides, but also to alkyl tosylates and other similar compounds with or without a 
base such a s  NaHC03508-516. 

r 1 

B r O G - C H O  i- MeSMe 

0 

Simple alkyl chlorides and bromides are inert to DMSO even at  relatively high 
temperatures, but are converted into the corresponding aldehydes in the presence of 
AgBF,"' or AgC1045'8. AgN03 cannot be used as a catalyst because of the 
nucleophilicity of nitrate ion519. Simple alkyl halides can be oxidized with DMSO 
after intial conversion of alkyl halides into the corresponding alkyl tosylates by 
treatment with silver tosylateso7. 

The  reaction has been shown to proceed through initial formation of the 
alkoxysulphonium salt. In the subsequent step, there are two conceivable routes 
(equation- 2 8 3). 

RCH2X -I- Me-S-Me - 
I1 
0 

+ 
Me-S-Me X- 

I 
OCH2R 

path A 4- 
Me-S-Me X- - 

I 
OCH,R 

+ 
Me-S-Me 

LI 
0-CHR 

CI 
H I  

X -  

--HX - RCHO + MeSMe 

The use of DMSO-d6 for this reaction revealed that the reaction of primary halides 
such as isobutyl derivatives apparently proceeds via path B. and results in the 
formation of CD3SCD2H. while that of the p-bromophenacyl compound proceeds via 
path A and dimethyl sulphide-dh is recovered 

Johnson and Phillips made similar observations on  the reaction proceeding via 
path B2.' (equation 285). They also found that diphenyl methoxysulphonium 
tetrafluoroborate give no formaldehyde on treatment with sodium methoxide in 

(equation 284). 



CH3-6-CH3 BF4 - N a H  CH3-S-CH3 4- C H z 0  . 
DMSO I .  

OCH3 

5 = 14C label 

(285) 

methanol, but was converted into diphenyl sulphoxide and presumably dimethyl 
ether. Thus, in order for oxidation to occur, the alkoxysulphonium salt seems to have 
to bear a hydrogen a to the sulphur atom3 (equation 286). 

Ph- i -Ph  6F4 - Ph-S-Ph + [MeOMe] (2861 
NaOMe 

MeOH II 
0 

I 
OMe 

DMSO-NaHC03 mixture is known to oxidize both primary and secondary alkyl 
tosylates to the corresponding carbonyl compounds. The tosylate 189 is an interesting 
exception. It gives the cyclic carbonate 190, indicating that bicarbonate anion is a 
better nucleophile than DMS0521.522 (equation 287). 

CH20Ts - / 
O H  o-c=o 

(287) 

(189) (190) 

Oxidation of secondary halides and tosylates by this reaction is not generally useful 
for synthetic purposes, since elimination to alkene competes and in some cases 
becomes the major rea~tion”~”’2.’23.52~. 

a-0x0 secondary halides, however, were oxidized to the enolized a-diketones5I2 in 
satisfactory yields. Carbonyl-substituted active methylene compounds were also 
oxidized to di- or tricarbonyl compounds on heating with DMSO in the presence of 
either hydrogen bromide”’-s or iodine“6. The reaction is considered to proceed 
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through halogenation at  the a-position of the carbonyl group and subsequent 
Kornblum oxidation. a-Picoline derivatives also gave the corresponding aldehydes in 
30-36% yieldssz7 (equation 388). 

DMSO/HBr 

95% 
PhCH2- C-Ph * Ph-C-C-Ph 

II II 
0 0  

II 
0 

DMS0112 

80% 
Ph -C-CHg-C-Ph * Ph-C-C-C-Ph 

I1 I1 II 
0 0 0  

II 
0 

II 
0 

CH2 I 

(288) 

Reaction of 2-bromocyclohexanone with DMSO in the absence of base afforded 
1-bromo-2-hydroxycyclohex-l-ene-3-one in 34% yield, presumably via further 
bromination of the diketone initially formedsz8 (equation 289). 

( 289 ) 

When epoxides were dissolved in anhydrous DMEO and treated with a catalytic 
amount of born trifuoride. the a-hydroxyketones were obtained in fairly good yields. 
The reaction was presumed to proceed as shown in equation 290s29. DMSO has also 

,O + Me-S-Me - BFg [ s " ; . . i B F 3 ]  - aH + MeSMe 

II I \O -SMe2 0 - 0  (2901 

been employed for the oxidation of a variety of epoxides to a-hydroxyaldehydes and 
a-hydroxyketones in the presence of acid  catalyst^^^^^^^. Swern and coworkers 
isolated the salts 191 from the reaction of epoxides with DMSO in the presence of a 
strong This was then converted into the a-hydroxyketone by treatment with 
base" (equation 29 1 ). 

R 
Me-S-Me + 'C-C /" 5 Me---Me X- - R-C-CR'R"  + MeSMe 

I1 I 
0 O H  

H/ \ /  \ R "  I 
0 o c H R c H R ' R " 

I/ 
0 

(191 1 (291) 

I .4-Cyclohesadiene dioxide was oxidized with DMSO but further dehydration 
took place to give catechol in 75% yield'-" (equation 292). 

O o + M e - a - M e  - 125 "C 

0 O H  

(292) 
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Benzyl alcohols were shown by Traynelis er nl. to be selectively oxidized to the 

corresponding aldehydes by refluxing the alcohols in DMSO in a stream of airs3b; 
benzyl alcohol was converted into benzaldehyde (SO%), and cinnamyl alcohol into 
cinnamaldehyde (60%) without the formation of any carboxylic acid. Primary and 
secondary saturated alcohols gave the corresponding carbonyl compounds in ca. 
25% yieldss3’. A possible explanation is that the reaction involves nucleophilic 
attack of the alcohol on sulphoxide sulphur (equation 293). Rate enhancement by 

Me 

ArCH20H + Me-S-Me - 
I 1  
0 

-0 H (293) - ArCHO 4- MeSMe + H 2 0  

electron-releasing p-substituents in benzyl alcohols may be rationalized by this 
mechanism. It is hard to explain, however, why the reaction should be facilitated by 
the passage of a stream of air. 

Direct oxidation of related alcohols is known, and addition of a bivalent metal ion 
such as mercury 11 generally facilitates the oxidation of benzyl alcohol, cyclohexanol, 
and s e c - b u t a n ~ l ~ ~ ~ .  Oxidation of benzyl alcohol with DMSO is also facilitated by 
strong acids539. 

Tertiary alcohols are also dehydrated in good yields on refluxing in DMS0359. 
Aziridines are oxidized bv treatment with DMSO. as shown in eauations 2945J0 

and 29SS4’. 

- 1 Ph- CH - CH2 

‘N’ H 

7 :B 
I 
Co C6 H4 NO 2-P 

Ph - C -CH2NHCOAr + MeSMe 
II 
0 

Base-catalysed oxidation of 2,5-dimethylquinolyl acetate by DMSO 
interesting reactions4’. It is presumed to proceed as shown in equation 296. 

n- 

bCH3 + MeSMe 

0 HC Me2S - 0 - CH2 
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There are a few other examples of the Kornblum oxidation. Ketene and ketene 
imine were shown to give the corresponding a-hydroxy acid derivatives in 
DMSO-H20 solution under acidic conditions543; a-chlorooximes also gave benzoic 
acids on heating with DMSO a t  150°C544 and benzylic N-tosyl sulphimides gave 
benzaldehyde nearly quantitatively on heating with DMSO at 1 80°C545. 

Generally, drastic conditions are necessary for direct oxidation of alcohols, with 
DMSO and the yields are generally low. On addition of a strong electrophile such as 
DCC to the reaction, DMSO is initially converted into a more reactive 
alkoxysulphonium salt 192, which is easily attacked by alcohols to afford the 
alkoxysulphonium salt 193. The resultant salt 193 undergoes ready elimination in 
base to give the corresponding carbonyl compound and dimethyl sulphide. Overall 
the reaction is a ready oxidation of alcohols to the corresponding carbonyl 
derivatives under mild conditions (equation 297). 

RzCHOH 
Me-S-Me + E+ - Me-;--Me * 

I 
OE 

.!192) 

II 
0 

+ base 
Me---Me - R-C-R + Me-S-Me 

I II 
OCHR;! 0 

(193) 

E+ = electrophile 

This modified procedure of DMSO oxidation has been widely used in the 
syntheses of carbohydrates, nucleosides, nucleotides, and alkaloids. Several oxidation 
systems of DMSO with different electrophiles have been developed and interesting 
results have been obtained. The  following are well known electrophile-DMSO 
systems: DCC (Pf i t~ne r -Mof fa t t )~~””~~ ,  acetic anhydride ( A l b r i g h t - G ~ l d m a n ) ~ ~ ~ ~ ~ ~ ~ ,  
P205  ( O n ~ d e r a ) ~ ~ l - ~ ~ ~ ,  SO3-pyridine method (Pa r ikh -D~er ing )~~~ ,  ketenimine- 
ynamine method (Harmon)555, mercury(I1) acetate538, chlorine (C~rey-Kim)~’~,  
triflate35, trifluoroacetic a n h ~ d r i d e ~ ” - ~ ~ ~ ,  methanesulphonic anhydride methods60, 
and oxalyl chloride561. 

A detailed mechanistic study has been carried out on the DMSO-DCC system. 
180-labelled DMSO the oxygen atom of DMSO was transferred to DCC. A 
deuterium tracer experiment showed that butanol-l,l-d2 gave butyl aldehyde-d, and 
dimethyl sulphide-dl while DMSO-d6 gave dicyclohexylurea-dl and dimethyl 
sulphide-ds s62.s63. These observations suggest a mechanism which involves the 
alkoxysulphonium intermediate (equation 298). 

The reaction is presumed to proceed through initial formation of the DMSO-DCC 
adduct 194. On the attack of alcohol at the sulphur atom of 194, the  ylide 197 is 
formed and subsequent intramolecular proton abstraction within 197 eventually gives 
the carbonyl compound and dimethyl sulphide. For formation of the ylide 
intermediate 197 two mechanisms were proposed. One is the concerted mechanism 
as in 195; the other is the stepwise route via a sulphurane intermediate 196563. 

Sweat and Epstein studied the DMSO-DCC oxidation system using tritiated 
cholestanol and found the incorporation of tritium into dimethyl sulphide to be about 
3 0 4 0 Y n .  suggesting that path A is favoured over path B”‘ (equation 299). 

Albright and Goldman showed that oxidation of ’sO-labelled alcohol with 
DMSO-DCC gave the aldehyde with retention of the isotope””. 
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CH3\+ 
,s-0- 

CH3 

+ 
CD3-S-CD2 + RNHCONDR - R'CHO + C D J S C D ~ H  

=I 
0 

I 
R' 

OCH2 R' 

C=NR 

N H R  

H O  CFjCO; CgHsNH' - CH3\+ /s-o &' &' T CH3 T 

DMSO-DCC 

(298) 

0 &' (299) 

+CH3SCH2T 

0 

Barton et (11. found that hydroxyl compounds were initially converted into their 
chloroformate esters, which were treated with DMSO and then triethylamine at 
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room temperature, resulting eventually in formation of the carbonyl compounds in 
65-70% yield+ (equation 300). 

DMSO -c02 RpCHOH + COC1p - RpCHOCOCl - Me-;-Me ci- - 
I 

0-C-OCHRp 
II 
0 (300) 

Et N 

r.t. 
Me-<-Me CI- 2 R-C--R + MeSMe 

I1 I 
OCH R p  0 

Barton and Forbes improved the chloroformate-DMSO procedure through the use 
of propylene oxide as an acid scavengeP6. The application of Barton's original 
procedure in a prostaglandin synthesis has also been reported567. 

Corey and Kim found that the azasulphonium salt 198, prepared in situ from 
dimethyl sulphide and NCS, when treated with an alcohol in the presence of 
triethylamine, caused oxidation to the carbonyl compound via initial conversion to 
the alkoxysulphonium sa1t568*s69 (equation 301). 

0 "c + R2ctioH 
MeSMe + NCS - Me-S-Me CI- - 

-25 "C I 

Et N 

-25 C 
Me-;--Me CI- R-C-R + MeSMe 

II I 
OCHR;! 0 

Catechols and hydroquinone were shown to be oxidized with the dimethyl 
sulphide-NCS system to the quinones in quantitative yields after addition of 
triethylamine60 (equation 302). 

R' R '  

A 
salt 

deuterium tracer experiment using the hexadeuterated dimethyl azasulphonium 
199 showed that dimethyl sulphide-NCS oxidation proceeded through the 

I 

alkoxysulphonium ylide 200570 iequaiion 303). 
In the absence of base in the dimethyl sulphide-NCS system, alkyl halides were 

found to be produced regioselectively; the alcohol 201 gave only the allylic 
chlorides7' (equation 304). Alkyl bromides were obtained in 80-90% yields by 
treatment of alcohols with the dimethyl sulphide-NBS system57'. 

Ally1 alcohols 202 were quantitatively chlorinated at the allylic position by 
treatment with dimethyl sulphide and NCS57'.s73 (equation 305). 

An equimolar adduct of dimethyl sulphide and bromine can brominate an optically 
active secondary alcohol and afford the corresponding alkyl bromide with inversion of 
configuration (optical yield 91 %)s74 (equation 306). 

The dimethyl sulphide-chlorine complex and the methyl phenyl sulphidexhlorine 
complex oxidize 1.2-diols to a-hydroxyketones in good yields'75 (equation 307). The 
reaction is considered to proceed via initial formation of the alkoxysulphonium salt 
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OH 

+ CD3-S-CD2H 

ci- - 

* 

65 9 

CI- 

(200) 

* + Me-S-Me 
\ /H 

Me 
MeSMe/NCS 

c=c 
/ H  

\C=C 

HOCH2CH2 \CH20H 

Me 

II 
\CH,CI 0 

/ 
H O C H ~ C H ~  

/ CH2C12. -20 to  0 "C 

87% vield 

(201 1 

R /CH2CI 
MeSMe/NCS \ 

R -CH - C = CH2 * /c=c 
CH2C12. 0 "C 

OH I 1  CHO H \CHO 

C6H1 3 
I + 

I 
OCH R R' 

I 

(S) 

Me-S-Me.Br2 + M e - C I O H  - Me-S-Me Br- 

H 

(304) 

(305) 

(306) 

(307) 

as in oxidation with the dimethyl sulphide-NCS system. The methyl phenyl 
sulphide-chlorine complex was also found to oxidize epoxides to a-chlorocarbonyl 
compounds by treatment with triethylamine. and on treatment with aqueous 
N a H C 0 3  the a-chloro-alcohol was obtained quantitatively via hydrolysis of the 
intermediate 0-chloroalkoxysulphonium saltJER. 
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Polymer-bound thioanisole-chlorine complex 203 has been recommended for 
effective oxidation of sensitive alcohols to labile aldehydes in high yields576 
(equation 308). 

c12 (308) 
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I. INTRODUCTION 

Sulphonium salts and the ylides derived from them have become increasingly useful 
and important in organic synthesis since the demonstration in 1962 by Corey and 
Chaykovsky of the easy preparation and highly selective methylene transfer 
capabiljties of dimethyllsulphonium and dimethyloxosulphonium methylides 
(Me2SCH2 and Me2S(0)CH2, respectively'. Other chapters in this book deal with 
mechanistic aspects of reactions of sulphonium and heterosulphonium salts and 
ylides and introduce a number of synthetic uses of these reagents. This chapter will 
concentrate on recent applications (to the end of 1978) of these sulphonium 

673 
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reagents in the synthesis of a wide range of organic molecules. Coverage will not be 
encylopaediac because of the availability of other recent reviews of this subject2. 

il. SYNTHETIC APPLICATIONS OF SULPHONIUM SALTS 

A. Alkylation: Inter- and Intramolecular 
The best known synthetic application of sulphonium salts involves their 

deprotonation to sulphonium ylides which then undergo various reactions (to be 
considered in Section 111) such as carbonyl addition followed by intramolecular 
displacement of sulphide in the resulting sulphonium salt betaine (equation l), a 

+ Me2S 

reaction already discussed in Chapter 12. In contrasting the reactions of sulphur 
and of phosphorus ylides (the Wittig reaction) with ketones, the superior 
leaving-group ability of sulphides compared with phosphines is in part responsible 
for the different paths taken in these two reactions?”. Sulphonium salts are in fact 
excellent alkylating agents. undergoing ready S N ~  attack a t  carbon by a variety of 
nucleophiles in intermolecular processes as well as in intramolecular processes such 
as shown in equation 1. 

In living systems S-adenosyl-L-methionine (1) serves as the alkyl donor in enzyme 
catalysed transmethylation reactions (Chapter 17); intramolecular displacement of 
thiomethyl adenosine is also possible (equation 2)3. It has been known for some 

A 

{Lo-c=o 

0 + Adenosine--- Me ( 2 )  
I 

QH3+ 

+n 

Me 

Adenosine -S -CH2CH2CH(NH3+) - 
I 

(1 I 

time that N- and 0-methylation occur on treatment of various amino and hydroxyl 
compounds with sulphur yiides (equations 3-6)4. These reactions are thought to 
involve deprotonation followed by alkylation of the heteroanion by the 

+ -0 + 
Me2S(O)CH2 + PhCH=N -NHPh - PhCH=N-NPh + Me-S(O)MeZ - u (3) 

PhCH=N-N(Me)Ph + Me2SO 

86% 



16. Synthetic applications of sulphonium salts and sulphonium ylides 675 

A I 
Me 

90% 

simultaneously formed sulphonium or oxosulphonium salt (equation 3). 
Trimethylsulphonium hydroxide (‘MSH’) can also function as a useful methylating 
agent and model for S-adenosylmethionine (equation 7)5. In connection with the 

Me3S’OH- 4- RXH 70-120Dc - RXMe + H 2 0  i- Me2S (7) 

examples given in Table 1 involving methylation by ‘MSH’, it can be noted that the 
reagent is cheap and easily produced, separation and purification of products are 
simple, and the reactions are rapid and nearly quantitative. The methylation 
apparently works best when RXH has a pK, less than 12. 

As previously indicated, intramolecular displacement of sulphide is a common 
reaction of sulphonium salts. Additional examples are given in equations 86, g7, 
lo8, 1lY, 122, 131°, and 1414, illustrating both synthetic and mechanistic aspects of 
displacements involving oxygen or carbon nucleophiles. 

PiiCOCH(Me)SMe 
(1) MeMgBr 

(2) Me1 
PhC(Me)CH(Me)iMez O M S 0  

I 
OH 

+ MeSCHzCHzC(Ph1 =CHMe 
Me 

50% (from dehydration and ylide arrangement) 
6% 

TABLE 1. Methylation with trimethyl sulphonium hydroxide. M ~ ~ s ~ 0 H - j  

Reactant Conditions Product Yield (96) 

HOCHZCH2SH 100°C. 2 0  min 
Me3CC02H 120°C. 2 0  min 

H 

N H2 
I 

110°C. 30 rnin 

70°C. 2 0  min 

100°C. 5 min 

H O C H ~ C H ~ S M C  100 
M C ~ C C O ~ M C  100 

m 
Me 

100 

y 2  

J3 Me 

84 

90 
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OH 

* 
HIIIII' P 
90% optically pure 

1- M e S ( 0 ) C H 2 N a  
H 

Ph Me 

94% optically pure 

Ph 

o +  (10) 
N a H  

THF. 0 OC 

SEt2 

3% 97% 

B, Synthesis of Alkyl Halides 
Reaction of sulphonium salts with halide ion, the reverse of the standard method 

for the preparation of sulphonium salts from sulphides and alkyl halides, can in fact 
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Me2S '-' + K C H ( C 0 2 E t ) 2  

45% 

+ NaCH(N02)Ph  - 
55% 

be developed into useful syntheses of both of these latter classes of compounds if i t  
is recognized that interchange of alkyl groups can occur (equation 15). A procedure 

A A 
R2S + R'Br z===? R2gR '  Br- ==== RBr  + RSR' 

(15) 

A A 
RSR' + R'Br R$R Br-  = RBr + R;S 

for homologation of alkyl halides involves C-alkylation of an a-thio-carbanion with 
an alkyl halide followed by 'one-pot' S-alkylation with methyl iodide and 
displacement by iodide to give the homologated alkyl halide (equation 16)". This 

/ w B r  + PhSCH2Cu - SPh 
C H j I .  N a l  

... 
DMF, A 

sequence is a key step in the stereospecific total synthesis of the dl-CI8 cecropia 
juvenile hormone (equation 17)'*: A novel variant of this reaction involves the  use 

CHBI .  DMF 

A 
- 

(17) - qx SPh C02 Me 

'PhSCHZCU' 

N B r  I 

p&-k%k I 0 

of polymeric phenylthiomethyllithium as a re-usable homologation reagent 
(equation 1 8)13. Other recent synthetic applications are summarized in equations 
1914, 2O1Sa, and 21'5b. In the last reaction (equation 21) it is necessary to employ 
the more easily alkylated thiomethyl group rather than the thiophenyl group to 
avoid secondary decomposition processes resulting in loss of Finally, it is 
noted that allylic hydroxyl functions can be selectively replaced by chloride in the 
presence of non-allylic alcohol units if the allylic oxygen is activated as an 
oxysulphonium group (equation 22)"'. 
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53% overall ca. 50% 

I 

M e l v C h H 6 c  A. 20 h b o  

90% 

H"+ OH 

t Me2S-N + J+ CI- CH2C12 -20 "c * Ho*o 
0gme2 

CI- 0 

(21 

__c 0 'c HO 4, + DMSO 
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C. Synthesis of Sulphides 
The sulphonium salt ligand interchange process depicted in general terms in 

equation 16 forms the basis for the unusual sulphide syntheses shown in equation 
2316 (one step is a vinylogous reaction) and equation 2417. Even more remarkable 

r 1 

I c104- 
Me a 2% 

is the synthesis of symmetrical and unsymmetrical dialkyl and dialkenyl sulphides 
under neutral conditions by the simple expedient of heating a neat mixture of 
sulphide and halideI8. When the sulphide is dimethyl sulphide, the by-product is the 
trimethylsulphonium salt halide, which is simply removed by filtration. Applications 
of this novel reaction are given in Table 2, and the mechanism for the formation of 
symmetrical sulphides, RzS, from RBr and MezS is shown in Scheme 1. 

A second sulphonium salt-mediated sulphide synthesis is the conversion of 
sulphoxides into sulphides via oxysulphonium saltsz1. An  example of this reaction is 
the synthesis of 2,3,5-trithiahexane, a naturally occurring component of cabbage, 

TABLE 2. Sulphide synthesis via the sulphonium salt ligand interchange route 

Halide Sulphide" Product Yield (%I) Reference 

ICHZCN 

C02Me 

Br h C02Me 

CH2Br2 
Et02CCH,Br 
EtO,CCH,Br 
PhCH2Br 
Et02CCHzBr 

Me$ 

Me$ 

MezS 
h4ezS 

Me$ 
MezSb 

Et2S 

M e S d o  

MeSCHICN 

C02Me 

MeS A 0 2  Me 

(MeSWH, 
E tOICCHzSMe 

PhCH2SMe 
EtO,CCH,SEt 

(E  tOzCCH2)zS 

96 

88 

100 

65 
89 
95 

100 
96 

19 

20 

18 

18 
18 
18 
18 
18 

"Unless othenvise indicated. a four-fold molar excess of sulphide was used. 
hMolar ratio of halide to sulphide = 3:3.  
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+ 
2RBr + 2 M q S  - 2Me2SRBr- 

M e 2 . h  Br- 4- M q S  ---+ MeSR f M e 3 i  Br- 

Me2& Br- + MeSR ---+ R2.6Me Br- + Me2S 

R2SfMe Br- + Me2S R2S + Me3; Br-4 

2 RBr + 3Me2S - R2S f 2 M e 3 3 B r - i  

SCHEME 1 

broccoli and cauliflower22, through deoxygenation of 2,3,5-trithiahexane 5-oxide 
(equation 25)”. 

CHgCOgH C6He-H20 EtgO’ 6Fq 
C l i 3  SSC H3 - CH~S(O)SCHQ * CH3S(O)CH2SSCH3 . 

A 

N a H S O j  
CH3SCH2SSCH3 

72% overall 
H20. 0 OC 

CH36(OEt)CH2SSCH3 

Ill. SYNTHETIC APPLICATIONS OF SULPHONIUM YEIDES 
This section will illustrate the use of sulphur ylides in the synthesis of a wide range 
of organic structures such as cyclophanes, heterocycles, terpenes, monosaccharides, 
gibberellic acid, prostaglandins, steroids, phenols, anilines. olefins, and carbonyl 
compounds, among others. The  generation of sulphur ylides through deprotonation 
of sulphonium salts and reaction of sulphur compounds with carbenes, benzynes, 
and other reagents has been reviewed in Chapter 12 and elsewhere2 and will not be 
explicitly considered here. For purposes of organization, synthetic applications will 
be considered in the context of the type of intermediate or reaction involved, e.g. 
thiocarbonyl ylides, carbonyl addition, Michael addition (‘cyclopropanation’), 
alkylation and other displacements, elimination (a and a$‘), fragmentation. and 
rearrangement ([ 121-, [ 1,5]-. and [2,3]-~igmatropic)~’. 

A. Synthetic Methods Involving Thiocarbonyl Ylides 
Thiocarbonyl ylides (2) may be viewed as 1.3-dipoles in which two trivalent 

carbon atoms are bonded to sulphur2-‘. Two important approaches to these 

(2) 

interesting. reactive species include fragmentation of A3- I .3,CthiadiazoIines 
(available in good yields from ketones or thioketones as shown in equation 26) and 
photocyclization of divinyl sulphides (equation 27)2a. One of the  characteristic 
reactions of thiocarbonyl yiides is closure to the valence tautomeric thiiranes, an 
electrocyclic process which occurs in  a conrotatory manner (equation 28 and 
29):!. Thiocarbonyl ylides also undergo stereospecific cycloaddition with 
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Me02C r-Bu*'"" CO2 Me 

C02Me 
,N-N\ 

Me02C 

N=?N S 

(CF3)2C=C=S + (CF312CN2 - ( C F 3 ) 2 c d ~ k c F 3  A (CF3l,C'Lf-CF3 
CF3 

(29) 

1,3-dipolarophiles providing a synthesis of various heterocycles (equation 28). Iron 
carbonyl complexes of thiocarbonyl ylides (or related delocalized species) can 
undergo Diels-Alder reactions, as seen in equation 3OZ6. 

CF3 -N2 

c o  /aPh 130' 

2, PhCHBrSCHBrPh + Fe2(CO)g PhCH .'';'" CHPh - 
FeLn Ph 

Since thiiranes can be readily desulphurized to olefins. A3- 1.3.4-thiadiazolines can 
serve as precursors to olefins, either in a two-step process with isolation of thiirane 
(equation 31"), or via a single 'two-fold extrusion' process wherein the 
A3-1 ,3.4-thiadiazoline is heated with a phosphine and sulphur extruded directly 
(equation 32)'*. A number of examples of the 'two-fold extrusion' approach to 
olefin synthesis are given in Table 3. A complication in the synthesis of highly 
hindered olefins by the 'two-fold extrusion' route is the alternative decomposition 
of A3-1.3.4-thiadiazolines to thiones and diazo compounds (a retro 1.3-dipolar 
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OAc 0 Ac 

HOAc 

H H 

HO HO 

addition process), as shown in equation 3330. A consequence of the latter reaction 
is the formation of more than one olefin from unsymmetrically substituted 
A3-l ,3,4-thiadiazolines. 

I 
(33) 

B u j P  1 3 O O C  I 
42% total 

Cyclic thiocarbonyl ylides. formed through photocyclization of divinyl sulphides, 
can undergo [ 1.4]-suprafacial hydrogen shifts. When this hydrogen shift is followed 
by desulphurization the result is a useful C-C bond-forming reaction known as 
‘heteroatom directed photoarylation’ and illustrated by the reactions in equations 
34-36”. 

B. Carbonyl Addition: Oxirane Synthesis 
Whereas phosphorus ylides react with aldehydes and ketones to give olefins via 

the well known Wittig reaction. sulphur ylides affored oxiranes under analogous 
conditions. e.g. equation 1. I n  view of the importance of oxiranes as synthetic 
intermediates and the ready availability of carbonyl compounds. oxirane formation 
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TABLE 3. Olefin synthesis via two-fold extrusion 

Overall 
yield (%) Reference Ketone (or thioketone) Olefin product 

Oo 
e0 

s3=o 
t - B u , G  S” 

R 

0 )x& 
C02Me 

R>* N 

s33cs 

0 
k02Me 

N N 

4+ 

29c 

42 2 8  

69 29a 

65  29b 

20 

9d, 

50  

68‘ 

7 3  

29d 

29e 

2 8  

29f 

7 0  29g 

8 2  29h 

“Co-reactant is diphenyldiazornethane. 
’From cis-A3-l ,3,4-thiadiazoline. 
‘Co-reactant is 2-diazopropane. 
dCo-reactant is analogous diazo compound. 

using sulphur ylides is a very useful procedure that has been studied in great detail 
both from a mechanistic and a preparative standpoint (see Chapter 12 for a 
thorough discussion). The generality of the reaction is demonstrated by the lack of 
interference from en01 ethers, acetals. amides. nitriles. divalent sulphur. and in 
some cases esters and hydroxyl and amino groups2d. Representative of synthetic 
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(34 1 

0 & Ph 

55% 

h u  + CH3COCH2C02Et - ”+ - 
? 

Et02CCH ’A 

applications of this reaction are synthesis of dl-rimuene (equation 37)32. R-styrene 
oxide (equation 38)33 [’4C]squalene oxide (equation 39)”, acorenone B (equation 
40)3s. projected dodecahedrane precursor 3 (equation 41)3h. and steroid derivative 
4 (equation 42)”. The last three reactions employ cyclopropyl sulphur ylides in the 
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!Me2 
PhCHO f A r d f r C H 2 -  - "%* 0 

I t  
0 H 

60% yield, 

20% optical purity 

(391 

Acorenone B 

(40) 

process termed 'spiroannelation'. An interesting oxirane synthesis has been recently 
descrihed using a polymeric sulphonium ylide (equation 43)38. The advantages of 
this process, which employs a three-phase system with a phase transfer catalyst, are 
ease of isolation of product from polvmeric reagent, avoidance of bad odours 
associated with volatile sulphides, and regeneration of polymeric reagent with no 
loss of activity38. One instance of intramolecular oxirane formation has been 
published recently (equation 44)39; a previous attempt to achieve this reaction led 
instead to rearranged products (equation 45)40. 

C. Michael Addition: Cyclopropane Synthesis 
Sulphonium and oxosulphonium ylides readily add to such Michael acceptors as 

a$-unsaturated ketones. esters. nitriles. isonitriles, sulphones. sulphoxides. 
sulphonamides, sulphonates, and nitro compounds to afford cyclopropanes'd. e.g. 
equations 4651. 47J2, 4g33, 4g4j. 50J5. and 51j6. All of these reactions are 
ilucleophilic cyclopropanations, which proceed best with electron-deficient olefins 
(see Chapter 12 for mechanistic details). Whereas sulphonium ylides such as 
diphenyl sulphonium methylide are normally unreactive toward olefins such as cis- 
and frnns-2-octene. i t  has been discovered that cyclopropanation does occur in the 
presence of copper salts and that these reactions are stereospecific with retention 
(equation 5247 and 53J9. Ylide 5 (equation 53) is a stable crystalline solid which 
can be stored at room temperature without special precautions." 
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p ' S p t l ,  

0 

0 4cI -4p 
0 

0 & 2 I);:Ph2 

c 

1 
1 

? 

Q. Akylation and Other Qisplacements 
Sulphur ylidcs participate in a variety of displacement reactions, in keeping with 

their carbanionic character ( e . g  equations 5449 and 5 j 5 0 ) .  Sufficiently stabilized 
sulphur ylides show reduced reactivity in alkylation reactions and in certain 
instances can even function as protecting groups, as illustrated in equation 5651. 
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9 
R'COR".  C H ~ C I ~  

BuqNf OH- 

RCH;! CHzR 

8 
I 

SCH;! R 7- 
R = H, R' = CHJ, R" = Ph 

R = R' = H, R" = Ph 

R = H, R' = R" = Ph 

R = Me, R' = R" = Ph 

(94%) 

(97%) 

(96%) 

(96%) 

3-phase system i 

A+ 
RCH; 'CHR 

F P h  
Et&HCH2 CHz CHPh COPh - 

Ph 

*,CHZ 
Me2S 

687 

(44) 

(45) 

x 
X = OH, OMe or SMe 

'46) 

30% 



688 Eric Block 

Me0 
0 

0-Dolabrin 

NaH CHz=CHCHO 

ACHO 
Ph$(O)CH2CI ~~s Ph&O)cHCI 

I I CI 
40% 

C02Me 

A C02Me CI 

NMe2 

M e 0 2 C  

(49) 

(Lo - - x (50) 

7 9% Yd \C02Me 

cis-methyl chrysanthemate 

74% 

48% 
(521 

C U ( l l )  

- *C5Hll 
' D C  5 H 11  

41% 
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89% 

81% 

-+ BuLi E t 0 2 C C I  Zn 
(MeC0)2CSMe2 - MeCOCCOCH2Li * MeCOCCOCH2C02Et HOA~- 

I 
+SMe 

I 
'SMe2 

E. a-Elimination 
A limited number of examples of a-elimination reactions of sulphur ylides have 

been reported. These eliminations produce carbenes which undergo such 
characteristic processes as Wolff rearrangement, insertion into C-H bonds, 
addition to C=C double bonds and formation of dimers. Two examples of 
synthetic applications are given in equations 575' and 5 1 8 ~ ~ .  

RoYY 
02 4 0% 

n n 
SEt - Nickel Complex (58) n -  "Y + c 

sUsEt SVSEr 
52% 27% 
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F. a$’-Elimination 
The general form of an u,p’-elimination reaction of a sulphonium ylide is shown 

in equation 59. In the case where X = CR2 (6a) the process of equation 59 may be 

(6a) X = CR2 

(6b) X = 0 

an undesired side-reaction in the preparation and utilization of sulphonium ylides 
bearing f3-hydrogen atoms. A few synthetic applications of this reaction have been 
reported (equations 6lS4. and 62s5). u$’-Elimination of oxysulphonium ylides 

94% 

(equation 59. 6b) is a key step in a variety of procedures for selective oxidation of 
alcohols to aldehydes and ketones2”. These useful procedures stem from the 
discovery of Kornblum et 01. in 1959 that alkyl tosylates could be oxidized to 
carbonyl compounds by dimethyl sulphoxide (DMSO) at elevated temperatures via 
oxysulphonium salts intermediates (equation 63s6). These oxidations can be 
performed with the alcohols under very mild conditions, provided that an activating 
agent (generally a Lewis acid) is present. Table 4 provides a detailed comparison of 

NaHC03.  150 “C + 
CH3(CH2)70Ts + (CH3)zSO - CH3(CH2)gCH20-S(CH3)2 - 

(63 )  

CH3(CH2)6CHO 

7 a% 



16. Synthetic applications of sulphonium salts and sulphonium ylides 691 

TABLE 4. Oxidation of n-C&II&H,OH to C9H,,CH0 (A) and of n-C,H,,CH(OH)CH, to 
I I - C ~ H ~ ~ C O C H ~  (B) bv activated DMS057 

Temperature Yield of A Yield of B 
("C) Time (h) (%) (%> Activatof Solvent 

(CH,CO)20 
PYSQ3 
Me,S-Clh 

Cyanuric chloride 
(CH3S02)20 

CH,SO,CI 
p-CH,C,jH,SO,CI 
(CF3CO)zO 
SOCI, 
(COCI), 
PCI, 
POCI, 
CH3COBr 

PhCOCl 
CH3COCI 

(CH3S0,)20C 
Cyanuric chloride' 

DMSO 
DMSO 

HMPA 
HMPA-CH,CI, 

HMPA-CH,CI, 

PhCH, 

HMPA-CHZCI, 

CHZCI, 
CHZCI, 
CHZCI, 
CH,CI, 
CH2CIZ 
CHZCI, 
CHZCI, 
CH,CI, 
H M P A ~  
HMPA" 

25 
25 

-25 
-15 
-15 

20 
5 

-50 
-60 
- 60 
-30 
-30 
- 60 
- 20 
- 60 
-15 
-15 

27 
0.5 
1.5 
0.25 
0.5 
0.75 
1.25 
0.5 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.5 
0.5 

27 
91 
94 
69 
73 
62 
72 
56 
76 
97 
45 
43 
58 
40 
97 
94 
95 

30 
93 
95 
84 
82 
77 
90 
78 
88 
98 
59 
52 
70 
57 
- 
- 
- 

"Et,N also required. 
bNo DMSO used. 
Ci-Pr,NEt employed instead of Et3N. 
"HMPA = hexamethylphosphoramide 

yields for the oxidation of n-decanol and octan-2-01 by DMSO combined with 
various activating agentss7. DMSO or dimethyl sulphide derived oxidants have been 
employed in the synthesis of gibberellic acid (equation 6458), betalains 
(water-soluble, nitrogeneous plant pigments; equation 655y), monosaccharides 
(equations 66,O and 67,l), prostaglandins (equations 68,'), steroids (equation 69,,), 
and a variety of simpler structures (equations 7064 and 7165). In equation 68 an 
insoluble carbodiimide linked to a cross-linked polystyrene matrix (symbolized as 
8) is used with excellent results as the DMSO activator. The oxidation shown in 

7 5% (64) 

Gibberellic acid 
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HO '& MepS-~-chlorosucclnlrnlde~ -40 "C 

PhC02 

75% Dimethyl betalamate 

&>Me Me2S-CI. + E13N - 
CH2CI2. -40  "C 

HO 

OCH2Ph OCH2Ph 

93% 

Me+- N-chlorosuccinlrn ide 

-4OOC 
c 

PhCH20 
OAc 

/CHo - - L-Gulose (67) PhCHZO= PhCH20 OAc 

66% 

0 Ac 
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J:e (1) excess M e 2 S - N - c n l o r o ~ ~ c ~ i n i r n i d e  (21 E t 3 N  

o,*‘‘ - - - - - - - - - - - 

O H  

82% 
n 

OMe M e 2 5 0 .  (CF,C0)20 

-65 “C 
(70) 

90% 

M e 2 S 0  - C H ~ ( C H Z ) ~ C = C C H O  (71 1 
(COCll2. - 6 0 %  

CH3(CH214CECCH20H 

95% 

equation 69 is notable in that only one of the three hydroxyl groups has been 
oxidized even with excess of reagent. 

G. Fragmentations 
For want of a better description, a limited number of ylide reactions may be 

categorized as  ‘fragmentations””. A single example, representing a novel means of 
stereospecifically desulphurizing thiiranes, is given in equation 7266. 

Me>S + Et02CCHN2 CUOl) 
i -Pr  i -Pr 

Me-&:-%HC02Et - 
+ S=CHCOZEt 

Me /-7.-.-pr 
72%; > 99.5% cis 

W. Rearrangements 
Sulphur ylides are known to undergo [ 1,2]-sigmatropic (Stevens). 

[ 1,4]-sigmatropic, [ 1,5]-sigmatropic. and [ 2,3]-sigmatropic (Sommelet-Hauser) 
rearrangements2”. The first and last ’name reactions’ have been studied extensively 
with respect to mechanism and are of demonstrated synthetic utility. Some recent 
applications of the Stevens ([ 1,2]-sigmatropic) rearrangement in the synthesis of 
cyclophanes are presented in equations 7367, 7468, and 756y. while equation 7670 
provides an example of a synthetic application involving a [ lS]-sigmatropic 
rearrangement. 

Although the first example of a Sommelet-Hauser ([ 2,3]-sigmatropic) 
rearrangement of a sulphur ylide was reported as early as 1938”. only in recent 
years has the reaction proved to be of synthetic importance’”. Examples of 
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(73) 
(2) Flash 

vacuum 
DY'OIYSIS 

500  O C  

63% 

(21 r-BuOK 

SPh 

29% 

22% 

- 
(2 )  A (-2PhSOH 

20% 20% 
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A 95% Me02C COzMe 

syntheses involving this rearrangement are the syntheses of yomogi alcohol 
(equation 7772) and artemisia ketone (equation 7873), the procedure for allylic 
functionalization with overall retention of double bond position (equation 7g79, 

R 
(77) 

Artemisia ketone 

65% overall 

and the procedure for easily repeatable multi-carbon ring expansion (‘ring-growing 
reaction’) involving ylides derived from u-vinyl heterocycles (equation 80 and Table 
5)7s7y. The Sommelet-Hauser rearrangement also has been utilized for the orflto 
functionalization of anilines. phenols. and related aromatic compounds, as 
illustrated by equations 81”. 8281. and 83si and Scheme 2n2. The rearrangement of 
ylides derived from N-arylazasulphonium salts provides a simple high-yield 
conversion of anilines into orrho-alkylated anilines, indoles. oxindoles. and 
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/ R = H, 85% 

R = C H 2 = C H  C F 3 5 0 2 0 C H 2 C 0 2 E t  I R = C 0 2 E t .  75% 

1,5-Diazablcyclo[ 5.4.01 undec-5-ene 7- IDBU) 

C 0 2 E t  

7 2% 

TABLE 5. Multi-carbon ring expansion via [2,3]-sigmatropic shifts of sulphonium ylides 

Substrate Base Products and yields (%) Reference 

FF6 

M e  

pF6 

E t  

1-BuOK 

t-BuOK 

KOH 

r-BuOK 

77% 

25% 

4 5% 

13% 

77 

77 

37% 

26% 

78 

\COZ Et 
, 
C 0 2 E t  

80% 
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TABLE 5. cotitiriited 

Substrate Base Products and yields (%) Reference 

0 I 

I 
CH2Ph 

Me 

(A cF3s03- G 

qF6 Me 

% C02 Et F3s03- 

- 

NaOH 

t-BuOK 

DBU 

DBU 

t-BuOK 

BDU 

Q C02 Et 

k02 Et 

53% 

7% 'Ph 

88% 

0 
85% 

7 2% 3% 

b02Et 

99% 

85% 

a C O 2 E t  

91% 

78 

77 

77 

75 

75 

77 

75 
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TABLE 5.  cotihued 

Substrate Base Products and yields (%) Reference 

qr- 
17' 

KOH + 

67% 

11% 

CFJSO-J- 

C 0 2 E t  

7% 

79 

75 

79 

KOH Q \ 4-trans-isomer 79 
/ 

24% 

H H aNH2 t-EuOCI aN\4/ph NaOMe 

CHPh 
-40  OC -- I PhCH2SPh + 

CHzPh 
-40 OC 

CI CI 

CH(Ph)SPh CH (Ph )SPh CI 



01 

3 
c 

e 
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t 

$$) R a n e y  Ni * & Hg 
67% overall 

OH '3 (1) ( 2 )  HgO. N a 2 C 0 3 .  B F j - O E t z  ~ 2 0  * $cHo (83) 6+Q-+-T CI 0 CI CI 33% 

aminopyridines, as well as permitting orrho-formylation of anilines and 
aminopyridines. These reactions can be carried out over a wide temperature range 
(down to -78°C) with mild reagents and in the presence of a wide range of 
substituents. Little charge is built u p  on the aromatic ring so both 
electron-withdrawing and electron-donating substituents can be tolerated. 
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1. INTRODUCTION 

Among the first instances of sulphonium compounds being viewed in a biological 
context was a report in 1872 that certain compounds of this class possess some of 
the pharmacological properties of the structurally analogous quaternary ammonium 
salts', a finding later confirmed by other  worker^^.^. Toenniesj may be credited with 
being the first to suggest a biological role for sulphonium compounds, when in 
1940 he proposed that a sulphonium derivative of methionine 1 might be formed 
as an intermediate in the conversion of the amino acid to cystine. Although this 
particular biochemical pathway has not been substantiated experimentally, 
Toennies' idea of the formation of sulphonium compounds from methionine has 
nevertheless proved correct with the discovery and isolation of several compounds 
of this type. 

I t  was not until 1948 that the first sulphonium salt was established as occurring 
naturally. In that year Challenger and Simpson' described the isolation of a 
methylthetin from a marine alga. The term 'thetin' had been proposed by Brown 
and Letts6 in 1878 to describe sulphonium compounds structurally analogous to the 
betaines. Although a methylsulphonium derivative of methionine had been 
synthesized by Toenniesj and had been employed in a number of biochemical 

the real emergence of a biochemical role for sulphonium salts coincided 
with the discovery of the algal thetin, when Du Vigneaud and  coworker^^.'^ 
demonstrated the ability of methylthetin's to act as nutritional sources of methyl 
groups for animals, and at about the same time Dubnoff and Borsook'', working 
with liver preparations, showed that these compounds were involved in 
enzyme-catalysed methylation reactions. 

The  subsequent three decades have seen a most dramatic and diversified 
expansion of these early investigations, and the appearance of well over 1000 
publications exploring and establishing the biochemistry of sulphonium compounds. 
Various aspects of the subject have also been discussed in depth in several 
reviews'*-*', and the reader is referred to these for further information. It is now 
clear that although there are few known naturally occurring compounds of this 
class, they occupy a key position in the intermediary metabolism of animals. plants, 
and microorganisms. In fact. one sulphonium derivative of the amino acid 
methionine, S-adenosylmethionine 4. appears to be virtually as ubiquitous as 
adenosine triphosphate, and is implicated in almost every aspect of metabolism. 

This chapter deals with the discovery of the naturally occurring sulphonium salts 
and with their distribution, biosynthesis. and involvement in various facets of 
metabolism. Particular attention will be paid to their participation in the biological 
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transfer of methyl groups, which, like reactions such as phosphorylation, acylation, 
and oxidation-reduction, is a universally fundamental process. Recent work 
suggests that a second sulphonium derivative of methionine, S-methylmethionine, 
occasionally referred to as vitamin U, may have important medical applications, 
and the next few years may well see significant advances in our knowledge of the 
pharmacology of sulphonium salts, possibly coupled with their clinical use. 
Reference will also be made to sulphonium salts related structurally to  the naturally 
occurring compounds, for example, the ethyl analogue of S-adenosylmethionine, the 
study of which has contributed substantially to our understanding of such widely 
differing topics as lipid and protein synthesis, carcinogenesis and mental disorders. 

118. NATURAL OCCURRENCE 
Despite the intensive examination of a wide range of living organisms, no more 
than four sulphonium compounds have so far been rigorously established as 
occurring naturally. These are the salts of 2-carboxyethyldimethylsulphonium 
(dimethyl-f3-propiothetic) 2, methioninemethylsulphonium (S-adenosyl-L-meth- 
ionine) 3, S-(5’-deoxyadenosyl-5’)-~-methionine (S-adenosyl-L-methionine) 
4, and the decarboxylated derivative of S-adenosyl-L-methionine, namely 
S-adenosyl-(5’)-3-methylthiopropylamine 5. These compounds probably occur 
in combination with a variety of both inorganic and organic cations, and for 
simplicity have been represented below as their zwitterions. 

,NH2 
C H ~ S C H ~ C H Z C H  

\ 
Cog H 

(4 1 (5 I 

It would be premature to assume that other compounds of this type do not occur, 
but the evidence for their existence i:i indirect and, at best, far from convincing. 
The apparent paucity of sulphonium compounds in nature contrasts sharply with 
the widespread occurrence of a relatively large number of structurally analogous 
quaternary ammonium compounds. such as the betaines. 

A. DirPPePhyl-P-propioBhetin 
This compound was the first sulphonium derivative to be isolated from natural 

sources in pure form. For some years Challenger of Leeds had been investigating 
the origin of the dimethyl sulphide reported by Haas’O in 1935 to be readily 
evolved from the red marine algae Polysiphotiia filstigiafn and P. nigrescetis when 
these seaweeds are exposed to air. In 1948 Challenger and Simpson5 extracted the 
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precursor of this dimethyl sulphide from P. fnstigiatn and characterized i t  
unequivocally as  dimethyl-P-propiothetin 2. I t  was recognized that the evolution 
of dimethyl sulphide was the result of injury to the seaweed or  of its exposure to 
abnormal conditions. Cantoni et al.” reported the concentration of the thetin in 
this alga to be as  high as  0.04 M or. when estimated as its chloride, as 0.7% of the 
wet weight of the organism. In other algae the amount of thetin chloride present 
may vary from 0.07 to 2.9%22. 

Dimethyl-0-propiothetin was subsequently isolated from three other marine 
algae, Enteromorplin intestitidis, Spongotnorplia nrcta, and UIva Iac t~ca’~ .  The 
thetin is readily cleaved by a non-enzymic reaction to dimethyl sulphide in the 
presence of cold concentrated sodium hydroxide solution, and this has been 
employed as a test for the presence of the compound in other organisms. In this 
way it has been detected in other marine and some freshwater algae24, in several 
marine invertebrates, and has been established as being of widespread occurrence 
in various species of plankton2’. The amount present in these last-mentioned 
organisms, when expressed as the thetin chloride, was calculated to amount to 
about 1% of the wet weight of the cells. Marine organisms of this type constitute the 
principal food of many fish and filter-feeding creatures. which may account for the 
finding of dimethyl-P-propiothetin in appreciable quantities in the tissues of the 
North Pacific salmon2’ and in various molluscs and crustaceaZ6. Dimethyl sulphide 
is one of the main volatile flavour components of fresh Pacific oysters, and the 
thioether probably originates from the thetin contained in ingested algaez7. This 
may also explain the presence of dimethyl sulphide in some freshly caught fish, 
such as the Labrador codz8 and the Baltic herring”. 

A further evolution of dimethyl sulphide occurs when the above-mentioned 
marine and freshwater algae are  heated with alkali; in addition, some algal species 
produce the thioether only as a result of this further treatment. It has not yet been 
established whether this indicates that a proportion of the thetin present is in a 
bound or less readily available form, or  that dimethylsulphonium derivatives other 
than dimethyl-P-propiothetin are present. 

B. S-Methyl-L-methionine 
During a survey of other natural sources of dimethyl-P-propiothetin. Challenger 

and Hayward30 found that asparagus tips evolved dimethyl sulphide, but this 
required prolonged boiling of the plant tissue with alkali, indicating the possible 
presence of a different sulphonium compound. The  precursor of the thioether was 
isolated and found to be not the above thetin but a derivative of the amino acid 
L-methionine, namely S-methyl-L-methionine 3. Evidence was also obtained for 
the occurrence of this second sulphonium compound in common bracken 
(Pteridiurn nquilinurn) and in several species of Equisirum (‘Horse’s tail’)24. Some 
months previously Shive and coworkers3’ had reported the isolation of 
S-methyl-L-methionine from cabbage, and the compound was detected in the 
foliage of a range of higher plants. including parsley, pepper, onion, lettuce, and 
turnip. Its presence has since been established in tomato foliage and fruit”, 
potato33, and green tea”. Structurally. S-methylmethionine is related to the algal 
thetin and can be regarded as a-aminodimethyl-y-butyrothetin. I t  appears to be a 
compound characteristic of plants. so that its identification in cow’s milk3s is 
probably the result of its transference from the herbage of the diet. 

Employing a procedure involving alcohol extraction and ion-exchange 
purification. followed by two-dimensional chromatography. K o ~ a c h e v a ~ ~  
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TABLE 1. S-Methylmethionine content of  various vegetables. (Data from 
K o ~ a c h e v a ~ ~ ;  reproduced with permission of Plenum Publishing Corporation, 
New York) 
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S-Methylmethionine content 

Source 

~ ~~~~~~~ 

mg/100 g fresh 
tissue of tissue 

mg/lOO g dry weight 

Cabbage leaves 7.5-12 123-1 97 
Celery leaves 1 .o-1.4 10.5-14.7 
Celery roots 6.5-7.5 57.5-66.4 
Radish 0.8-1.2 17.4-26.1 

Kohlrabi 7.5-8.5 81 .O-9 1.8 
Parsley 0.8-1.6 9.4-18.8 
Green onion 0.6-1 .O 8.0-13.3 
Carrot 0.5-0.6 5.4-6.5 
Potato 0.1-0.3 0.6-1.6 
Tomato fruit, unripe 1.8-3.0 20.0-33.3 
Tomato fruit, ripe 0.4-0.6 7.9-1 1.9 

Turnip 3.04.0 54 572.7 

determined the content of S-methylmethionine in a range of vegetables (see Table 
1).  Cabbage leaves and kohlrabi were found to  contain relatively high levels of the 
compound, corresponding to as much as 0.2% and 0.1% of the tissue dry weight, 
respectively. Another analytical method, employing electrophoretic rather than 
chromatographic separation. has been used to verify the presence of 
S-methylmethionine in various other plants, including radish, beetroot, plantain, 
and broad bean3’. As will be discussed in Section V, S-methylmethionine has 
aroused considerable interest particularly in Japan and the USSR, on account of its 
purported wide spectrum of medicinal properties. 

C. S-A~enosyl-L-methionine 
The discovery of this compound was the culmination of research begun in the 

early 1930s on the physiological significance of the amino acid L-methionine. 
Growth studies made on rats had established the indispensibility of the S-methyl 
group of methionine in nutrition and metabolism, for it was found that methionine 
could not be replaced in the diet of growing rats by homocysteine 6 or 
homocystine 7 unless certain other compounds, including the quaternary 

,NH2 
S C H 2 C H 2 C H  

,NH2 \ 
C 0 2 H  

\ 
H S C H 2  C H 2 C  H 

i C 0 2 H  

,NH2 
S C H 2 C H z C H  

\ 
C 0 2 H  

161 (7) 
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(81 (9) (10) 

methylammonium derivatives choline or glycine betaine, were also present3*. From 
this finding has developed the concept of ‘transmethylation’, or the biological 
transfer of methyl groups from one metabolite to another. The emergence of 
transmethylation as a fundamental biochemical process has been described in 
several reviews by Du V i g n e a ~ d ’ ~ . ~ ~ ,  whose research school was responsible for 
setting it on a sound experimental basis. Detailed accounts of the topic can also be 
found in a number of other p u b l i c a t i ~ n s ’ ~ - ’ ~ . ~ ~ ~ .  Methyl transfer reactions have 
subsequently become of paramount biological importance and the associated 
literature so ramified and extensive that they will be discussed in various sections 
only as far as the participation of sulphonium compounds is concerned. 

In contrast to the now classical studies of Du Vigneaud on whole animals, 
experiments were beirig carried out by Borsook and Dubnoff at the cellular level. 
In 1940 they reported that the muscle constituent creatine 9 was formed from 
guanidinoacetic acid (glycocyamine) 8 in rat liver slices43. This methyl transfer 
reaction required aerobic conditions and was enhanced by the addition of 
methionine to the medium. Further, in the presence of guinea-pig liver suspensions, 
the formation of creatine was more than doubled by the addition of either 
adenosine triphosphate (ATP) or a source of this compound44. The assumption was 
made that the aerobic conditions were needed to ensure the continucus provision 
of ATP which was involved in some way in the methyl transfer reaction. Other 
workers also showed that nicotinamide could be methylated by methionine in liver 
slices, and this reaction was likewise essentially aerobic45. 

Following up these observations, C a n t ~ n i ~ ~  showed that ATP also participated in 
the methylation of nicotinamide by methionine, but he made the fundamentally 
important observation that ATP in this reaction was not acting in its usual role as a 
phosphorylating agent. but that it brought about the enzymic conversion of 
methionine to a biochemically active form before the methyl group of the amino 
acid was transferred. This ‘active methionine’ could be produced from methionine 
and AT? in the presence of an enzyme system occurring in mammalian liver. The 
compound contained no phosphorus, and from a study of its properties Cantoni 
concluded that it was a sulphonium compound containing an S-adenosyl moiety, 
with the structure 4 given in the previous sectiod7. The correctness of this 
formula was established when the compound was synthesized chemically and shown 
to have the chemical and biological properties of the  material formed enzymically 
by rabbit l i ~ e r j * . ~ ~ .  

S-Adenosylmethionine possesses a chiral centre at the sulphonium group: 

R = - C H ~ C H ~ C H ( N H ~ ) C O Z H  
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The  a-carbon atom of the amino acid moiety is also chiral, so that if the asymmetry 
associated with the pentose ring is excluded, there are four diastereoisomers of 
biochemical significance. The initial chemical synthesis of S-adenosylmethionine 
from 5'-methylthioadenosine 10 and DL-2-amino-4-bromobutyric acid was 
assumed t o  result in a mixture of all four diastereoisomers, viz. 
(2)-S-adenosyl-DL-methionine. Subsequently, (2)-S-adenosyl-L-methionine and 
(2)-S-adenosyl-D-methionine have been prepared by chemical methylation of the 
appropriate S-adenosylhomocysteine isomers. These two isomers of 
S-adenosylmethionine are chemically identical with the 'active methionine' 
produced biosynthetically from rabbit liver or  from baker's yeast, but they differ 
with respect t o  their optical rotations (see Table 2)5". 

Furthermore,  the product obtained by  chemical synthesis from 
S-adenosyl-L-homocysteine was found to possess only 50% of the activity of the 
biosynthetic product in certain enzymic reactions (see Section IV.C), indicating that 
the enzymes concerned differentiate between the configurations of groups attached 
to  the sulphonium group. Mudd and coworkers50 were able to prepare 
(+)-S-adenosyl-L-methionine from (2)-S-adenosyl-L-methionine by preferential 
enzymic utilization of the (-)-isomer and to show its distinct difference in optical 
activity f rom the biosynthetically produced (-)-isomer, which can be regarded as 
the naturally occurring diastereoisomer. This work appears to be the first biological 
resolution of a compound which is optically active at  a sulphonium centre. 

S-Adenosylmethionine appears to be a constituent of virtually all living tissue. It 
has been detected in a wide range of bacteria. fungi, and plants, as well as various 
tissues of higher animals. Much attention has been paid to  its occurrence in yeasts, 
such as Saccharornyces cerevisiae, the cells of which normally contain about 
0.3-0.8 pmol  of S-adenosylmethionine per gram of fresh tissue. The  sulphonium 
compound is thus present at  concentrations of the same order of magnitude as 
nicotinamide-adenine dinucleotide (NAD) or ATP. However, when the culture 
medium is supplemented with L-methionine at  concentrations up to 5 pmol/ml, the 
cellular content  of S-adenosylmethionine is increased to more than 20 pmol/g fresh 
weight, a n d  this can be further increased to  as  much as  50 pmol/g by the addition 

TABLE 2. Optical rotations of diastereoisomers of S-adenosylrnethionine. (Data from De La Haba 
et n1.j'; reproduced with permission of the American Chemical Society) 

Specific rotation 
(degrees) 

Concentration 
Compound Source (%,) 589nm 436nm 

(-)-S-Adenosyl-L-methionine Methionine-activating enzyme 1.78 +48.5 +100.5 

Methionine-activating enzyme 0.92 +47.2 +101.2 
of rabbit liver 

of baker's yeast 
(-+)-S-Adenosyl-L-rnethionine Chemical methylation of 1.81 +52.2 +I06 

S-adenosyl-L-homocysteine 
1 .83 + 57 +I15 (+)-S-Adenosyl-L-methionine Enzymic resolution with 

guanidinoacetate methyl- 
transferase 

S-adenossl-D-homocystcine 

1.29 + 16 +33 (t)-S-Adenosyl-~-methionine Chemical methvlation of 
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of extra supplementss1-s3. The yeast Cundida urilis contains up to 1.6 pmol of the 
sulphonium compound per gram of cells when grown on standard medium, and 
this can be increased to up to 20-40 pmol/g after supplementation with 
L-methionine. The 50-1 00-fold enrichment of yeast cells when grown in the 
presence of the parent amino acid, coupled with improved isolation procedures, has 
provided an excellent source of S-adenosylmethionine for metabolic studies and, 
indeed for the commercial production of the compound. 

Methionine taken up by S. cerevisiue is converted into S-adenosylmethionine with 
extreme rapidity. In experiments with 3H-labelled L-methionine, half-maximal 
specific activity of the resulting S-adenosylmethionine was reached within 30 s of 
the addition of the amino acid to the culture mediumSJ. It has been calculated that 
a logarithmically growing yeast cell contains about 2 x lo6 molecules of the 
sulphonium compound. It becomes accumulated within the cell in the 
where, presumably, it appears to be metabolically inert, acting as a reservoir to 
maintain the concentration of the compound in the surrounding cytoplasm for 
immediate metabolic functions. 

In contrast to yeast cells, animal tissues contain appreciably lower amounts of 
S-adenosylmethionine. For example, values €or the contents of rat brain and liver 
have been given as 30 and 83 nmol/g fresh tissue, r e~pec t ive ly~~ .  Using an improved 
and more specific isotope dilution method of analysis, Salvatore er a[.57 obtained 
contents ranging from 15 to 70 nmol/g fresh tissue in rabbit brain and liver, 
respectively, and some of their data are given in Table 3. Figures cited elsewhere 
for various animal tissues generally range from 40  to 140 nmol/g fresh weighP. 

These low values for a metabolite with such a varied and biochemically essential 
role imply that the compound has a very high metabolic turnover rate, and in this 
respect it is akin to the coenzymes NAD and flavin-adenine dinucleotide (FAD). 
Such low concentrations contrast with the much higher levels of dimethyl- 
P-propiothetin and S-methylmethionine found naturally. In algae, for example, 
the thetin is present a t  concentrations a s  much as 500-1000-times that of 
S-adenosylmethionine in animal tissues. This clearly indicates that the thetin and 
probably S-methylmethionine have different biochemical roles from the adenosyl 

TABLE 3. S-Adenosylmethionine content of various mammalian 
tissues. (Data from Salvatore ,ot al.57; reproduced with permission 
of Academic Press, New York) 

Source 
S-Adenosylmethionine content 
(nmol/g wet weight of tissue) 

Rat liver 
kidney 
heart 
spleen 

Rabbit liver 
kidney 
lung 
brain 
skeletal muscle 

Calf liver 
Chicken liver 
Eel liver 
Human blood serum 

53 
45 
50 
48 
70 
20 
53 
15 
30 
55 
58 
37 
3 (Y’ 

“Exprcssed as nmol/ml. 
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sulphonium compound, possibly concerned with osmotic regulation or  the storage 
of essential metabolite precursors. 

D. S-Adenosyl-(5’)-3-mePhylthiopropyIamine 
Recently, Ito and Nicol” found that the tapetum lucidum, or reflecting material 

of the eyes of a range of teleost fish, including the sea catfish (Ark fclis), consists 
of acidic and basic components, and among the latter they isolated 
S-adenosyl-(5‘)-3-methylthiopropylamine 5, which is present together with its 
demethylated derivative, S-adeno~yl-(5’)-3-thiopropylamine~~. This sulphonium 
compound is the decarboxylation product of S-adenosylmethionine, and is present 
in relatively large amounts (0.9 pmol/g fresh weight of eye) compared with those of 
S-adenosylmethionine itself in other tissues (ca.  0.05 pmol/g fresh weight). This 
amount represents some 17% of the dry matter of the purified reflecting material, 
or 3.4% of the total dry matter of the eye. 

Decarboxylated S-adenosylmethionine has already been recognized to be of 
special significance in other tissues as an intermediate in the  conversion of the 
diamine putrescine (1,4-diaminobutane) to the bases spermidine 84 and spermine 
85 (see Section IV.C.3), and is capable of transferring its methyl group enzymically 
to homocysteine. Its precise role in the eye at  such high concentrations has yet to 
be fully established, but one of its functions might be to make the tapetal pigment 
less soluble by forming a covalently bound complex. 

E. Other Sulphonium Compounds 
In 1895, Abe16’ reported that dog urine, when treated with hot alkali, gave rise 

to a volatile sulphur compound which he concluded was diethyl sulphide. A later 
reinvestigation by Challenger and co~orkers’‘.~’, however, revealed that the 
evolved volatile material was more probably a mixture of methyl n-propyl and 
methyl n-butyl sulphides. These thioethers appear to be the cleavage products of 
two sulphonium salts present in the urine, with cations having the structures 11 and 
12. The nature of the third substituent group (or groups) still remains to be 
identified. 

CH3\+ 
S-R 

/ CHjCHzCH2 

111. BIOSYNTHESIS 
There is good evidence that at least one major pathway for the biosynthesis of each 
of the four known naturally occurring sulphonium compounds involves the amino 
acid methionine as an intermediate. I t  is therefore relevant to consider the 
formation of methionine, although.for reasons of space it will be considered in 
outline only. More detailed accounts of this aspect of sulphur biochemistry can be 
found in numerous review~l’.~’.~~.~‘. 

A. L-Methitmine 
Microorganisms and plants are able to form methionine from the simplest 

materials - C I  units. inorganic sulphate. and ammonia. The C4 chain of the amino 
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acid arises via the initial biosynthesis of homoserine 14 from aspartic acid 13: 

C o g  H COOP03H2 CHO CH20H 
I I I 

-- - I  I 

I I I 

ATP CH2 NADPH CH2 NADH CH2 
I 

CH-2 
I 
I 

i13) (14) 

The sulphur of methionine originates from inorganic sulphate, which is initially 
reduced to hydrogen sulphide. This occurs by a multi-step pathway involving the 
preliminary activation of the sulphate ion by a two-stage interaction with ATP to 
form 3’-phosphoadenosine-5’-phosphosulphate 15, generally abbreviated to 

- I  
CHNH2 

C02H 

CHNH2 o r N A D H  CHNH2 

C02H C02H 

CHNH2 

COz H 

0- 0- 
I I 

4 4 
Adenine - Ribose - 0 - P- 0 -S+O 

0 0 
I 
p042- 

(15) 

PAPS65. PAPS undergoes subsequent reduction by a series of reactions, first to a 
sulphite derivative and then  to inorganic sulphide. The latter reacts with serine 16 
in the presence of the enzyme serine sulphydrase to give cysteine 17. 

CH20H CH2SH 

CHNH2 + H2S - CHNH;! + H 2 0  
I I 

I I 
COzH C02H 

(161 (171 

Interaction of the 0-succinyl ester of homoserine 18 with cysteine occurs in the 
presence of the enzyme cystathionine synthese to form the intermediate thioether, 
cystathionine 19. Hydrolytic fission of the C-S bond of the cysteinyl residue is 

CH20 - COCH2 CH2SH CH2-S-CH2 C02H 
I 
CH2 
I 

I 

I I I I I 
I + I  

CH2 CHNH2 CH2 
I + I  - I  

I I 

CHNH2 CH2 

CHNH2 C02H CHZ 

COP H 

CHNH2 C02H CG2H 

CO2 H C02H 

(18) (19) 

catalysed by the 6-cieaving enzyme cystathionase. giving homocysteine 6 and 
pyruvate6h. 

CH2SH CH3 
I 
co I 

I 

CH2 --S-CHz 
‘ I  I 

CH;I 
I I 
CHNH2 COpH 
I 
CO2 H 

+ 1 + NH3 
CIiNH2 CH2 + H 2 0  I 

CHNH2 C02H 

C02H 

16) 
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The final methylation of homocysteine is intrinsically an alkyl transfer reaction, 
but the methyl donor is the relatively complex structure N(5)-methyltetrahydropteroyl 
monoglutamate 22 or trigulamate, generally abbreviated to  N(5)-methyltetra- 
hydrofolate, or  further to 5-CH3-H4PteGlu. In outline, the methylation is as 
follows: 

Homocysteine + 5-CH3-H4PteGlu -+ Methionine f H4PteGlu + H+ 

the enzyme mediating the reaction being N(j)-methyltetrahydrofo1ate:homocysteine 
methyltransferase. However, there appear to be two pathways for this final methyl 
t r a n ~ f e r ~ ’ . ~ ~ .  Both are related, one being dependent on the presence of a cobalamin 
(vitamin B 12) as  the prosthetic group of the corresponding methyltransferase and 
requiring the additional presence of the cofactors FADH2, NADH and the 
sulphonium compound S-adenosylmethionine 4. The methyl donor may be either 

H 

H 

(21 I 

H 

CH zCH 2 CO 2 H 

\ 
H2 ;f)(?- 0 CH N H a -  co N H cH/ COzH 

CH3 

(22) 

Nc5)-methyltetrahydrofolate mono- or triglutamate. The cobalamin is believed to act 
as an intermediate methyl carrier69: 

5-CH3-HaPteGlu H4PteG lu 

t 
SRM 

Methionine 

SAM = S-adenosylrnethionine 

Hornocysteine 
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This B,,-dependent methylation operates in most microorganisms and plants. and is 
of particular interest in that it is also present in mammalian tissues70. 

A second pathway occurs, often alongside the first, in many bacteria such as 
Escherichia coli and Aerobacter nerogenes, and has been detected in plants. It is 
simpler, mechanistically, does not require the participation of vitamin B and 
utilizes only N(5,-methyltetrahydro€olate triglutamate as methyl donor. 

The methyl group of N(5)-methyltetrahydrofolate can initially be generated as a 
CI  fragment from serine7'. This is transferred to tetrahydrofolate 20. in the 
presence of serine transhydroxymethylase to  give N(,),N(,,)-methylenetetrahydro- 
folate 21, which in turn is reduced to N(s)-metKyltetrahydrofolate 22. 
The terminal methylation of homocysteine has also been shown to be brought 

CHqOH CHqNHq 

CHNH2 + H4PteGlu - C 0 2 H  + N ( 5 ) .  N[,o)-Methylene-H4PteGlu 

COq H 

I I 

I 

I 
N(5)-CHj-H4PteGlu 

about in bacteria, yeasts, and plants in the presence of S-adenosylmethionine 4 or 
S-methylmethionine 3 as methyl  donor^'^.^'.^^ . However, neither of these 
mechanisms can account for the de ROVO syfithcsis of methyl groups, and must be 
regarded purely as  alternative pathways lor the transfer of methyl groups generated 
via tetrahydrofolate. 

An alternative pathway for methionine biosynthesis, not involving cystathionine 
as an intermediate, is possible, since 0-succinylhomoserine has been shown to react 
enzymically with m e t h a n e t h i ~ l ~ ~ :  

CHqO- COCH;! CHqSCH3 COqH 
I 
CH;! 

I 
+ I  

CHNHq CH2 
I I 

C H q  
I I 
CHz CHZ 
I 
CHNHq COqH 

I 
COq H 

1 + CH3SH - I 
COq H C o g  H 

Whether this transmethylation is of physiological significance, however, is not 
known. 

In contrast to lower forms of life. higher animals and man are unable to achieve 
the total synthesis of methionine, and require the amino acid largely preformed. 
They can bring about partial synthesis from either the demethylated derivative, 
homocysteine, or its disulphide, homocystine. or the deaminated derivative, viz. the 
corresponding a-keto acid, CH3SCH2CH2COC02H. Animals are unable to 
synthesize the homocysteinyl moiety because they lack the cystathionase capable 
of catalysing the P-cleavage of cystathionine. They possess instead a y-cleaving 
cystathionase in the liver which splits the thioether to cysteine and 
a-ketobutyrateh6. The latter enzyme is also present in most microorganisms and 
plants. which accounts for the ability of lower organisms to bring about the 
reversible interconversion of cysteine and methionine. whereas animals can only 
degrade methionine to cysteine. 

Under normal circumstances. animals obtain their methionine in the diet. either 
directly from plant protein or from the flesh of herbivores who are themselves 



715 

dependent upon plant protein as well as o n  the bacterial synthesis of methionine in 
the rumen. Dietary methionine can be replaced experimentally by homocysteine or 
homocystine, provided that a source of biologically available methyl groups is also 
present, for example choline in the form of phospholipids, or glycine betaineI2.l9. In 
practice, however, homocysteine and homocystine do not occur in significant 
amounts in the diet, although they may be involved in the intracellular utilization 
and turnover of pre-formed methyl groups originating from the diet. 

17. The biochemistry of sulphonium salts 

B. C)imeS~ryl-8-p~opiothetin 

Methionine has been found to be an efficient precursor of dimethyl- 
p-propiothetin 2 in the marine alga Ulvn lactuca, which contains relatively 
large amounts of the thetin7s. Using L-methionine labelled with 3sS, with 
I4C in the carbon chain and 14C and 3H in the methyl group. Greene75 established 
that the methyl group and the sulphur of the amino acid are incorporated into both 
methyl groups and the sulphonium group of the  thetin, also that the a-carbon of 
methionine is the precursor of the carboxyl-carbon of the thetin. The probable 
pathway of the biosynthesis is as follows: 

+ 
CH2SCH3 CH2SC H3 CH2SCH3 CHpS(CH3)p 
I 
CH-2 
I 
CHNHp 
I 
Cop H 

(1 ) 

I 
- 1  

cop- 

Metl iy lat ion C H p  
I 

- 1  
Decarboxylation CH2 

I 
- I  

co 
I 
C o p  H 

Deaminat ion CH2 

C 0 2 H  

(2) 

The source of the methyl group for the terminal methylation is thought to be 
N(s)-methyltetrahydrofolate, as discussed previously. 

C. S-Methyl-L-methionine 
The biosynthesis of S-methyl-L-methionine 3 has been shown to occur in a 

variety of plant species, including oat, tobacco, pumpkin, and When jack 
bean seedlings were grown in solutions containing 14C- or '5S-labelled 
L-methionine, up to 80% of the non-protein radioactivity was found to be in the 
form of S-methylmethionine, the sulphonium compound being located almost 
entirely in the rootss0. The enzymic methylation of methionine has also been 
demonstrated in cell-free extracts of jack bean roots and hypocoty1sg0. and also in 
apple tissues'. The reaction requires the presence of S-adenosylmethionineso.s2 and 
proceeds according to the equation 

Methionine + S-Adenosylmethionine + S-Methylmethionine 
+ S-Adenosylhomocysteine 

The relatively high concentration in plants of S-methylmethionine compared with 
that of S-adenosylmethionine suggests that the former compound may have some 
important metabolic function. An interesting clue to this has come from recent 
work on the biosynthesis of ethylene in flowers of the plant Morning Glory 
(Ipomoea tricolor). Ethylene is an important plant growth regulator concerned with 
the ageing of tissues and in many if not all higher plants its major precursor is 
L-methionine. Tracer studies by Hanson and KendeX3 showed that 
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S-methylmethionine is actively synthesized from methionine in flower tissue from 
Morning Glory, but that during flower senescence, which is associated with the 
production of ethylene, there is more than a 10-fold increase in tissue methionine 
content with little change in the concentration of S-methylmethionine. The amino 
acid does not arise simply from the degradation of S-methylmethionine but is the 
result of an active methylation of homocysteine by the sulphonium compound. 
Hanson and Kende speculated that during senescence ethylene acts to increase the 
availability of homocysteine, either by directly stimulating its biosynthesis or by 
altering cellular compartmentation to  release stored homocysteine. The 
homocysteine undergoes methylation by S-methylmethionine in the presence of a 
methyltransferase, forming methionine which can then generate more endogenous 
ethylene. This could be one explanation of the dramatic increase in ethylene 
production which occurs during the ripening of flowers and fruits, and would place 
S-methylmethionine’as a source of ethylene as well as being a methyl donor in 
plants. Its significance in the latter role has also been suggested in connection with 
the methylation of cell-wall  pectin^'^. 

D. S-Adenosyl-L-methionine 

1. Biosynthesis from L-methionine 
Following the discovery that ATP participates as an essential cofactor in those 

methyl transfer reactions in which methionine serves as the methyl 
Cantoni showed that the role of A T P  was to convert the amino acid into a 
metabolically active form. The activation is catalysed by an enzyme system found in 
extracts of rat, pig, beef, and rabbit liver, and one of the other products of the 
reaction is o r t h o p h o ~ p h a t e ~ ~ .  With the recognition of ‘active methionine’ as a 
sulphonium compound, and the elucidation of its structure and its total synthesis by 
Baddiley and  coworker^^^."^, a more detailed examination has been made of its 
biosynthesis from L-methionine and ATP. 

A novel feature of the reaction is that during the biosynthesis ATP is completely 
dephosphorylated, in contrast to its partial breakdown to adenosine diphosphate 
(ADP) in the majority of its metabolic reactions. A nucleophilic transfer of the 
5’-deoxyadenosyl moiety of ATP to the methionine-S atom takes place without the 
involvement of ADP or adenylic acid (AA) as intermediates. Experiments with 
32P-labelled ATP indicated that the terminal phosphate is released as inorganic 
phosphate, the remaining two phosphate groups being split from the ribose 
moiety as p y r o ~ h o s p h a t e ~ ~ . ~ ~ .  Later work showed that the  activating enzymes 
from both yeast and liver form predominantly the (-)-diastereoisomer of 
S-adenosyl-L-methionineso (see Section 1I.C). The reaction can be formulated as 
follows: 

L-Methionine + Adenosine triphosphate +- (-)-S-Adenosyl-L-methionine 
+ Pyrophosphate + Inorganic phosphate 

The enzyme responsible for the reaction has been named methionine-activating 
enzyme. or S-adenosylmethionine synthetase, but is now referred to as ATP: 
L-methionine S-adenosyltransferase. 

An important contribution to the study of this enzyme was the finding of Mudd 
and MannH6 that enzyme-bound tripolyphosphate is an obligatory intermediate in 
the reaction. and that preparations of the adenosyltransferase possess 
tripolyphosphatase activity. enabling the erizym? to cleave tripolyphosphate in a 
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specific ~ n a n n e r ~ ' . ~ ~ .  The biosynthesis of S-adenosylmethionine (SAM) from 
methionine (M) has been represented as a four-stage process. involving the 
transient formation of a ternary complex between the substrates and the 
adenosyltransferase (represented as E): 

M 
E + ATP E0-e ATP M-- .E. - -  ATP = SAM-..E...PPPi 

i a  1 (b )  ( C )  (d 1 

S A M +  E -!- PP + Pi 

Step (d) is catalysed by the tripolyphosphatase function of the Step (c) 
is thought to be rate limiting in both directions, and both S-adenosylmethionine and 
tripolyphosphate are more tightly bound to the enzyme than are ATP, methionine, 
PYroPhosPhate, or inorganic phosphate, thus facilitating the release of 
S-adenosylmethionine. The equilibrium of the overall reaction strongly favours 
synthesis of the sulphonium compound; it is irreversible with S-adenosylmethionine 
plus pyrophosphate and inorganic phosphate as reactants, and proceeds only to a 
limited extent with the sulphonium compound and tripolyphosphates6. 

The  enzyme thus apparently has two catalytic functions, an adenosyltransferase 
activity and a tripolyphosphatase activity. It requires Mg'+ in relatively high 
concentrations, together with a monovalent cation, such as K+ or NH& it is 
stimulated by S-adenosylmethionine at low concentration$, when the sulphonium 
compound is probably acting as an allosteric effector, but at  high concentrations 
S-adenosylmethionine exhibits product inhibitiona7. The enzyme is widely 
distributed in most organisms. which accounts for the ubiquitous appearance of the 
sulphonium compound. It is present in practically all animal tissues, the liver being 
by far  the richest source of the enzyme, and containing up to twenty times the 
concentration found in other tissues. 

The  adenosyltransferase shows an absolute specificity towards ATP, no other 
nucleoside triphosphates, including the  closely related inosine triphosphate and 
2'-deoxyadenosine triphosphate being significantly active as substrates. In fact, 
many common nucleoside triphosphates, such as those of inosine. guanine, cytosine, 
uridine, and thymine act as competitive inhibitors with respect to ATP. 
Tripolyphosphate and also tetrapolyphosphate ions are fairly powerful inhibitors in 
competition with ATP, indicating that the phosphate groups of ATP represent one 
point of attachment of the substrate to the adenosyltransferase". 

The  enzyme is less specific towards the amino acid substrate, however. The 
a-hydroxy analogue of L-methionine (2-hydroxy-4-methylthio-n-butyric acid) and 
the S-ethyl analogue. ethionine, are converted into the corresponding 
S-adenosylsulphonium derivatives, although at a slower rate'5. The last mentioned 
compound, S-adenosylethionine, has proved of considerable biochemical interest 
and is discussed in more detail in Section 1V.D. The enzyme can also utilize the 
D-isomer of methionine as substrate. Biosynthesis of S-adenosyl-D-methionine can 
be readily carried out in the presence of yeasts, c. ridis being more effective in this 
respect than S. cerevjsiae". A further substrate for the enzyme is the selenium 
analogue of methioninea9, an illustration of the parallelism between many aspects 
of sulphur and selenium biochemistry. 

A number of other analogues of methionine. as well as closely related 
compounds. are competitive inhibitors of the enzyme. These include several C6 
acids, for example. ~~-2-amino-rm1zs-4-hexanoic acid (rr.nns-crotylglycine) 23 and 
~-2-amino-5-chloro-rm,ls-4-hexanoi~ acid 24. These analogues have been used to 
elucidate the complex kinetics of the adenosyltransferase reaction?'. T\vo other 
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,NH2 ,C=CH \ ,NH2 
CH= C H  

\ 
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extremely effective inhibitors of the reaction are L-Zaminohex-Cynoic acid 25 
and I-aminocyclopentane-1 -carboxylic acid (cycloleucine) 26. 

,NHZ 
CH3C 3 CCH 

\ 
C o g  H 

"XgH 
(25)  (26) 

In the animal there appear to be sex differences in the level of the 
adenosyltransferase in the liver, female animals having higher concentrations, and 
the administration of androgens causing a lowering of the enzyme level in castrated 
males. The amount of the enzyme present in tissues is believed to be considerably 
in excess of physiological requirements. Its activity is probably controlled largely by 
the availability of substrate methionine, although S-adenosylmethionine itself exerts 
control as an allosteric effector at  low concentrations and through product 
inhibition at high concentrationsg0. In microorganisms, e.g. yeasts, addition of 
methionine to the growth medium represses methionine biosynthe~is~' ,  but 
S-adenosylmethionine appears to play a more dominant role through feedback 
inhibition. 

The ready formation of S-adenosylmethionine from methionine can explain some 
of the toxic effects produced by the administration of high doses of methionine to 
animals, since this causes an immediate rise in tissue methionine levels, particularly 
in the liver and, as a result of the ensuing S-adenosylmethionine biosynthesis, can 
induce an acute deficiency of ATPg2ag3, with consequent effects on other metabolic 
pathways dependent upon the availability of ATP for phosphorylation reactions. 
This situation also occurs in yeast when the culture medium contains an excess of 
methionine. The growth inhibition which results from a deficiency of ATP can be 
largely circumvented by supplementation of the growth medium with adeninegJ. 

2. Other biosynthetic pathways 
In addition to the pathway homocysteine r? methionine ZS-adenosylmethionine. 

at least two other mechanisms for the synthesis of S-adenosylmethionine are 
possible. There is evidence in the yeasts S. cerevisiae and C. urilisg5. as well as in 
mammalian livcry6 and many other animal tissueslJO, for an enzyme-catalysed 
reaction of adenosine with L-homocysteine yielding S-adenosyl-L-homocysteine. 
which can then be methylared by N(,,-methyltetrahydrofolate to S-adenosyl- 
methionine: 

Adenosine + L-Homocysteinr ===+ S-Adenosyl-L-homocysteine + H 2 0  

The enzyme catalysing the initial reaction is S-adenosyl-L-homocysteine hydrolase. 
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but the K ,  of the reaction is such as to greatly favour the reaction in the reverse 
direction, namely, the interaction to give the thioether. 

Isotopic labelling studies have shown that 5’-methylthioadenosine 10 can also 
act as a precursor of S-adenosylmethionine in C. utilisY7, and it has been proposed 
that this nucleoside reacts with a C4 amino acid precursor, although the nature of 
this reactant is as yet unknown. An alternative pathway is possible in bacteria, 
which contain a nucleosidase capable of splitting off the adenine moiety of 
5’-methylthioadenosine. leaving 5’-methylthioriboseg8: 

5’-Methylthioadenosine + H 2 0  Adenine + 5’-Methylthioribose 

A cleavage of 5‘-methylthioribose to methanethiol, by analogy with the established 
enzymic breakdown of S-ribosyl-L-homocysteine to ~ - h o m o c y s t e i n e ~ ~  (see Section 
IV.C.l), could be followed by interaction of the thiol with 0-succinylhomoserine 
to give methionine, as described earlier (see Section III.A), the amino acid then 
being activated by ATP: 

5’-Methylthioribose -+ Methanethiol + C5-fragment 
Methanethiol + 0-succinylhomoserine + Methionine + Succinic acid 
Methionine + ATP + S-Adenosylmethionine + PP + Pi 

The formation of S-adenosylmethionine from 5’-methylthioadenosine in all 
organisms, and that from homocysteine and S-adenosylhomocysteine in animals, are 
mechanisms for the regeneration of the sulphonium compound, rather than its dc 
t70v0 synthesis, since they are in effect recycling its metabolic breakdown products. 
Nevertheless, by conserving essential parts of the S-adenosylmethionine molecule 
for repeated use, they could be of considerable importance in the sulphur economy 
of organisms. 

E. S-Aber~osyl-(5’)-3-mefhylthiopropylarPline 

The biosynthesis of this recently discovered sulphonium compound 5 does not 
appear to  have been studied in any detail in the tissues from which it has been 
isolated. However, a natural assumption would be that the compound arises from 
L-methionine via S-adenosyl-L-methionine, which is then decarboxylated, although 
alternative pathways may be operative. The decarboxylation of S-adenosyl- 
methionine is also an important step in the biogenesis of polyamines. and will be 
described in more detail in Section IV.C.3. 

IV. METABOLISM 

The initial step in the metabolism of most sulphonium compounds is almost 
invariably an enzyme-catalysed C-S bond fission. leading to the release of a 
thioether. However. when an amino acid moiety is attached to the sulphonium 
pole. modifications of this part of the molecule. e.g. decarboxylation or 
deamination. may first occur. The presence of different sulphur-linked groups can 
result in the formation of different thioethers, depending on which C-S bond is 
broken. and the cleavage of a particular C-S bond usually requires the mediation 
of a specific enzyme. This accounts for the different pathways in the catabolism of 
the naturally occurring sulphonium salts and related compounds of this class. 
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A. Simple Thetins and Related Compounds 

1. Cleavage to thioethers 
The production of dimethyl sulphide by marine algae, which led to the discovery 

and isolation of dimethyl-j3-propiothetin, is an example of such a C-S bond 
cleavage. The reaction was studied by Cantoni et in cell-free extracts of P .  
fasfigiafa and shown to be analogous to the non-enzymic decomposition of the 
thetin by alkali, acrylic acid being the other product: 

+ 
(CH3)2SCH2CH2C02- - (CH3)2S -t CH2=CHC02H 

The cleavage enzyme shows a fairly high degree of substrate specificity in that the 
lower homologue, dimethylacetothetin, (CH3)2SCH2COF (originally referred to  as 
dimethylthetin), is attacked only slowly and S-methylmethionine and S-adenosyl- 
methionine not at all. 

This mechanism may also be the first step in the bacterial fermentation of 
dimethyl-P-propiothetin by a mud-dwelling Closrridiurn which can utilize the thetin 
as its sole source of carbon for growthIoO. The overall stoichiometry of the reaction 
is 

+ 
3(CH3)2SCH2CH2C02- + 2 H 2 0  2C2HgC02H 

+ C H 3 C 0 2 H  -t 3(CH3)2S -t CO2 + 3H’ 

The organism contains the enzyme acrylylcoenzyme A aminase, which metabolises 
the acrylic acid formed initially. 

2. Alkyl group transfer 
A second type of C-S bond cleavage is feasible in the case of the thetins, 

leading to the formation of an alkylthiocarboxylic acid and the loss of one methyl 
group. Like the first reaction, this has proved to be an enzyme-catalysed pathway 
for the metabolism of thetins. Of greater significance is that i t  is an example of the 
widespread reaction of the naturally-occurring sulphonium salts. referred to in 
Section IV.C.1 as transmethylation, or  methyl group transfer, involving the 
participation of other specific substrate molecules as acceptors of the 
sulphonium-methyl group. This topic will also be considered in detail in connection 
with the metabolism of S-adenosylmethionine, as this sulphonium compound 
undergoes an extremely large number of metabolically important methyl transfer 
reactions. 

The existence of this type of C-S bond fission became apparent from the animal 
nutrition studies of Du Vigneaud and c ~ w o r k e r s ~ . ~ ~ ~ ~ ~ ,  who found that when rats 
were fed on a diet in which the amino acid methionine was replaced by its 
demethylated derivative. homocysteine (in the form of its disulphide. homocystine). 
the animals failed to grow. lost weight. and developed fatty livers and haemorrhagic 
damage to the kidneys. Alleviation of these symptoms occurred when one of a 
small group of compounds was included in the ‘methyl-deficient’ diet. including 
choline. glycine betaine. its sulphur analogue. dimethylacetothetin. and also 
dimethyl-P-propiothetin. Diethylacetothetin. lacking the essential methyl groups. 
failed to support the growth of the animals, whereas the mixed thetin. 
ethylmethylacetothetin. \vas partially effective. The natural assumption was that the 
active compounds were supplying nietabolically essential methyl groups for the 
conversion of homocysteine to niethionine. 
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The enzymic nature of the methyl transfer reaction was demonstrated by 
Dubnoff and Borsook’’ using suspensions of mammalian liver and kidney, 
dimethylacetothetin and dimethyl-P-propiothetin acting as methyl donors to 
L-homocysteine. The reaction involving the acetothetin is as follows: 

(CH3)2SCH2C02- -1- HSCH2CH2CH - + ,NH2 

\ 
COq H 

, NH2 
C H ~ S C H Z C H ~ C H  -I- CH3SCH2C02- i- H+ 

\ 
C02 H 

Since a proton is liberated (in contrast to the analogous methylation of 
homocysteine by glycine betaine), it has been possible to follow the methyl transfer 
manometrically in a bicarbonate buffer system in terms of the C 0 2  releasedlol. 

The enzyme catalysing the reaction, thetin:L-homocysteine methyltransferase, is 
present in the liver and to some extent the kidneys of mammals, including manIo2. 
It has been identified in algaeIo3 but appears to be absent from various plants 
examined and from yeasts. The enzyme has a specific requirement for 
L-homocysteine as the methyl acceptor, although the D-isomer is slightly active in 
this respect, but it can use a number of methylsulphonium salts as methyl donors, 
as shown for the rat liver enzyme in Table 4Io4. The naturally occurring 
dimethyl-P-propiothetin and S-methylmethionine can act as substrates, but the most 
active methyl donor in this system is dimethylacetothetin. Thetin:homocysteine 
methyltransferase has been purified 400-fold from horse liver, where it represents 
some 1% of the total protein present1(”. 

Glycine betaine has also been found to act as a methyl donor for the enzyme, 
although its substrate activity is only 0.3% of that of d ime thy la~e to the t in~~~ .  

TABLE 4. Activity of various sulphonium halides as substrates of 
thetin-homocysteine methyltransferase. (Data from Maw’“; 
reproduced with permission of the Biochemical Society, London) 

Compounda Relative activity” 

Dimethylacetothetin chloride 100 

Diethylacetothetin chloride 0 

DimethyLi3-propiothetin bromide 24.9 

Sulphocholine iodide 0 

Triethylsulphonium chloride 0 

Butyldimethylsulphonium iodide 4.0 

Ethylmethylacetothetin chioride 85.0 

Dimethyl-a-propiothetin bromide 51.9 

Ethylmethyl-P-propiothetin bromide 33.0 
Dimethyl-y-butyrothetin bromide 23.6 
Methionine methylsulphonium chloride 17.5 

Trimethylsulphonium chloride 16.5 

Ethyldimethylsulphonium iodide 6.6 

“Substrates: DL-homocysteine. 0.03 M; sulphonium halides. 0.1 M. 
hActivities expressed as percentages of the initial reaction rate 
obtained with dimethylacetothetin chloride. 
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Moreover, a second methyltransferase, betaine:L-homocysteine methyltransferase. 
again located in the liver and kidney, likewise uses not only glycine betaine as 
methyl donor but also the above-mentioned thetinsIo6. However, the possibility that 
these two enzymes are identical was eliminated by Cantoni and coworkers107, who 
showed that the thetin and betaine methyltransferases possess different stabilities 
and physicochemical characteristics and are distributed differently within the cell 
Furthermore, in the regenerating liver tissue of rats which had been partially 
nepatectomized, the concentration of the thetin enzyme falls rapidly to  40% of its 
original activity, owing to  its negligible synthesis and its further dilution by other 
newly synthesized proteins. In contrast, the concentration of the betaine 
methyltransferase remains at a level close to the initial, normal value, indicating its 
active synthesis along with other metabolically important enzymes. 

Thetin:homocysteine methyltransferase thus represents something of a biochemi- 
cal enigma. It is a distinct entity, present in the liver in relatively large amounts, and 
with a turnover number considerably higher than that of other methyitransferases, 
yet its apparently preferred substrate is neither a constituent of the diet nor a 
normal metabolite. If the enzyme does have a physiological function, it may well be 
unconnected with methionine synthesis or even methyl group transfer. The betaine 
methyltransferase, although present in tissues a t  a lower concentration, is now 
regarded as the principal mammalian enzyme concerned with the mobilization of 
methyl groups supplied by the diet in the form of choline, after its oxidation to 
glycine betaine. 

3. Oxidation 
When dimethylacetothetin or dimethyl-P-propiothetin is administered to  rats, 

about 30% of the methyl-carbon appears as  C 0 2  in the respired airIo8 and up  to 
60% of the sulphur is excreted as  urinary inorganic sulphateIoy. The rate of 
oxidation of the thetin-methyl groups is similar to that of the methyl groups of 
betaine, and it is probable that they undergo transfer prior to  their oxidation. 

Oxidation of the sulphur of sulphonium salts is not a general catabolic pathway. 
for ethylmethylacetothetin forms sulphate to a lesser extent than does 
dimethylacetothetin, and diethylacetothetin is not oxidized at all in this way. 
Trimethyl-. diethylmethyl-. and triethylsulphonium salts are also not converted into 
inorganic sulphate to  any significant extent. The oxidation of the sulphur of 
dimethylacetothetin and dimethyl-P-propiothetin is unlikely to involve the 
preliminary cleavage of these compounds to dimethyl sulphide. as this thioether is 
not further oxidized to sulphate in the rat l o g .  However, the respective demethyl- 
ation products of dimethylacetothetin and ethylmethylacetothetin. namely 
methylthioacetic and ethylthioacetic acids. form sulphate to approximately the same 
extent as the parent thetins. suggesting that methyl transfer is an initial and 
obligatory step in the metabolism of the sulphur of the thetins. This has been 
confirmed by in vitro experiments. when it was shown that dimethylacetothetin was 
not oxidized to sulphate by rat liver or  kidney slices unless homocysteine w a s  
present as the specific methyl acceptor. whereas methylthioacetic acid. the 
demethylation product of the thetin. \\.as oxidized in the absence of 
homocystcinel I " .  

4. Metabolism of sulphocholine 
Sulphocholine (2-hydroxyethvldimethylsulplionium salt) 27 is of interest in 

being the sulphur analogue of choline. a component o f  phospholipids and thc major 
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source of dietary methyl groups for the animal. When fed to rats on a 
methyl-deficient diet sulphocholine, unlike choline itself. failed to promote growth 
of the animals and was toxic, unless present at low levels in the diet"'. However, i t  
could prevent some of the symptoms of methyl deficiency, namely the weight loss 
characteristic of animals maintained on methyl-deficient diets and also the 
development of fatty livers and haemorrhagic damage to the kidneys. This is 
because it may be replacing choline in at least some of its metabolic roles, and it 
could even make tissue choline available for methyl transfer reactions by a 'sparing' 
action. In support of this, evidence was obtained for the incorporation of 
sulphocholine into the liver phospholipids of animals fed the compound. This was 
subsequently confirmed"* with the aid of sulphocholine labelled with '"C and 35S. 
Use of the labelled compound also indicated that sulphocholine forms a number of 
metabolites in the animal, including the demethylated product, 2-methylthioethanol, 
and the corresponding sulphoxide and sulphone. Two further metabolites excreted 
in the urine of animals fed the compound were N-(S-methy1thioacetyI)glycine 
28 and inorganic sulphate. 

+ 
( C H ~ ) Z S C H ~ C H ~ O H  X- CH3SCH2CONHCH2C02H 

(27) (28) 

In vitro experiments have shown that sulphocholine can act as a methyl donor to 
homocysteine, but that unlike the methylation of homocysteine by 
dimethylacetothetin or dimethyl-(3-propiothetin, the reaction requires aerobic 
conditions' 1 3 .  This strongly suggests that sulphocholine requires to be oxidized to 
dimethylacetothetin as an initial step in the methyl transfer. In this respect 
sulphocholine closely parallels choline, which is not itself a direct methyl donor, but 
requires to be first oxidized to glycine betaine, the natural substrate of 
betaine: homocysteine methyltransferasel". However, the oxidation of sulpho- 
choline t o  dimethylacetothetin does not appear to take place fast enough to 
provide an adequate supply of labile methyl groups in the growing animal. 

5. Metabolism of trimethylsulphonium salts 
Only one type of C-S bond cleavage is possible in this type of compound, 

leading to the formation of dimethyl sulphide and loss of a methyl group. 
Trimethylsulphonium chloride acts as a substrate for the thetin: homocysteine 
methyltransferase of rat liverio4 (see Table 4), having 17% of the activity of 
dimethylacetothetin as a methyl donor. It has also proved to be a more useful 
substrate than the thetin itself in studies on the distribution of the enzyme'('2. 
Administration of the compound to rats resulted in a negligible increase in the 
excretion of inorganic sulphatelog, since its catabolite. dimethyl sulphide, is largely 
excreted unchanged or converted into the corresponding sulphone. 

An interesting finding has been that a soil bacterium, a strain of Pseudomonas, is 
capable of growing on trimethylsulphonium salts as its sole source of carbon. The 
organism is able to utilise methyl-carbon for cellular syntheses. while the dimethyl 
sulphide formed is released. The bacterium contains an enzyme, 
trimethylsu1phonium:tetrahydrofolate methyltransferase. which catalyses the 
cleavage in the presence of tetrahydrofolate as methyl 

(CH3)3S + H4PteGlu -+ ( C H J ) ~ S  -t 5-CH3-H~PteGlu  4- H S  
+ 

The jV(,,-methyltetrahydrofolate formed is known to be an important precursor of 
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methionine (see Section III.A), the methyl group of which can be transferred to a 
variety of metabolites via the intermediate formation of S-adenosylmethionine. 
Surprisingly, the trimethylsulphonium methyltransferase is substrate specific and is 
unable to utilize S-adenosylmethionine or dimethyl-P-propiothetin as methyl 
donors. 

B. S-Methyl-L-methionine 

1. Cleavage to dimethyl sulphide 
As in the case of dimethyl-P-propiothetin, there are two possible pathways of 

C-S bond fission for S-methylmethionine 3. ?'here is good evidence for an 
enzymic mechanism for the removal of the amino acid moiety with the formation of 
dimethyl sulphide. This is a feature of various bscieria which are able to use the 
sulphonium compound as their sole source of carbon for g r ~ w t h " ~ . " ~ .  
Methioninesulphonium lyase has been suggested as a trivial name for the enzyme 
responsible, and the second product of the reaction is homoserine 30, although, as 
in the non-enzymic degradation of S-methylmethionine by alkali, a-amino-y- 
butyrolactone 29 may be formed as  an intermediate: 

+ 
(CH312SCH2 

+ Ht 
CH2 I rl:: 

I - (CH3)zS + 0 1 
I 

CHNH2 I y - 4 2  

CO2H 

(3) 

L C O  

(29) CH20H 
I 

CHZ 
I 
I 
CHNHZ 

C02H 

(30) 

The enzyme also appears to be present in plants, e.g. cabbage'18 and onion'19, and 
is distinct from the enzyme in algae which cleaves dimethyl-9-propiothetin. 

Enzymic fission of S-methylmethionine to  dimethyl sulphide can be brought 
about during the brewing of beer by yeasts which act on the S-methylmethionine 
originating from germinating barley. The dimethyl sulphide so formed contributes 
to  beer flavour, but its concentration can occasionally be raised to undesirable 
levels through the further action of spoilage bacteriaI2O. The ready formation of the 
thioether from S-methylmethionine. particularly as a result of heating under mild 
alkaline conditions. accounts in part for the presence of dimethyl sulphide as a 
constituent of the flavour volatiles of many cooked foods12', e.g. cabbage. sweet 
corn122. and canned tomato juice123. 

2. Methyl group transfer 
Early nutritional studies on animals and microorganisms made with the aim of 

identifying the biochemical significance of S-methylmethionine indicated that the 
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sulphonium compound can act in lieu of methionine This would be 
explicable on the basis of the loss of one methyl group from the sulphonium 
compound to form the parent amino acid. Detailed investigations by S h a p i r ~ ~ ~ . ' ~ ~  
established that not only does this reaction occur enzymically, but that thc methyl 
group of S-methylmethionine is transferred specifically to L-homocysteine, the net 
result being the production of fivo molecules of methionine: 

+ / N H 2  / N H 2  ,NHz 
( C H 3 ) p S C H p C H p C H  + HSCHpCH2CH - 2 C H 3 S C H p C H p C H  

\ \ \ cop- COpH C o p  H 

However, at least for yeasts and probably other microorganisms. there is no strong 
case for assuming the existence of a specific S-methy1rnethionine:homocysteine 
methyltransferase. Further work by Shapiro and coworkers128.12y established that in 
these organisms S-methylmethionine is. in fact, a highly effective substrate for 
S-adenosylmethionine: homocysteine methyltransferase. the latter enzyme being SO 

called because S-adenosylmethionine is normally its natural methyl donor 
substrate. The characteristics of this methyltransferase are described in Section 
1V.C. 1. 

S-Methylmethionine methyltransferase activity has been observed in mam- 
malian tissues, such as pig liver1'", but here again it is unnecessary to invoke the 
operation of a specific enzyme. since S-methylmethionine has been shown to act 
as a substrate for both the thetin:homocysteinC and betaine:homocysteine 
methyltransferase of li\rer104.106. as  well .as S-adenosylmethionine: homocysteine 
methyl t ran~ferase '~~ .  This sulphonium compound is a precursor of methionine in 
many plant tissues, such as oat seedlings76, pea coleoptilesl". jack beans132, and 
various seedsI3', where it could be acting as a substrate for the 
S-adenosylmethionine methyltransferase. However, more recent work by Allamong 
and Abrahamson13j with winter whcat (Triricirm nesfivurn) has revealed that 
S-methylmethionine methyltransferase activity is considerably higher in the dry 
seeds than is the accompanying S-adenosylmethionine methyltransferase activity. 
and the two activities change independently during germination. so that there may 
be a case for accepting the existence of two distinct enzymes in plants. 

The demethylation of S-methylrnethionine is the first step in the catabolism of 
this compound. which subsequently follows the well establishcd pathways of 
methionine metabolism, including activation to S-adenosylmethionine, trans- 
sulphuration to cysteine and eventual oxidation to inorganic sulphate. 

C. S-Adenosyl-L-methionine 
S-Adenosylmethionine is susceptible to breakdown, both chemically and 

enzymically, a t  a number of sites in the molecule. these being represented in Figure 
1. 

Three different C-S bond cleavages are possible. namely at sites A. B. and C .  
Breakage of the ribose-S bond at A can take place to a limited extent in the 
presence of hot alkali, giving rise to  methionine as the sulphur-containing product. 
although this is invariably preceded by hydrolysis at D to yield free adenine. So far. 
however, there is no well established biological counterpart of this alkaline fission. 
either in the form of an enzymic release of adenosine or. as would be more likely, 
an adenosyl group transfer. A reversal of the S-adenosylmethionine synthetase 
reaction might be regarded as illustrating this type of reaction. in that the enzyme 
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FIGURE 1. Sites of chemical and enzymic bond 
fission in S-adenosylmethionine. 

can catalyse the formation of adenosine triphosphate from S-adenosylmethionine 
and polyphosphateg6, but whether such a reverse reaction occurs naturally is not yet  
known. Some experiments with labelled S-adenosylmethionine incubated with 
extracts of an E. coli mutant have suggested that the sulphonium compound can 
transfer its adenosyl group to L-homocysteine by the following reactionI3’: 

+,Adenosine 

CH3- S, ,W ,NH2 
CHzCH2CH + Hornocysteine - CH-JSCH~CH~CH + 

\ \ 
CO2 H CO2 H 

S-Adenosylhornocysteine + H+ 

However, this reaction does not seem to have been investigated further. 
Not only can the remaining two C-S bond cleavages be brought about 

chemically, but enzymes catalysing them also occur in cells. Loss of the S-methyl 
group at  B requires prolonged heating of the sulphonium compound with 
concentrated hydriodic acid. The  corresponding enzyniic reaction takes place very 
readily through the mediation of methyltransferases, provided a second substrate is 
present to act as a methyl acceptor (see Section IV.C.l). 

When S-adenosylmethionine is heated under mildly acidic conditions, splitting at  
site C occurs with the formation of j’-methylthioadenosine and u-amino-y-butyro- 
lactone, the latter being rapidly hydrolysed to homoserine. The corresponding 
enzyme-catalysed reaction is a characteristic of many microorganisms (see Section 
IV.C.4). 

Two further reactions of the sulphonium compound can take place at  sites other 
than the sulphonium group. The  adenine-ribose linkage is labile and, as mentioned 
earlier. can be split by hot acid and also by hot alkali136. The reaction. analogous to  
the alkaline decomposition. which forms adenine and S-ribosylmethionine. has not 
been established with certainty as a biological process. although enzymic fission at  
site D can occur in the presence of a specific nucleosidase. following a preliminary 
cleavage of the S-adenosylmethionine molecule at either site A or B. Enzymic 
decarboxylation of the amino acid moiety also occurs with the formation of 
S-adenosyl-(5’)-3-thiopropylamine 5 (see Section IV.C.3). but this part of the 
niolecule does not act as a substrate for other amino acid-metabolizing enzymes. 
such as the amino acid oxidases. 
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1. Methyl group transfer 
The enzymic methyl group transfer reactions undergone by the methylthetins and 

by S-methylmethionine are confined to the S-methylation of L-homocysteine. 
S-Adenosylmethionine. on the other hand, is a remarkably versatile methyl donor, 
both in terms of the number of compounds and the types of group it  is able to 
methylate. The great variety of 0- and N-methylated compounds found naturally 
largely derive their methyl groups directly from S-adenosylmethionine. A great 
many C-methyl groups in natural products also originate from the same sourcc. 
Methylation of inorganic compounds of arsenic, selenium, tellurium. mercury, etc., 
is achieved by many fungi, and the evidence so far available indicates that 
methionine is an efficient source of the methyl groups136a. It is therefore not 
unreasonable to suppose that S-adencsylmcthionine may again be involved as the 
methyl donor. 

An indication of the dominant role that S-adenosylmethionine plays in biological 
methylation is given by the fact that in 1977 the International Union of 
Biochemistry listed 47 methyltransferases utilizing the sulphonium compound as the 
specific methyl donor’37. A more realistic estimate of the number of these enzymes 
must be several times greater than this figure, in view of the existence of hundreds 
of naturally occurring methylated compounds, coupled with the fact that many of 
the methyltransferases are also highly specific with respect to their methyl acceptor 
substrates. The number of individual methylation reactions mediated by 
S-adenosylmethionine is, in fact, so large that limitations of space will allow 
reference to only a selected number of the more important of these. Before 
considering these processes, i t  is, perhaps, interesting to reflect that soon after the 
discovery of S-adenosylmethionine, C a n t ~ n i ’ ~ ~  suggested that this compound might 
be the sole methyl donor in reactions other than methionine biosynthesis, and so 
far no reliable evidence has been put forward to contradict this idea. 

The general mechanism of methyl group transfer from S-adenosylmethionine to 
an appropriate methyl acceptor (designated as I-X-H, where X is -S--. -N=, 
-0-, etc.) is similar to that from dimethyl-P-propiothetin and S-methylmethionine 
in the methylation of homocysteine, and involves a nucleophilic attack by the 
methyl acceptor on the S-methyl group, which is probably displaced as a 
carbocation ion. A variant of the reaction is the methylation of methionine to 
S-methylmethionine with the formation of a second sulphonium group. On the 
other hand, C-methylation reactions generally involve an addition across a double 
bond. In S-, N - ,  and 0-methylations the methyl group has been clearly established 
as being transferred intact to the methyl acceptor, but this is riot necessarily the 
case with C-methylation reactions. 

In the course of all methyl transfer reactions from S-adenosylmethionine, the 
sulphonium compound is converted into S-adenosyl-L-homocysteine’””. This 
thioether is further metabolized by a number of pathways. Hydrolytic fission of the 
S-ribosyl linkage to yield L-homocysteine and adenosine can occur in the presence 
of S-adenosylhomocysteine hydrolase. provided that the reaction products are 
removed by further enzyme reactions. The hydrolase has been identified in rat 
liverg6 and in most other animal as well as in yeastsy-’-lJ1. 

S-Adenosylhomocysteine. in contrast to S-adenosylmethionine. is a substrate for 
L-amino acid oxidase. being deaminated to S-adenosyl-y-thio-u-ketobutyrate 31. 
This pathway has been demonstrated in bacteria1J2.1J3 and in rat liver and 
kidney144. and when S-adenosylhomocysteine is administered to rats. the above 
keto acid is the main metabolite excreted in the urine1-‘. In  the mould AspergiNits 
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,NH2 
Adenosyl- SCH2CH2CH + 0 2  + H 2 0  - 

‘COz H 

Adenosyl-SCH2CH2COC02H + NH3 -t HzO? 

(31 1 

oryzae, S-adenosylhomocysteine acts as a substrate for another deaminating 
enzyme, adenine deaminase, the product being S-inosylhom~cysteine’~~.  

Duerre and W~1lker~8 . I~~ found a third catabolic pathway to be operative in many 
bacteria, including E. cofi ,  namely the cleavage of the glycosyl linkage in the 
presence of a specific nucleosidase to yield adenine and S-ribosyl-L-homocysteine: 

S-Adenosyl-L-homocysteine + H 2 0  += Adenine + S-Ribosyl-L-homocysteine 

S-Ribosylhomocysteine is further degraded by a bacterial lyase to give 
homocysteine and a C=,-fragment1J8. 

The catabolism of S-adenosylmethionine following its participation in methyl 
transfer reactions is summarised in Figure 2. 

The homocysteine formed either directly from S-adenosylhomocysteine or via the 
formation of S-nbosylhomocysteine may undergo condensation with serine to yield 
cystathionine. This intermediate thioether can be cleaved by cystathionase, forming 
cysteine which may be further oxidized in the animal to inorganic sulphate. 
Alternatively, homocysteine may be methylated by betaine-, S-adenosylmethionine- 
or tetrahydrofolate methyltransferases to give methionine, which may be converted 
into S-adenosylmethionine by the methionine-activating enzyme. 

This last pathway is of interest in that it provides a means of re-utilizing part of 
the S-adenosylmethionine molecule, and is one of several such pathways for 
recycling the sulphonium compound of potential importance in the metabolic 

/ 

Cyst at  hioni n e 

Cysteine-Inorganic sulphate 

FIGURE 2. Pathways of S-adenosylrnethionine catabolism (Ad = adenosyl). 
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economy of cells. The ready turnover and regeneration of S-adenosylmethionine 
from its breakdown products accounts for its ability to take part in a variety 
of biological processes. despite its very low concentration in tissues, and in this 
respect it functions as a coenzyme in much the same way as NAD,  FAD and ATP. 

One highly significant finding is that S-adenosylhomocysteine has proved to be a 
potent inhibitor of practically all known methyl transfer reactions catalysed by 
S-adenosylmethionine-dependent m e t h y l t r a n s f e r a s e ~ ~ ~ ~ - ~ ~ ~ .  Kinetic studies with a 
number of methyltransferases have shown that the inhibition produced by the 
thioether is competitive with respect to S-adenosylmethionine, and in many 
instances the Ki value for S-adenosylhomocysteine is lower than the K ,  value for 
S-adenosylrnethi~nine~~O-~~~, indicating that the thioether has a greater affinity for 
the enzymes than has the methyl donor substrate. 

Since the concentration of S-adenosylhomocysteine in tissues is generally 
comparable with that of S-adeno~ylrnethionine~~, it is probable that the thioether 
plays a major role in the control of S-adenosylmethionine-mediated methylation 
reactions. In addition, the various enzymes concerned with the metabolism oi 
S-adenosylhomocysteine, e.g. S-adenosylhomocysteine hydrolase, by affecting the 
local concentration of the thioether in tissues, would be expected to exert an extra 
regulatory role in methylation, as summarized in Figure 3. 

a. S-Methylation. In studies on the biosynthesis of methionine, Shapiro and 
coworkers identified the enzyme S-adenosylmethi0nine:L-homocysteine methyl- 
transferase, whieh catalyses the methylation of L-homocysteine. The enzyme has 
been purified over 500-fold from the yeast S. cerevisiae128.12y and is also present 
in mammalian liver, in bacteria, including E. coli and Aerobncter ~ e r o g e n e s ' ~ ~ ,  and 
also in the yeast Catidida a l b i ~ a n s ~ ~ ~ .  An examination of the enzyme from yeast 
showed that either L- or D-homocysteine can serve as the methyl acceptor. The 
enzyme has only moderate specificity with regard to the methyl donor substrate and 
can use either of the (-)- and (+)-diastereoisomers of S-adenosyl-~-methionine'~~, 
although S-adenosyl-D-methionine is only weakly effective as a substrate. Other 
related compounds able to act as methyl donors are S-inosyl-~-methionine'~~, 
S-methyl-L-methionine (which is comparable in activity to  S-adenosyl-L- 
methionine)1z8*12y, S-adenosyl-2-methyl-~~-methionine~~~, and S-adenosyl-(5')-3- 
methylthi~propylamine'~~. S-Adenosylethionine has some activity as a substrate and 
is able to  transfer its ethyl group to h o m ~ c y s t e i n e l ~ ~ ;  similarly, the corresponding 
n-propyl analogue has weak but significant propyl-donating activity1j6. 

S-Adenosylmethionine also acts as the methyl donor for two other 
S-methyltransferases, one of these being found in the microsomes of a variety of 

R X-H RX-CH, 
f 

,' \ IMethyitransferoses 1 /-- 

-.. -_ - -=-- < 
,/.-- A 

S -Ad - met h i on i n e 
I "4 
L - - - - - - - S- Ad- homqc y s t eine 

FIGURE 3. Regulation 
(Ad = adenosyl). 

of methyl group transfer by S-adenosylhomocysteine 
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animal tissues. This enzyme is capable of S-methylating a wide range of thiols many 
of which do  not occur naturally. such as BAL ( l-hydroxypropane-2,3-dithiol), 
2-hydroxyethanethiol. thioloacetic acid. as well as methanethiol and hydrogen 
sulphidelS7. It is. however, unable to methylate homocysteine. cysteine, or 
glutathione. and may be identical with an S-adenosylmethionine-dependent 
S-methyltransferase which can methylate tetrahydrofurfuryl thiol and other 
related compounds, also present in the microsomes of liver and other organs'5R. 

Another S-methyltransferase requiring S-adenosylmethionine as methyl donor 
and apparently distinct from the above enzymes catalyses the methylation of a 
number of 2-. 6- or 8-thio-substituted purines, and to a lesser extent a number of 
2-, 4- or 5-thio-substituted pyrimidines'". It is found in many animal tissues and is 
especially abundant in kidney, although of limited occurrence in microorganisms. 
The thiopurine nucleosides, rather than the free bases themselves, are the preferred 
substrates for this methyltransferase, which may have some detoxicating role. A 
further example of the participation of S-adenosylmethionine in S-methylation is the 
conversion of methionine to S-methylmethionine by a methyltransferase in many plant 
tissues (see Section 1II.C). 

b. N-Methylation. S-Adenosylmethionine functions as the specific methyl donor in 
a large number of enzymic N-methylation reactions of amino groups and also of N 
in heterocyclic structures. Of major importance in the metabolism of vertebrates is 
the methylation of glycocyamine (guanidinoacetic acid) 8 to creatine 9, the 
N-phosphoric acid derivative of the latter compound playing a key role in 
phosphate group transfer, muscular contraction. etc. This methylation was initially 
observed in rat liver s l i ~ e s ~ ~ . ~ ~  and was subsequently shown to take place in other 
tissues, e.g. muscle'60, as  well as in extracts from wheat seedlingsI6'. Cantoni and 
Vignos162 achieved a partial purification from pig liver of the enzyme responsible, 
guanidinoacetate N-methyltransferase, and established its dependence on 
S-adenosylmethionine as the methyl donor. An assay of the enzyme based on the 
use of 14C-labelled S-adenosylmethionine as substrate'63 showed it to be present in 
the liver and testes of a range of animal species but absent from various bacteria, 
yeasts, and plant seeds. 

A second metabolically important N-methylation mediated by the sulphonium 
compound is the synthesis of choline from ethanolamine, which was first achieved 
in vitro in homogenates of mammalian muscle and liver'64. These preparations 
could also convert dimethylethanolamine into choline. The involvement of 
S-adenosylmethionine as  the methyl donor was established with the aid of the 
labelled sulphonium compound in rat liver homogenates'65. all three methyl groups 
of choline originating from S-adenosylmethionine166. Whole animal experiments 
had suggested that phosphatidylethanolamine rather than free ethanolamine is the 
true methyl acceptor'66, and the methylation pathway is now believed to be as 
follows: 

S A M  Decarboxylat ion 

Phosphatidylserine - Phosphatidylethanolamine - Phosphatidylrnono- 
methylethanolamine 

t 
S A M  

Phosphatic1 y lchol i ne - Phosphat idyl dirnethy I- 
i LeciThin) ethanolamine 

(SAM = S-Adenosylmethionine) 
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Phosphatidylserine is the precursor of phosphatidylethanolamine. The methylating 
enzyme. S-adenosylmethionine:phosphatidylethanola~ine N-niethyltransferase. is 
located in microsomes. I t  has been found in lung tissucl". althoilgh i t  may have a 
physiologically insignificant role in this organ compared with its activity in liver. 
The stepwise methylation occurs in bacteria that accumulate lecithin16x. and there is 
evidence for its presence in yeast16'. I t  is not clear whether a single 
methyltransferase brings about all three methylations; in fact, there are indications 
of the existence of two enzymes. one catalysing the last two stepslhX. 

A number of S-adenosylmethionine-dependent methyltransferases are now known 
to catalyse the N-methylation of several a-amino acids. Among these are a specific 
glycine N-methyltransferase, present in mammalian l i ~ e r ' ~ ~ ) . ~ ~ " ~ .  which forms 
sarcosine (N-methylglycine) 32. In plants, the methylation of glycine goes to 
completion with the formation of glycine betaine 33. The stepwise methylation of 

CH2NH2 CH2NHCH3 CH2N(CH3)2 C H 2 h ( C H 3 ) 3  
- I  - I  - I  

CO2 H C 0 2 H  c 0 2 -  
I 
CO2 H 

(32 1 (33) 

proline 34 to form stachydrine 36, possibly via the intermediate formation of 
hygric acid 35, which has been studied in alfalfa plant tissues171. requires the  

(--JC02H - (.)-co2- QCOZH - 
A 

H I CH3 CH3 
CH3 

(34) (35) (361 

methionine-methyl group, thus suggesting the involvement of 
S-adenosylmethionine. There is also evidence that the sulphonium compound 
furnishes methyl groups for the conversion of lysine 37 to carnitine 40 in rats 
and in Ne~rosporu'~~.'~~. Carnitine appears to function as a carrier of acyl groups 
from the cytoplasm to the mitochondria during the cellular oxidation of long-chain 
fatty acids, and probably arises from E-N-trimethyllysine 38 after loss of carbon 
atoms 1 and 2 to give y-butyrobetaine 39, followed by hydroxylation. It now 
seems likely that it is not free lysine which is the initial methyl acceptor, but rather 
a specific lysine residue bound in protein'74. 

CH2G(CH313 
I 
C H ( 0 H )  

CH2NH2 CH2h(CH3)3  CH2&(CH313 
I 

CH2 
I 

CHNH2 CH2 
I 
coz- I 

c o 2 -  

(CH2)3 
1 
I 
I 

(CH2)3  
- I  - I  - I  

p 2  

c o p -  
I 

CHNH;! 

CO2 H 

(37) (38) (39) (40) 

S-Adenosylmethionine is specifically involved in the N-methylation of numerous 
naturally occurring amines, many of which have marked pharmacological effects 
even though they may be present in tissues at very low concentrations. Axelrod and 
coworkers have contributed extensively to the characterization of the 
methyltransferases concerned, and have written a number of valuable. reviews on 
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biogenic amines and the role of methylation in their synthesis and 
m e t a b o l i ~ r n ~ ~ ~ - ~ ~ ~ .  

Examples of such methylations include the formation of adrenaline 41 from 
noradrenaline in the adrenal medulla'78. Adrenaline itself may be further 
methylated in the presence of S-adenosylmethionine to form N-methyladrenaline, a 
normal metabolite of the hormone in many animal species. Axelrod refers to 
the noradrenaline-methglating methyltransferase as phenylethanolamine 
N-methyltransferase 175.179. since the enzyme from several animal species can 
methylate a range of phenylethanolamines, although the  same enzyme in other 
animals and man methylates only 2-hydroxyphenylethanolamines. This enzyme is 
also present in nervous tissues and the brain, suggesting that adrenaline may have 
an additional role as a neurotransmitter. 

HO @ 
HO 

Animal tissues also exhibit a relatively non-specific 
S-adenosylmethionine-dependent amine N-methyltransferase activity catalysing :he 
methylation of a range of indoleamines, such as tryptamine and serotonin 
(5hydroxytryptamine, 5-HT) 42, as well as many phenylethanolamines, including 
noradrenalinelso. Many drugs, e.g. ephedrine, amphetamine, normorphine, and 
nornicotine, can likewise be methylated by this system. The N-methyltransferase(s) 
responsible occurs in lung, heart, and stomach tissue. but is most active in liver. Its 
apparent lack of activity in brain is due to the presence of potent naturally 
occurring inhibitors. When these are removed from brain extracts by dialysis, the 
enzyme present can readily methylate tryptamine first to N-methyltryptamine and 
then further to NN-dimethyltryptamine 431a1; which produces hallucinogenic 
effects in man. It is of interest that this N-methyltransferase is also found in human 
blood platelets, so that its activity in patients with various mental disorders can be 
easily assayed by blood sampling. This has revealed that in schizophrenic subjects 
there is an abnormally high activity for converting tryptamine to  the mono- and 
dimethyl derivatives, apparently due to a reduction in the tissue levels of the 
natural inhibitors of the enzymelaZ. 

Other workers have reported the presence in human, sheep, chick, and ox brain 
of an S-adenosy1methionine:indolethylamine methyltransferase, distinct from the 
above-mentioned non-specific enzyme, which acts on various indolethylamines but 
does not N-methylate phenylethylamines, such as noradrenaline. It is very active 
towards tryptamine and serotonin as methyl  acceptor^^^^^^^^. The latter compound is 
methylated to the NN-dimethyl derivative bufotenin 44 for which there is 
accumulating evidence that it plays a role in the onset of psychosis in 
schizophrenia. 

The simple alkaloid hordenine 46 is widely distributed in plants, and was shown 
originally by RaouliaS to be synthesized in barley seedlings from the amino acid 
tyrosine via the intermediate formation of tyramine 45, the methyl groups being 
derived from methioninela6. N-Methyltyramine is the first methylation productla7, 
and further methylation can occur in some plants. e.g. barley and certain cacti, to 



17. The biochemistry of sulphonium salts 733 

give the quaternary ammonium base candicine 4718*. Mann and MuddIg9 have 
identified a tyramine N-methyltransferase in the roots of germinating barley which 
requires S-adenosylmethionine in the formation of N-methyltyramine, and there is 
evidence for the participation of the enzyme in a further methylation to 
hordeninelyO. 

6cHzNH2 ~ C H ~ C H ~ N ( C H ~ ) Z  CH2CHz&(CH3)3 

X- H o w  C H 2 C H 2 N ( CH3 2 

O H  O H  O H  
H 

(44) (45) (46) (47) 

According to M ~ d d ~ ~ l ,  plant tissues such as barley shoots contain an indoleamine 
methyltransferase distinct from that found in animal tissues, which can methylate 
3-aminomethylindole 48 first to the 3-methylamino derivative and then to the 
naturally occurring dimethyl derivative, the alkaloid gramine 49. 

m'cH2NH2 
H 

(49) 

Another amino group N-methyltransferase has been partially purified from 
tobacco roots and methylates the base putrescine 83 to N-rnethylputrescine, the 
latter compound being a likely intermediate in the biosynthesis of nicotineI9*. 

The first heterocyclic N-methylation to be studied biochemically was the 
conversion of nicotinamide to its methochloride in rat liver s l i ~ e s ~ ~ . ~ ~ .  This 
methylation is the main pathway for the metabolism of nicotinamide in animals and 
man193. The methyltransferase responsible is specific for the methyl acceptor and is 
unable to methylate nicotinic acid. The latter compound is, however, methylated to 
trigonelline 50 in the presence of a specific nicotinate N-methyltransferase, 
isolated from extracts of pea  seedling^"^. In muscle tissue, carnosine 
(0-alanyl-L-histidine) 52 can be methylated to the 1-methyl derivative, anserine 
53, by another specific S-adenosylmethionine-dependent methyl t ran~ferase '~~ .  

(521 
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The nuclear methylation of histamine 51 to 1-methylhistamine is the principal 
pathway in the metabolism of this powerful vasopressor amine in the A 
specific imidazole N-methyltransferase catalysing the methylation was identified in 
mouse liver by Axelrod and coworkersIY7 and subsequently partially purified from 
guinea pig brainlg8 and liverIg9. It has also been found in the majority of animal 
tissues, including red blood cells, but the highest activity is present in the brain. 
Since 1-methylhistamine has negligible physiological activity compared with 
histamine itself, the enzymic methylation may operate to deactivate the parent 
amine. 

With the aid of S-adenosylmethionine labelled with I4C or  3H in the methyl 
group it is possible to identify and determine minute quantities of histamine in tissue 
extracts'77. The  extracts are incubated with the labelled methyl donor in the 
presence of a purified preparation of histamine methyltransferase. The 
N-methylated derivative is then extracted and its radioactivity assayed by liquid 
scintillation counting, and in this way the detection of as little as 20 pg of histamine 
is possible. Other pharmacologically active amines, e.g. noradrenaline and 
serotonin, can be assayed in a similar manner using the appropriate 
N-methyltransferases, as indicated in Table 5 .  

There is abundant evidence for the existence of other N-methyltrarsferases in 
plants which are responsible for the formation of the nuclear N-methyl groups of 
many alkaloids and related compounds. In several instances tracer studies with 
whole plants or extracts of plant tissues have indicated methionine as the source of 
the methyl groups, so that the participation of S-adenosylmethionine, if not 
demonstrated directly, is strongly suspected'88. Such alkaloids include codeine, 
thebaine, morphine, ricinine, and nicotine'00.201. A recent confirmation of the role 
of S-adenosylmethionine as the  methyl donor in these reactions is that poppy latex 
has been shown to contain N-methyltransferases which catalyse the methylation of 
the nor-precursors of these alkaloids in the presence of the sulphonium 

TABLE 5. Use of S-adenosylmethionine and methyhransferases to 
measure biogenic amines and drugs in tissues. (Data from A ~ e l r o d ' ~ ~ ;  
reproduced with permission of Columbia University Press. New York) 

Amine Enzyme" Sensitivity (pg) 

Dopamine COMT 100 
Noradrenaline COMT 20 
Octopine PNMT 25 
Phenyle thanolamine PNMT 25 
Phenylethylamine PNMT (+ DBH) 200 
Serotonin HIOMT 20 
N-Ace tylserotonin HIOMT 25 
Histamine HMT 20 
Tryptamine NMT 1000 
Amphetamine NMT 10.000 

.. 

"COMT. catechol 0-methyltransferase (from rat liver); PNMT. phenyl- 
ethanolamine N-methyltransferase (from bovine adrenal); DBH. 
dopamine P-hydroxylase (from bovine adrenal); HIOMI'. hydroxyindole 
0-methyltransferasc (from bovine pineal); HMT. histamine N-methyl- 
transferase (from guinea pig brain); NMT. non-specific N-methyl- 
transferasc (from rabbit lung). 



17. The biochemistry of sulphonium salts 73 5 

compound2oz. This type of methylation is not confined to plants, however, and can 
be brought about by a methyltransferase in rabbit Iung203. 

Suzukizo4 demonstrated that discs cut from tea leaves incorporated the rnethyl 
group of S-adenosylmethionine into caffeine. Subsequently, tea leaves were shown 
to  contain two N-methyltransferases involved in the transfer of methyl groups from 
the sulphonium compound to 7-methylxanthine, giving first theobromine 
(3,7-dimethylxanthine) and then caffeine (1,3,7-trimethyl~anthine)~”~. Methylation 
of 1-methylxanthine can also occur, giving theophylline (1,3-dimethylxanthine) and 
paraxanthine (1,7-dimethyIxanthine). 

S-Adenosylmethionine is also the methyl donor for the N(3)-methylation of the 
naturally occurring bases adenine and N(6)-methyladenine, as well as the purine 
analogues 7-methyladenine and 2 ,6 -d iaminop~r ine~~~ .  The specific methyl- 
transferase catalysing these methylations is present in rabbit lung, kidney, and 
spleen. It is distinct from an aminopurine rnethyltransferase present in many 
bacteria, capable of methylating substituted purines to yield the corresponding 
2-methylamino derivatives207. 

c. 0-Methylation, An important pathway in the metabolism of catecholamines is 
the conversion of these compounds to their methoxy derivatives. This has been 
shown to require the action of the S-adenosylmethionine-dependent enzyme 
catechol O-methyitran~ferase~~~.’~~.~~~. Normally, methylation takes place on the 
3-hydroxy group, but when other substituent groups are present in the ring a 
mixture of 3- and 4-methoxy derivatives may result. Catechol 0-methyltransferase 
is widely distributed in plants, crustacea, and in animals, where it is a constituent of 
most tissues. Adrenaline 41 is methylated by the enzyme to metanephrine 54 the 
principal metabolite of the hormone in manzo9. Other substrates are noradrenaline 
and dopamine 55. The amino acid dopa 56 is readily methylated 

,NH2 
@ CH(OHICH2NHCH3 Ho4cH*NH2 Ho4 CHzCH, C02H 

CH30 
HO HO HO 

(54) (55) (56) 

to 3-methoxydopa, and since the former compound is used medicinally in the 
treatment of Parkinson’s disease, its administration in excessive amounts could 
lead to a depletion of S-adenosylmethionine levels in the body. As evidence of this. 
the injection of dopa into rats causes a 76%~ reduction in the level of the 
sulphonium compound in the brain and a 51% reduction in the adrenal medulla 
within a period of 45  min2I0. 

In the acute state of schizophrenia, S-adenosylmethionine levels in the brain are 
also markedly reduced as a result of utilization of the compound for methylation2”. 
Whereas dopamine is normally metabolized to its 3-methoxy derivative. followed 
by further oxidation to 3-methoxy-4-hydroxyphenylacetic acid. in schizophrenic 
subjects both hydroxy groups of the drug are methylated to yield 
3,4-dimethoxyphenylethylamine. which appears to be a characteristic constituent of 
the urine in this mental condition”’. I t  is of interest that the 3.4-dimethoxy 
derivative is known to have properties akin to those of the hallucinogenic substance 
mescaline (3.4.5-trimethoxyphenylethylamine). 

Catechol 0-methyltransferase has a relatively low substrate specificity in that it 
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can catalyse the methylation of a variety of other catechols, and also polyphenols 
and 5,6-dihydroxyindoles. The  enzyme from human placenta accepts 
2-hydroxyestrogens as substrates213 and the methylation by S-adenosylmethionine 
of 2-hydroxyestradio1-17p has been demonstrated in the presence of the enzyme in 
human liver slices214. The rat liver enzyme has also been reported to catalyse the 
methylation of L-ascorbic acid to  2-methyl-~-ascorbic acid2I5. Other enzymes with 
catechol 0-methyltransferase activity have been identified in various p l a n t ~ ~ l ~ . ~ ’ ~ .  

Another S-adenosylmethionine-dependent 0-methyltransferase participates in the 
final step in the synthesis of melatonin 59 from tryptophan 57, serotonin 42 
and acetylserotonin 58 being intermediates in the pathway218. Melatonin is a 

H H 

(58 J (591 

hormone secreted by the pineal gland. It has a skin-lightening effect in fish and 
arnphibia and inhibits the activity of the gonads in mammals. The methylating 
enzyme is now referred to as acetylserotonin 0-methyltransferase on account of its 
high substrate activity, although a few other  5-hydroxyindoles serve as  methyl 
acceptors. The reported 0-methylation of 5-hydroxy-NN-dimethyltryptamine in 
pineal gland tissue219 may be due to the action of this enzyme. 

A wide variety of 0-methylation reactions have been observed in plants and 
microorganisms where, as with N-methylation reactions, the role of 
S-adenosylmethionine as the methyl donor has often been implied from the ability 
of methionine to  supply the methyl group, although in a number of instances there 
is direct evidence for the participation of the sulphonium compound. Examples are 
the incorporation of the methionine-methyl group into the guiacyl, syringyl, 
veratryl, and trimethylgallyl residues of lignins in plants such as barley and 
tobacco220.221, likewise the transfer of methyl groups from methionine in pectin 
synthesis in oat and maize t i s s ~ e s ~ ~ . ~ ~ ~ ,  as well as in the synthesis of alkaloids200.201 
and chalcone-type compounds223. Methionine was also shown to be a source of 
methyl groups for the formation of the 6-methoxy group of ubiquinone-9 in the 
organism Euglena gracilis2’j, as  was found some years earlier by Lawson and 
Glover to be the situation in rat liver and  intestine225. More recently, the direct 
involvement of S-adenosylmethionine as  the methyl donor in ubiquinone 
biosynthesis has been confirmed in rat liver mitochondria226. 

Goodwin and coworkers have provided unequivocal evidence for 
S-adenosylmethionine acting as the methyl donor in the biosynthesis of methoxy 
carotenoids in the bacterium Rhodopseudomorins ~ p i i e r o i d e s ~ ~ ~ ,  where methylation of 
tertiary hydroxy groups takes place. 0-Methylation of anthocyanidins also requires 
the sulphonium compoundz28. 
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High substrate specificity is a feature of the S-adenosylmethionine-dependent 
0-methyltransferase catalysing the  methylation of inositol. Thus, two separate 
enzymes, myo-inositol 1-0-methyltransferase and myo-inositol 3-0-methyl- 
transferase have been characterized in the pea 

A recently identified methyltransferase, caffeate 3-0-methyltransferase, has been 
partially purified by Poulton and from spinach beet leaves and from 
soybean cell cultures231. This enzyme catalyses the methylation of the meta-hydroxy 
group of caffeic acid by S-adenosylmethionine, forming ferulic acid 60, a 

C H = C H C 0 2 H  
I 

HO 

precursor of lignin. Although caffeic acid is the preferred substrate, other 
hydroxycinnamic acids, such as 5-hydroxyferulic acid and 3,4,5-trihydroxycinnamic 
acid, can also act as methyl acceptors. A second enzyme concerned in the 
metabolism of catechol-type residues is a 3'-4'-dihydroxyflavonoid 3-0- 
methyltransferase, which occurs together with the caffeate methyltransferase in 
soybean cultures232. It differs from the first enzyme in its stability and in the way its 
specific activity changes during the growth of the cell cultures. It is believed that 
the caffeate methyltransferase is part of the lignin biosynthesis pathway, whereas 
the other enzyme is concerned with flavonoid biosynthesis. 

A further 0-methyltransferase, present in the fungus Lentinus lepidens, catalyses 
the methylation by S-adenosylmethionine of esters of hydroxycinnamic acids, the 
free acids being inactive as substrates. An example of its action is the methylation 
of methyl coumarate (p-hydroxycinnamate) to methyl p -me thoxy~ innamate~~~ .  The 
fungal enzyme preparation was reported to convert cinnamic acid into its methyl 
ester, but it is not yet clear whether this was due to the presence of another 
methyltransferase. The methylation of free carboxylic acids to the corresponding 
methyl esters can occur enzymically, one biologically important example of this 
reaction being a step in the synthesis of chlorophyll a, namely, the methylation of 
magnesium-protoporphyrin IX by S-adenosylmethionine, whereby a carboxyl group 
in ring V is esterified. The reaction has been studied in the organism Rh. 
~ p h e r 0 i d e . s ~ ~ ~  and in wheat seedling tissue23s, and a partial purification of the 
enzyme responsible, magnesium-protoporphyrin methyltransferase, from wheat 
seedlings has been described by Ellsworth and D ~ l l a g h a n ~ ~ ~ .  An enzyme 
preparation from Mycobacterium phlei has been found to catalyse the conversion of 
several fatty acids to their methyl esters in the presence of S-adenosylmethionine, 
oleic acid being the most effective methyl acceptor237. 

Incorporation of the methyl group of the sulphonium compound into insect 
juvenile hormones has also been established, and the presence of an appropriate 
0-methyltransferase detected in extracts from the tobacco h o r n ~ o r m ~ ~ ~ .  

d. C-Methylation. Although some C-methyl groups in natural products arise by 
the reduction of structures such as ,CFCH2 and ',C-CH20H, many are 
recognized to be formed as a result of methyl transfer reactions. As with 0- and 
N-methylated compounds, methionine has been demonstrated as a source of the methyl 
groups, but in comparatively few instances has the direct participation of 

\ 
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S-adenosylmethionine been shown. Much still remains to be uncovered about this aspect 
of biological methylation, for example, whether there are only a few relatively 
non-specific C-methyltransferases, or whether a large number of substrate-specific 
enzymes exist. 

Methyl transfer from methionine is implicated in the biosynthesis of ubiquinones, 
tocopherols239, plastoquinones, C3,-triterpenes, t r o p o l ~ n e s ~ ~ ~ ,  sterols, 
branched-chain fatty acids, and other secondary metabolites, such as  antibiotics in 
fungi. All seven methyl groups of the corrin ring structure of cobalamins have 
been found to originate from methionine2J1. The C-methyl groups of certain minor 
purine and pyrimidine bases in DNA and RNA are apparently formed in the same 
way in microorganisms, plants, and animals. Earlier investigations of the nature of 
the process, using methionine labelled with I4C and 2H in the methyl group, 
revealed that whereas transfer of the intact methyl group sometimes occurs, loss of 
one or two hydrogen atoms during the transfer is not uncommon. 

The mechanisms of C-methylation have been outlined in illuminating reviews by 
Lederer242-244. Intact methyl transfer is considered to involve the interaction of 
S-adenosylmethionine with a double bond activated by adjacent electron-releasing 
groups, for example 

O H  CH3 

-c=c-- I 1  

This mechanism was first proposed by Birch et al.245, and shown to account for the 
biosynthesis of mycophenolic acid 61'". A number of antibiotics contain 

CHg 
(61 1 

methyl-branched 6-deoxyhexoses, e.g. noviose 62 and mycarose 63, in which the 
C-methyl groups are derived from methionine. Pape et have provided 

(62) (63) 

evidence for intact methyl group transfer in the formation of the mycarose residues 
in Streprornyces. probably by the above mechanism. Intact methyl group transfer is 
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also believed to take place in the biosynthesis of various methylated amino acid 
residues found in antibiotics, e.g. N-methyl-C-methyl-L-isoleucine, 3-methyl- 
tryptophan, and 3-methylphenylalanine. 

A second mechanism has been proposed to account €or the partial transfer of the 
methyl group, involving an interaction at  an isolated double bond. Initially, the 
formation of an intermediate carbocation ion may occur, the carbocation ion then 

becoming stabilized in one  of several ways: 

H \ / H  

-c/-\c- + Ht (Cyclization to  a cyclopropane) 

I I 

I (Elimination with formation of a 
I vinylic methyl group) 

Y CH3 CH3 
I +  

I 1  
-C-C--  - --C=C-- + H +  

CH3 
I 1  

I I 1  

\ CH2 
I’ I 2H -c-c-- __c -c-c- 

(Elimination followed by reduction) 

Evidence for the operation of the type I reaction is the conversion of cis-vaccenic 
acid 64 into lactobacillic acid 65 by Clostridium brityriciim in the presence of 

H H  ‘-’ 
SAM /L\ 

CH~(CHZ)~CH=CH(CH~)~CO~H - C H ~ ( C H ~ ) S C H - C H ( C H ~ ) ~ C O ~ H  

(64) (65) 

S-adenosylmethionine as methyl d ~ n o r ~ ~ ~ . ’ ~ ‘ .  The true substrate for this system 
appears to be a vaccenic acid residue in a phosphatidylethanolamine and not the 
free acid. The methylation of monounsaturated alkanoic acids to give other 
cyclopropane acids seems to be a feature of several bacteria250. 

The type 111 reaction explains the formation of tuberculostearic acid 68 from 
oleic acid 66 in the organism Mycobacteriirm phlei”’, and the expected 
intermediate, 10-methylenestearic acid 67, has been isolated and ~haracter ized~’~.  

CH2 
I1 

CH3(CH2)7CH=CH(CH2)7C02H - CH3 (CH217C - CH2(CH2)7C02H 

(66) 
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Since free tuberculostearic acid is not found, the true substrate is probably a 
phospholipid-bound oleic acid residue. 

A better documented example of the type I11 C-methyl transfer is provided by 
the methylation of many plant and yeast sterols in the C(24) position. Studies of 
sterol biosynthesis begun about 25 years ago indicated that this methyl group is not 
derived from acetate as are the rest of the carbon and Parkszs4 showed 
that it originates from the methyl group of S-adenosylmethionine. An 
S-adenosylmethionine-dependent Aczp)-sterol methyltransferase was identified and 
characterized in the yeast S. cerevisiae, and its properties have been described in 
detail by Parks ef  al.25s. 

The role of the enzyme may be illustrated by the methylation which it catalyses 
at  the C(24)-C(25) double bond of zymasterol 69 with the introduction of a 
methylene group to give fecosterol 70. Reduction of this group then occurs, 
together with dehydrogenation in ring B to form ergosterol 71. The sterol 

methyltransferase has been partially purified from yeast256, where it is located in 
the mitochondria. Its reaction kinetics are complex and it is markedly inhibited by 
cations, especially monovalent cations, e.g. K+ and Na+, so that cation flux may 
exert a regulatory role in sterol biosynthesis in yeast. 

More than eighty sterols have been characterized in such marine organisms as 
sponges and shellfish, many of these compounds being derived from the cholesterol 
skeleton, but having various modifications in the side chain at C(24): Again, 
C-methylation is implicated in the formation of the alkylated branched  hai ins^^'.^^^. 
Frequently a cyclopropane ring occurs in the side chain, a s  in gorgosterol 72, a 

constituent of the gorgonian Plexaura j 7 e x u 0 s u ~ ~ ~ .  This ring probably results from a 
type I reaction, following the addition of the S-adenosylmethionine-methyl group to  
an olefinic double bond. 

A double C-methylation was postulated by both BirchZ6O and Nes and 
coworkers26' for the biogenesis of ethylidene and ethyl side-chains found in 
phytosterols, and the mechanism has been confirmed for the formation of 
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p-sitostero126', spinasterol, and fucosterol. This was established by feeding 
methionine labelled with IJC in the methyl group to pea seedlings, the sterols in 
question being shown to have incorporated the label into both the C(281 and C(29) 
positions. The first methylation is believed to form a methylene derivative 73, 
which acts as the acceptor for a second methyl group. 

(73) 
CH3 
I 

CH3 
I 
CH 

Using methionine doubly labelled with 3H and '"C in the methyl group, Goodwin 
and coworkers262 concluded that the ethyl side-chain of sitosterol in maize and 
larch leaves contains only four H atoms derived from methionine-methyl groups, 
which would imply the biosynthetic pathway A -+ B + C += D. However, Lederer 
and coworkers263, using 2H-methyl-labelled methionine, found that in a slime mould 
five H atoms were incorporated, favouring the sequence A + B + E. 

2. Methylation of macromolecules 
a. Polysaccharides. 0-Methoxy sugars occur widely in the form of polysaccharides 

or in conjugation with sterols, phenols, hydroxyalkanoic acids, etc., and include 
2-0-methylrhamnose, 2-0-methylfucose, 2,4- and 3,4-di-O-methylrhamnose, and 
2,3-di-O-rnethylglucose. Nucleic acids contain 0-methylpentoses, and in yeast 
transfer-RNA some 1.5% of the D-ribose residues are 0-methylated26J. 
Hemicelluloses contain 4-0-methyl-D-glucuronic acid as a component. and 
0-methyl-D-galacturonic acid is present in pectins. Byerrum and coworkers265 
reported the incorporation of the methionine-methyl group into pectin in radish 
plants, and Kauss and Hassid266 subsequently demonstrated with mung bean 
extracts that S-adenosylmethionine is the precursor of methyl ester groups in the 
polygalacturonate side-chains of pectin, the incorporation taking place at the 
macromolecular level. Kauss and Hassid also showed that particulate preparations 
of corn cob can transfer the methyl group of the sulphonium compound to yield 
4-0-methylglucuronate residues in hemicullulose B267. 

Ballou and coworkers have investigated the methylation of polysaccharides in 
Mycobacteria. which are exceptionally rich in 0-methyl sugars. They found that 
6-0-methyl-D-glucose is a hydrolysis product of a lipid fraction of Mycobacreriurn 
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phlei’68. This methoxy sugar proved to be a constituent of a unique 
lipopolysaccharide, consisting of eighteen hexose units, the terminal position at the 
non-reducing end of the chain being occupied by a 3-0-methylglucose unit. Also 
part of the chain and starting at the fifth hexose unit from the non-reducing end is 
a sequence of ten 6-0-methyl-D-glucose units. It is believed that this 
lipopolysaccharide, having strongly hydrophilic and lipophilic properties, functions 
in some way at the interface between membranes and the cytoplasm in the 
organism”j9. 

The methylation of sugar residues is thought to play an important role in the 
biological function of polysaccharides by modifying properties such as solubility, 
ion-exchange and water-binding capacity, and the formation of c ro~s - l inkages~~~ .  
The effect on a polymer such as pectin, when polar carboxyl groups are converted 
into neutral methyl ester groups, may be to alter cellular plasticity, for a firmer cell 
wall structure is generally associated with a low pectin methyl ester content, which 
in turn is related to a higher content of divalent ions, such as Ca2+, bound to free 
carboxyl groups. 

b. Proteins. N-Methylated amino acids have been known for some time to be 
minor components of proteins. These compounds are also present in small amounts 
in mammalian urine, and their excretion is regarded as a consequence of normal 
prote.in catabolism. Such amino acid derivatives include 3-N-methylhistidine, 
N-methyllysines, and N-methylarginines. The natural occurrence of these 
compounds has been reviewed in detail by Paik and Kim277’. The possibility that the 
naturally occurring N-methylamino acids are first synthesized and then incorporated 
into proteins has now been discarded in favour of the concept of the introduction 
of methyl groups into preformed polypeptide structures. This has been clearly 
established on an experimental basis by several groups of ~ o r k e r s ~ ~ ~ - ’ ~ j ,  who 
achieved methylation of histones in v i m  in the presence of S-adenosylmethionine. 

Paik and Kim271.275, among others, subsequently made a detailed study of the 
mechanism of protein methylation, and have characterized three classes of enzyme 
involved, which they termed for convenience protein methylases I ,  11, and 111. 
Protein methylase I ,  also referred to as protein (arginine) methyltransferase, 
catalyses the methylation by S-adenosylmethionine of the guanidino moiety of 
arginine residues in histones and other proteins. It is present in many organs and 
has been partially purified from calf thymus. The main reaction product is 
mono-N-methylarginine. but the NN-dimethyl derivative is also formed. 

An intriguing finding is that N-methylarginine occurs at a specific site, namely, 
residue 107, in a basic protein referred to as A1 protein, a major component of the 
myelin from animal and human brain”7”. This basic protein is thought to confer on 
myelin the ability to interact with lipid constituents in cell membranes. Protein 
methylase I can give rise to mono-, di- and tri-N-methylarginines, which are present 
in different combinations in the A1 protein from the brain of different animal 
species. This interesting aspect of protein methylation has been reviewed by 
CantoniI7j. Its significance in relation to brain function is still a matter of 
speculation. The protein methylase I from rat liver cytoplasm can use the analogue 
S-adenosyiethionine as a substrate as effectively as the methionine sulphonium 
compound in the  alkylation of histone, and is inhibited by the reactive metabolites 
of various carcinogens in addition to ethionine. for example aminofluorene 
derivatives and acridine orange. There appears to be a correlation between the 
malfunction of histone produced by these compounds and the induction of 
neopla~ia”~.  

Protein methylase 11. otherwise known as protein carboxymethyltransferase. was 
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discovered during a study of protein methylase 1278. This second methylase was 
found to catalyse the formation from protein substrates of an unstable product 
which readily breaks down with the release of methanol. A similar enzyme had 
been reported previously by Liss and Edelstein*”. The enzyme catalyses the 
0-methylation of free carboxyl groups in proteins, forming methyl ester groups, 
which are easily hydrolysed back to  the free acids under weakly acidic or alkaline 
conditions. 

This  0-methyltransferase is present in a wide variety of animal tissues, including 
brain, liver, heart, thymus, and pituitary. the testis being especially rich in the 
enzyme. Among the amino acid residues capable of being esterified are glutamic and 
aspartic acids. The enzyme can also methylate hormones from the anterior lobe of 
the pituitary. and by forming derivatives of the hormones from which they may be 
readily released. the methyltransferase may play a role in their storage and 
transport. I t  acts on internal, but not terminal, carboxyl groups and can methylate 
gelatin, pepsin, ovalbumin. pancreatic ribonuclease, and histones*EO. 

Kinetic studies on protein methylase I1 have shown that its K, value for 
S-adenosylmethionine is of the order of I x M, or one tenth to one fifteenth 
of both the concentration of the sulphonium compound in most tissues and also the 
corresponding K, values for this substrate in the case of other methyltransferases, 
such as catechol-0-methyltransferase, acetylserotonin 0-methyltransferase, and 
phenylethanolamine N-methyltransferase. This means that under normal 
circumstances the action of the protein methylase is not limited by the 
concentration of S-adenosylmethionine, but that when the concentration of the 
sulphonium compound does fall to critical levels, protein 0-methylation may 
proceed in preference to the methylation of biogenic a m i n e ~ ’ ~ ~ .  

Unlike the first two protein methylases, which are soluble enzymes, protein 
methylase 111, or protein (lysine) methyltransferase, is bound to cell nuclei, where it  
appears to be associated with chromatin. This enzyme mediates in the methylation 
by S-adenosylmethionine of the &-amino groups of lysine residues in histones2E’. 
The mono-, di- and tri-N-methyl derivatives of the amino acid are formed, but 
there is some reason to  believe that more than one lysine methyltransferase is 
involved. Like protein methylase 11, it has a particularly low K, value for the 
methyl donor substrate, indicating that its action might be favoured over that of 
other methyltransferases. 

It is of interest that the specific activity of protein methylase 111 is higher in 
rapidly proliferating tissues, such as foetal or regenerating adult tissue, rapidly 
growing tumour tissue, etc., than in normal adult tissue. In fact, there appears to be 
a close correlation between the extent of methylation of protein-lysine residues and 
cell proliferation. The enzyme is present in most tissues, testis being a good source. 

Much remains to be discovered about the biological roles of the protein 
methylases and to what extent their functions are interlinked. Of particular interest 
is the way the specific activity of protein methylase I1 in rat brain alters with the 
age of the animal, a 15-fold increase (on a cell-unit basis) taking place between 
birth and the attainment of a body weight of 120g. This dramatic change is not 
exhibited by the two other protein methylases2E2. Protein methylase 11. but not I or 
111. is present in circulating blood and does not show the marked changes in 
specific activity in proliferating or tumour tissue observed for protein methylase 111. 
It has been speculated that protein methylase I1 may be involved in the processes 
of brain maturation, or it may operate as a regulator in brain f~nction’~’. 
Furthermore, protein methylases I and 111 decrease greatly in activity in rat testes 
over the period of body weight development from 100 to 200 g. whereas protein 
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methylase I1 activity first increases and then declines during this period. This 
suggests a possible link between protein methylation and sexual maturation. 

c. Nucleic acids. The occurrence of 7-methylguanine 74 as a constituent of 
human urine was reported as long ago as 1898283. Subsequently, various other 
methylated purines and pyrimidines were identified as minor excretory products. 
However, about 60 years elapsed after the original discovery before it was 
recognized that small amounts of these methylated bases are normal components of 
nucleic acids from mammalian species and other  organism^^^^.^^', the metabolic 
turnover of these nucleic acids accounting for the appearance of the bases in urine. 

Extensive analytical studies have revealed that a t  least fifteen of these bases 
occur naturally in this manner, and that their distribution pattern varies with the 
species of the organism and the type of tissue from which the nucleic acids are  
obtained. Thus rat liver transfer RNA (tRNA) contains 7-methylguanine 74, 
1-methylguanine 75, N(2)-methylguanine 76, N(2),N~2)-dimethylguanine 77, 
1-methyladenine 78, 5-methyluracil (thymine) 79, and 5-methylcytosine 80. 
The tRNAs of other tissues, including tumour tissues, contain the same bases but in 
different proportions, while tRNA from the bacterium E. coli contains in addition 
2-methyladenine 81 and N(c)-methyladenine 82286. An extensive literature on the 
comDosition of nucleic acids has develoDed, which has been summarized in valuable 
revilws by Salvatore and C i m i n ~ ~ ~ '  and by'Nau288. 

(77 1 

(801 

(751 

(81 1 

C H 3 N H  H 

(76)  

(79 1 

Figure 4 illustrates the distribution of methylated bases in a typical tRNA, 
consisting of about ninety nucleotide units. The average number of these bases 
present may be as low as two in some bacterial tRNAs, but up to ten in 
mammalian tRNAs. They are located mainly at  nine sites in the molecule, 
comprising residues, 9, 10, 19, 29, 55, 64. 65, 70, and 74, although some are 
occasionally found at position 14, 35, 37, 40, 42, or 43. 
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FIGURE 4. Methylation sites in tRNA. 
0, Commonly methylated nucleoside residues; 
8,  residues occasionally methylated. 

Borek and  coworker^^^^^^^^ have played a leading part in elucidating the 
biochemical mechanisms whereby these methylated bases arise. The situation 
parallels that found for polysaccharides and proteins, in that the methyl groups are 
introduced into selected purine and pyrimidine residues of nucleic acids a t  the 
macromolecular level and not into the free bases themselves291. Methionine was 
shown to  be the source of the methyl groups of both the component bases of 
nucleic acids and likewise the free bases and nucleosides found in urine292*293. 

The  study of tRNA methylation has made considerable advances as a result of 
the isolation of a mutant of E. cofi, K12, exhibiting certain genetic lesions, which 
render it possible to separate the initial synthesis by the bacterium of ‘nascent’ or 
unmethylated tRNA (as well as ribosomal RNA and to some extent DNA) from 
the subsequent methylation step294. The mutant is unable to form methionine from 
the usual inorganic sulphur sources and requires the amino acid to be supplied in 
the culture medium for normal growth. In the absence of added methionine, tRNA 
is produced but is deficient in its normal complement of methylated bases. Under 
the appropriate conditions and in the presence of S-adenosylmethionine as the 
methyl donor, preparations of this submethylated tRNA from the E. coli mutant 
can be made to  undergo further methylation in vitro, so that it can serve as a 
methyl acceptor for tRNA methyltransferases. 

However, its role as a substrate is not limited to the enzymes from E. cofi itself, 
since it is also an efficient methyl acceptor for other tRNA methyltransferases of 
plant, animal and viral origin. In fact, the methylation of this submethylated tRNA 
by heterologous tRNA methyltransferases (i.e. from species other than E. coli) may 
result in the formation of supermethylated tRNA, with more component bases 
being methylated than can be achieved with enzyme preparations from the bacterial 
mutant. In these circumstances nucleoside residues not normally methylated in E. 
cofi tRNA become sites for the acceptance of methyl groups. 
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With the aid of the submethylated tRNA as a substrate, it has been 
demonstrated that a multiplicity of tRNA methyltransferases exist in mammalian 
tissues as well as in plant tissues and microorganisms. These enzymes show varying 
degrees of specificity towards individual purine or pyrimidine residues (base 
specificity) and different groups in the nucleoside molecule (group specificity), also 
towards the same nucleoside located at different points in the tRNA chain (site 
specificity) and towards tRNAs from different types of organism (species 
specificity). 

Thus, in any one species, a uracil tRNA methyltransferase C-methylates a uracil 
moiety to yield 5-methyluraci1, whereas at least three types of species- and 
site-specific guanine tRNA methyltransferase N-methylate guanine residues in the 
1- or 5-position, or introduce one or two methyl groups in the 2-amino group. 
Similarly, adenine-specific tRNA methyltransferases C-methylate the purine moiety 
in the 2-position, N-methylate it in the I-position, or form the mono- or dimethyl 
derivatives at the 6-amino group. In addition, other tRNA methyltransferases 
methylate the 2'-0- position of the ribose moiety in the nucleoside residues29s. 
Detailed accounts of the distribution and properties of the tRNA methyltransferases 
may be found in a recent monograjlh on S-adenosylmethionine bio~hemistry '~.  

The mechanism proposed for the C-methylation of a uridine residue by the 
enzyme transfer ribonucleate uracil-5 methyltransferase involves an interaction 
between S-adenosylmethionine and the reactive carbon-carbon double bond in the 
base 296: 

Ribose Ribose R i bose 

The methyl group is transferred intact, as shown by Law and coworkers297 using 
methionine labelled with 2H in the methyl group and added to the culture medium 
of E. coli. 

The methylation of an adenosine to a 2-methyladenosine residue is a unique 
example of the enzymic C-methylation of a carbon-nitrogen double bond: 

I 
Ribose Ribose 

Ribose 

The tRNA methyltransferases are stimulated to various extents by monovalent or 
divalent cations, e.g. NH;, Ca2+, and Mg2+, and also by physiological concentrations 
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of the bases Putrescine ($3). spermidine (84) and spermine (as), which frequently 
occur in C e l l s  in close association with nucleic acids2’8.2‘)’. These enzymes are 
subject to product inhibition by S-adenosylhomocysteine and, moreover. they 
appear to be considerably more sensitive to the presence of this compound than are 
other methyltransferases, such as glycine and nicotinamide methyltransferases: 
Glycine methyltransferase generally occurs a t  much higher concentrations in animal 
tissues, so that not only may i t  compete more effectively with tRNA 
methyltransferases for the substrate S-adenosylmethionine, but i t  can also act as an 
efficient generator of inhibitory S-adenosylhomo~ysteine~~~.  In this way it can exert 
a powerful regulatory effect o n  tRNA methylation. It is significant that in foetal 
tissue and that of newborn animals. where there is high tRNA methyltransferase 
activity, glycine rnethyltransferase activity is low or even absent”]. Ageing in rats 
has been found to  be associated with a rise in glycine methyltransferase activity, 
while at the same time there is a decrease in activity of tRNA methyltransferases, 
which would lead to  the production of submethylated tRNAs302. Nicotinamide 
behaves as another natural inhibitor of tRNA methylation”3, and this may be 
because its methylation by nicotinamide N-methyltransferase competitively removes 
S-adenosylmethionine and, like glycine methyltransferase, produces inhibitory 
concentrations of S-adenosylhomocysteine. 

Ribosomal RNA also contains a number of methylated bases, although it is 
methylated to only a quarter of the extent of tRNA. On the other hand, 
methylated bases have been reported as absent from messenger RNA2“. Bacterial 
DNA contains 6-methyladenine as the predominant methylated base, whereas in 
plant and animal DNAs there is a preponderance of 5 -me thy l~y tos ine~~~ .  The latter 
compound is the principal methylated base identifiable in DNA of various organs 
when rats are given rnethionine labelled in the methyl group305, or when normal or 
leukaemic human white blood cells are incubated with the amino acid306. 
Methyltransferases are again implicated in the formation of the methylated bases, 
transferring methyl groups from S-adenosylmethionine to specific adenine or 
cytosine residues in DNA, depending on the species”’. The methylation of DNA 
often occurs very shortly after the synthesis of the nascent DNA, sometimes within 
2 min of replication, although there are situations where there is a delay of several 
hours in the onset of m e t h y l a t i ~ n ~ ~ ~ .  S-Adenosylhomocysteine is a potent 
competitive inhibitor, reducing the methylation of DNA in isolated rat liver nuclei 
by as much as 50% when present at concentrations comparable with that of the 
methyl donor substrate30g. 

The biological function of nucleic acid methylation is still far from clear, although 
several plausible suggestions have been put forward. based on the changes in 
physical and chemical properties conferred on the entire molecule or on its 
nucleoside residues, by the introduction of methyl groups into the component 
bases291.2’6 . Through steric and electronic effects the presence of methyl groups will 
affect the configuration of the nucleic acid molecule as a whole by modifying the 
degree of ionization of the various polar groups, hydrogen bonding, etc. In DNA 
these effects would be expected to govern its base-pairing properties and could 
thereby control further DNA replication. transcription. and cell differentiation. 
Consequently, any divergence from the normal pattern of methylation. whether this 
results in the production of submethylated o r  supermethylated DNA, could lead to 
atypical base pairing and the formation of new nucleic acid chains lacking the 
conformations characteristic of the species. 

Borek and ~0\\t0rker~29”.2’’ have proposed that an appropriate degree of 
met1iylation creates the maximum extent of organization within the nucleic acid 
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structure and protects the replicating mechanism of the organism from the action of 
invading viruses. The location of methylated bases at specific sites within the tRNA 
molecule, as shown in Figure 4, further suggests that in any one tRNA the 
methylated bases comprise a code for the attachment of a particular amino acid, 
recognizable only by its appropriate activating enzyme, so serving to exclude other 
enzymes activating different amino acids. It is tempting to suggest that the 
submethylation of tRNA, resulting from a decrease in tRNA methyltransferase 
activity in senility, referred to previously, may account for the changes in protein 
synthesis and cellular organization associated with the ageing process. 

There is accumulating evidence that aberrant methylation of nucleic acids is 
linked with the onset of malignancy, although it remains to be established whether 
the biochemical lesion is a cause or an effect of the cellular t r a n s f ~ r m a t i o n ~ l ~ . ~ ~ ~ .  
Numerous reports indicate a pronounced elevation of tRNA methylating activity in 
a wide range of tumour tissues, amounting to a twofold to tenfold increase over 
that in normal adult tissues. The reason for this increase seems to be the release of 
the enzymic inhibition exerted by tissue constituents and competing 
methyltransferases, and to the appearance of tRNA methyltransferases with altered 
spec i f ic i t ie~~ '~ .  Whatever the cause, the nett effect is an increased methylating 
ability with the formation of supermethylated tRNA, manifested by an increase in 
the urinary excretion of methylated bases. Thus, an increased excretion of 
7-methylguanine by leukaemic patients and of other methylated bases by animals 
with various experimentally induced tumours has been observed310. Waalkes et 
have also reported increased levels of rnethylated nucleosides in the urine of 
patients with various forms of cancer, and they have considered the feasibility of 
using the excretion of these compounds as a biochemical indicator in the diagnosis 
of malignancy3I4. 

The idea of a connection between nucleic acid methylation and cancer is 
strengthened by the  fact that the well known liver carcinogen dimethylnitrosamine 
is metabolized to a powerful alkylating agent. Its administration to animals results 
in an increased methylation of DNA and RNA in liver and kidney tissue, with 
7-methylguanine. normally a rare constituent. becoming one of the prevalent 
methylated bases3I5. Furthermore, dimethylnitrosamine induces increased tRNA 
methyltransferase activity in the kidney of rats fed the compound, as well as when 
added to tissue culture  preparation^^'^.^^'. The S-ethyl analogue of methionine, 
ethionine, which is also a liver carcinogen, has been reported to affect tRNA 
methyltransferase activities in the same way"Is. The mode of action of this 
compound is more complex, however, as discussed in Section IV.D.2. 

The above account gives only a brief glimpse of the steadily unfolding story of 
nucleic acid methylation in which S-adenosylmethionine plays an all-important role. 
A further aspect worthy of mention concerns the mechanisms by which bacteria can 
combat foreign DNAs in the form of invading viruses. To prevent the duplication 
of these DNAs within the cell, the bacterial host can degrade them by a process 
ternled restriction, or can further overcome their effects by modification. 
Restriction consists of the splitting of the foreign DNAs at certain points in the 
molecule by highly specific endonucleases which do not attack the organism's own 
DNA. These enzymes have a requirement for S-adenosylmethionine. possibly as an 
allosteric factor. Modification results from a methylation of DNA by specific 
S-adenosylrnethionine-dependent methyltransferases. methyl groups being 
introduced into the 6-amino group of adenine in nucleotides at or near the points 
where the restriction endonuclcases cleave the polynucleotide chains. The DNA of 
the host cclls is methylatcd and thereby protected from attack by the restriction 
endonuclcases. while foreign DNAs are cleaved before they can be methylated. 
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These cellular defence mechanisms, representing yet another intriguing facet of the 
biochemistry of S-adenosylmethionine, have recently been the subject of several 
r e v i e w ~ 3 ” - ~ ~ ~ .  

3. Decarboxylation and polyamine biosynthesis 

Polyamines have long been known to be constituents of bacteria, as well as being 
present in plants and most animal tissues322. Commonly occurring compounds of 
this type include putrescine (1,4-diaminobutane) 83, spermidine 84, and 
spermine 85. Strains of E. coli have been reported to contain 0.06 mmol of 
putrescine and 0.017 mmol of spermidine per gram dry weight of cells, which 
correspond to concentrations in the intracellular fluid of 19 and 6 mM, 
re~pectively~’~. In animals, spermine is the more commonly found polyamine, 
seminal fluid and the prostate gland being particularly rich in this 
The concentration of spermine in human seminal fluid is given as 12-14 mM and in 
human prostate as 0.023 mmol per gram of fresh tissue, brain and ovary 
containing only small amounts. 

Polyamines are associated with nucleic acids in animal tissues; spermidine, for 
example, is bound to cell structural elements in amounts capable of neutralizing a 
large fraction of the phosphate groups of RNA325. Various roles have been 
attributed to polyamines, generally related to their interaction with polynucleotides. 
There is also abundant evidence for an elevated excretion of these compounds in 
some forms of cancer, and of abnormal levels of spermidine in the serum of cancer 
 patient^^^"^^'. 

Important contributions to an understanding of the biosynthesis of these amines 
have been made by Tabor et who showed that the carbon chain of putrescine 
is incorporated into spermidine in E. coli cells, precursors of putrescine being the 
amino acid ornithine, and agmatine, the decarboxylation product of arginine. 
Greene329 had shown that in spermidine synthesis the propylamine moiety was 
derived from methionine, but the more immediate precursor of this group was 
established as the decarboxylated derivative of S-adenosylmethionine, namely 
S-adenosyl-(5’)-3-methylthiopropylsmine 5330. The transfer of the propylamino 
group is shown below, 5’-methylthioadenosine 10 being a further product of the 
reaction. 

+ 
N H2 (CH2 14 N H2 -t Adenosine - S - CH2 CH2 CH 2N H2 - 

I 
(83) CH3 

(5) 
NH2(CH2)4NH(CH2)3NH2 + CH3- S-Adenosine + H’ 

(84) (10) 

Spermidine can itself act as the acceptor in a second propylamino group transfer 
from decarboxylated S-adenosylmethionine, yielding spermine and 5‘-methy1- 
thioadenosine: 

+ 
NH2 (CH2)4NH(CH2)3NH2 + Adenosine - S-CH2CH2CHzNHz ---+ 

I 
CH3 
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These reactions have also been established as accounting for the presence of 
spermidine and spermine in the rat prostate gland331.332. 

.The enzyme S-adenosylmethionine decarboxylase, which generates the initial 
propylamine donor, has been ytudied in some detail. It is widely distributed, with a K, 
value forthesubstrateof4 x  s sot hat inmost organsitsactivityisnotlimitedbythe 
concentration of availables-adenosylmethionine. The enzyme has also been identified in 
E .  coli, yeasts, and plants333. i t  shows a high degree of specificity towards its substrate333, 
being unable to decarboxylate the (+)-diastereoisomer of S-adenosylmethionine. its 
a-hydroxy analogue, or related compounds such as S-methylmethionine and 
S-inosylmethionine. Putrescine is an activator of the d e c a r b o x y l a ~ e ~ ~ ~ . ~ ~ ~ ,  while thiole 
and carbonyl reagents are inhibitors, the latter interacting with pyruvic acid bound to the 
enzyme as a c o f a ~ t o r ~ ~ ~ .  

Another potent inhibitor is an antileukaemic agent, methylglyoxal 
bis(guany1hydrazone) 86, which exerts antiproliferative effects on  various 
experimentally induced turnours. This compound produces a 50% inhibition of the 
decarboxylase from human prostate at  concentrations as low as M, although 
the enzyme from E. coli is relatively unaffected336. 

H2N, ,NH2 

HN ’ I . N H  
,CNHN=CHC =NNHC, 

CH3 

(86)  

Recent work on the distribution of S-adenosylmethionine decarboxylase activity 
in various mammalian tissues indicates that, through its participation in spermidine 
and spermine biosynthesis, i t  plays an important role in the development and 
function of the brain and is in some way linked to the action of hormones, in 
particular those concerned with lactation. 

Decarboxylated S-adenosylmethionine has some activity as a methyl donor for 
the homocysteine S-methyltransferase of yeastLs4. It serves as a weak inhibitor of 
other methyltransferases, and this may mean that S-adenosylmethionine 
decarboxylase has a regulatory effect on methylation reactions, not only by 
removing the methyl donor substrate but also by actively depressing them. 

Much less is known about spermidine synthase which catalyses the propylamino 
group transfer from decarboxylated S-adenosylmethi~nine~~~-~~~. In rat brain. at  
least. there is evidence that the second propylamino group transfer to form 
spermine is brought about by a separate enzyme338. 

4. Cleavage to 5‘-methy/t~ioadenosine 

The third type of bond fission in S-adenosylmethionine (at site C, see ’Figure 1) 
leads to loss of the a-amino-n-butyryl moiety, yielding 5’-methylthioadenosine 10. 
This nucleoside has been recognized for a long time to be a minor constituent of 
yeast  extract^^^^.^^^^. although its biochemical significance remained obscure until it 
was found to behave as a precursor of methionine in yeast3“. and its enzymic 
formation from S-adenosylmethionine was demonstrated in Arrobactrr n e r o g ~ n e s ~ ~ ’  
and in yeadJ3 .  

The enzyme responsible for the formation of 5’-methylthioadenosine. 
S-adenosylmethionine lyase. catalyses the displacement of the C(4) group as 
a-amino-y-butyrolactone 29. which is a hydrolysed non-enzymically to homoserine 
30. the overall reaction being analogous to the decomposition of 
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Adenosine , + y 3  

o//c\ ,CH2 

CH20H 
I 

- I  
CHNH2 
I 

H ~ O  CH2 ri:: s\9 
O-L CH2 

H’ ‘ NH2 (10) L!;””’ C02H 

I -  5’-Methylthioadeiiosine + 0 I I 

(4 ) (29) (30) 

S-methylmethionine by a corresponding lyase (see Section IV.B.1). M ~ d d ~ ~ ~  
proposed that the reaction proceeds by an intramolecular attack of the carboxyl ion 
on the electrophilic carbon atom adjacent to the sulphonium group. An alternative 
mechanism is possible, involving an elimination reaction rather than a substitution, 
and giving rise to S’methylthioadenosine and 2-amino-3-butenoic acid as initial 
products, by analogy with the known enzymic decomposition of 
dimethyl-P-propiothetin to dimethyl sulphide and acrylic acid (Section IV.A.1). 
However, M ~ d d ~ ~ ~  has reported that this latter reaction does not occur. 

have reported the presence of an enzyme in E. 
coli which catalyses the transfer of the a-amino-n-butyryl group of 
S-adenosylmethionine to uridine residues in tRNA. giving 3-(a-amino-n- 
butyry1)uridine. As in the above intramolecular reaction, S’methylthio- 
adenosine would be an expected reaction product, although it does not appear to 
have been identified in this case. 

In bacteria, 5’-methylthioadenosine is further metabolized by rapid enzymic 
hydrolysis to give adenine and S’ - rne thyl th ior ib~se~~~,  serving as the substrate for a 
nucleosidase which also acts on S-adenosylhomocysteine to form adenine 
and * S-ribosylhomocysteine (Section 1V.C. 1)98.147. The hydrolysis of 5’- 
methylthioadenosine does not apparently take place readily in yeast, and for this 
reascIn might be expected to accumulate in the cells in appreciable quantities. That 
this does not happen is explained by the rapid utilization of the compound for the 
resynthesis of S-adenosylmethionine, as observed in the yeast Cmidida ~ t i l i s ~ ~ . ” ~ .  
As discussed in Section III.D.2, a regenerative pathway for the sulphonium 
compound in bacteria is possible, involving methanethiol as an intermediate. This is 
shown as the cycle in Figure 5, which provides a means of recovery of the utilizable 
fragments of the S-adenosylmethionine molecule additional to that already 

More recently, Nishimura ef 

\Methonet hid 

FIGURE 5.  Regeneration of S-Adenosyl- 
methionine in bacteria via 5’-methylthio- 
adenosine formation (Ad = adenosyl). 
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described for animals and microorganisms in Figure 2, and which can also recycle 
the 5’-methylthioadenosine formed as a by-product of polyamine synthesis. 

An interesting and related aspect of S-adenosylmethionine metabolism is the role 
of the sulphonium compound as a precursor of ethylene in plants346, which it shares 
with S-methylmethionine (see Section 1II.C). Ethylene generated by plant organs is 
derived from carbon atoms 3 and 4 of ~ n e t h i o n i n e ~ ~ ’ . ~ ~ ~ ,  the formation of the olefin 
being one of the main pathways of methionine metabolism in apple To 
account for the continued production of ethylene from the relatively low 
concentrations of methionine in apple, Baur and Yang3j9 suggested that a recycling 
of the sulphur of the amino acid must take place. 

Incubation of methionine with pieces of apple tissue gave 5’-methylthioribose as 
the main product, together with smaller quantities of 5‘-methylthioadeno~ine~~~. 
This takes place only in climateric tissue, which also actively converts the amino acid 
into ethylene, but it does not occur in immature or preclimacteric tissue which is 
unable to produce ethylene. The tissue rapidly converts 5’-methylthioadenosine into 
S’-methyf~hioribose, explaining the sma!l amounts of the former compound found. 
Radioactive iabdiit-ig expcririienis have subsequently shown that the thiomethyl 
group of methionine is transferred intact to the two metabolites. The most likely 
mechanism to explain these findings is that methionine is first activated to 
S-adenosylmethionine, the a-amino-n-butyryl moiety of which is the source of 
ethylene. The sulphonium compound is split to 5’-methylthioadenosine, which is 
then hydrolysed to the corresponding ribose derivative. Recycling of the sulphur 
fragments may then take place by the scheme shown in Figure 5.  

In his most recent work, Yang305a has shown that the a-amino-n-butyryl moiety of 
S-adenosylmethionine gives rise to  1-aminocyclopropane-1-carboxylic acid, most 
probably as a result of a y-elimination coupled with the elimination of an 
a-hydrogen atom, leading to the formation of a cyclopropane ring. This amino acid, 
already known for some time to be a constituent of ripe fruits, readily breaks down 
oxidatively to yield ethylene in a wide range of plant tissues, and would appear to 
be the immediate precursor of ethylene originating from methionine in plants350b. 
The conversion of S-adenosylmethionine to 1 -aminocyclopropane-1 -carboxylic acid 
is the rate-limiting step in ethylene biosynthesis by this pathway, and a further 
finding of great significance is that the plant hormone auxin, or indol-3-ylacetic 
acid, which stimulates ethylene production, does so by inducing the synthesis of the 
enzyme catalysing 1 -aminocyclopropane-1 -carboxylic acid formation350c. 

5. Other metabolic roles 
An account of the biochemistry of S-adenosylmethionine would not be complete 

without reference to some of the many roles the compound plays in other aspects 
of metabolism but which have not as yet been fully explored. For example, there is 
accumulating evidence that S-adenosylmethionine participates in the synthesis of 
the vitamin biotin by virtue of its ability to act as an amino group donor. The 
conversion of 7-keto-8-aminopelargonic acid into 7,8-diaminopelargonic acid, a 
precursor of desthiobiotin. occurs by an aminotransferase reaction in which 
S-adenosylmethionine is a s~bstrate”’-’~’. 

The sulphonium compound is also involved as an activator in several complex 
enzymic reactions in which it is thought to act as an allosteric effector. These 
include the so-called phosphoroclastic reaction, or the conversion of pyruvate into 
acetyl phosphate and formate. catalysed by Fyruvate-formate lyase354.3ss. the action 
of lysine 2,3-diaminomutase. which catalyses the conversion of L-lysine into 
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~ - P - l y s i n e ~ ~ ~ . ~ ~ ' ,  and also the terminal step in the de novo synthesis of methionine, 
namely the methylation of homocysteine by N(s)-methyItetrahydrofolate (22). These 
reactions are catalysed by enzymes containing bound iron or cobalt ions, and 
S-adenosylmethionine may be concerned in the stabilization of the metal ions 
within the prosthetic groups. In the pyruvate-formate lyase reaction, it appears that 
the sulphonium compound converts an inactive form of the lyase to the catalytically 
active form. It  has been suggested that this takes place through the transient 
adenosylation of a further iron-dependent enzyme functioning as the converter 
enzyme3s8. 

The role of S-adenosylmethionine as an activator of cystathionine synthase is of 
potential significance in the control of sulphur utilization in the 
S-Adenosylmethionine in this situation may be acting as. a precursor of 
S-adenosylhomocysteine, which Finkelstein er af .360 have shown to activate partially 
purified preparations of cystathionine synthase from rat liver. Since the latter 
compound is an inhibitor of betaine:homocysteine methyltransferase in liver (a key 
enzyme in the mobilization of dietary methyl groups), it is capable of altering the 
partition of tissue homocysteine between methionine synthesis on the one hand and 
cysteine synthesis, leading t o  the formation of taurine and inorgnaic sulphate, on 
the other. 

Another role of S-adenosylmethionine which needs further study is its connection 
with threonine metabolism, the sulphonium compound stimulating the breakdown 
of 0-phosphothreonine to the free amino acid by an enzyme present in the leaves 
of sugar beet361. In addition to inhibiting methyltransferases indirectly by acting as 
a source of S-adenosylhomocysteine, S-adenosylmethionine also controls the action 
of a number of other enzyme systems. It interacts with pyridoxal 5-phosphate and, 
in v i m  at least, can cause inhibition of pyridoxal 5-phosphate-requiring enzymes, 
such as tyrosine a m i n o t r a n ~ f e r a s e ~ ~ ~ .  This type of action may contribute to the 
growth inhibition of yeast caused by the presence of high concentrations of 
methionine, when there is an over-production of S-adenosylmethionine. 

D. S-Adenosylethionine 
S- Adenosylmethionine and its parent amino acid. ethionine, are structural 

analogues of S-adenosylethionine and rnethionine, respectively. Some years ago 
apparently convincing evidence was presented for the presence of ethionine in at 
least four bacterial species363, as well as for the synthesis of the labelled amino acid 
from radioactive inorganic sulphate in these organisms364, and this gave grounds for 
believing that S-adenosylethionine might likewise be a normal cell constituent. 
However. the natural occurrence of ethionine has not so far been confirmed by 
other workers; indeed, Lederer and coworkers365 have refuted its existence in 
bacteria. Ethionine and consequently S-adenosylethionine must still be regarded as 
artifacts, although this in no way diminishes their significance as research tools in 
metabolic studies. 

Ethionine was first synthesized in 1936 by Dyer3", who found the compound to 
be highly toxic to rats, inducing a cessation of growth, the development of fatty 
livers. and kidney damage. generally leading to the death of the animal. These 
effects were partially reversed by the  subsequent addition of methionine or choline 
to the diet, and were prevented completely when both rnethionine and ethionine 
were fed together. This established that ethionine was acting as a metabolic 
antagonist of methionine. and at the time the inference was drawn that the 
metabolically essential methyl group supplied by dietary rnethionine cannot be 
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replaced by the ethyl group. Further studies have shown that prolonged 
administration of ethionine to animals induces liver carcinoma367. Other effects 
produced by administration of the compound include changes in the lipid 
composition of the blood, degenerative changes in certain organs. such as the 
pancreas, also hypoglycaemia, and an inhibition of protein s y n t h e s i ~ ~ ~ ~ . ~ ~ ~ .  The 
sequence of events following an injection of ethionine in animals has been well 
described by Farber et a/.370: and commences with the development of an acute 
deficiency of ATP, then a marked inhibition of RNA synthesis, followed by an 
inhibition of protein synthesis. This in turn is followed by an accumulation of lipids 
in the liver, the release of triglyceride alkanoic acids being impaired. 

The mode of action of ethionine is obviously more complex than was originally 
thought, and it seems likely that it exerts multiple biochemical effects in the whole 
organism through a number of different mechanisms. Certain of these effects may be 
attributed to the action of ethionine per  se. Thus the compound is known to take 
part in protein synthesis and to  be incorporated in place of methionine in 
polypeptide chain f ~ r m a t i o n ~ ~ ' - ~ ~ ~ .  In Bacillus subtilis ethionine was shown to be 
capable of replacing 40% of the methionine residues in a - a m y l a ~ e ~ ~ ~ .  This did not 
significantly alter either the physiochemical or the catalytic properties of the 
enzyme; nevertheless, it has yet to be established whether other ethionine-containing 
proteins behave in the same way as  their normal counterparts. 

Ethionine administration to animals causes marked decreases in the activities of 
various tissue enzymes, including choline and xanthine oxidases, threonine 
dehydrase, and g lu~ose-6-phosphatase~~~.  This may be partly a reflection of the 
ability of ethionine to inhibit protein synthesis (see Section 1V.D. l), although there 
may be other contributory causes. Ethionine also inhibits tRNA methylation in rats 
and bacteria, leading to the production of submethylated tRNA376*377. 

Cleland378 has observed a number of effects produced by ethionine on plant 
tissues. The ethyl compound strongly inhibited the transfer of methyl groups to the 
coleoptile cell-wall material of oats (A venasativa), and counteracted the ability of auxin 
to enhance the rate of methylation. It also caused an immediate suppression of tissue 
elongation in this plant. Other effects of ethionine derive from its conversion into 
S-adenosylethionine, which is discussed in the next section. 

I. Biosynthesis 
Following the recognition of methionine S-adenosyltransferase as the enzyme 

responsible for the formation of S-adenosylmethionine from methionine, purified 
preparations of the enzyme were also found to act on ethionine as the 
~ u b s t r a t e ~ ~ . ~ ~ ~ . ~ ~ ~ ,  although the reaction with ATP occurs at about half the rate of 
activation of m e t h i ~ n i n e ~ ~ l .  Proof that the two amino acids are substrates of the 
same enzyme is indicated by the ability of ethionine to act as a strong competitive 
inhibitor of S-adenosylmethionine synthesis by the rat liver enzyme3s2. 

Parks383 was the first to isolate S-adenosylethionine. using as the source cultures 
of S. cerevisiae grown in the presence of L-ethionine. Yeasts. contaiiriiig an active 
methionine S-adenosyltransferase, constitute an excellent organism for the 
preparation of this sulphonium compound5'.HN. S. cerevisiae gives high yields of 
S-adenosyl-L-ethionine (up to 100 pmol/g dry weight of cells) when supplied with 
L-ethionine at a concentration of 5 pmol/ml of culture medium. Under these 
conditions. C. utilis produces 30-40 pmol/g dry weight of cells. For the  preparation 
of S-adenosyl-D-ethionine. the latter yeast is the preferred source. accumulating up 
to 35 pmol of the compound per gram dry weight of cells, or more than seven 
times that accumulated by S. ccrcwisiae. 
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When ethionine is injected into animals there is a rapid accumulation of 
S-adenosylethionine in the liver3xXJ. For exampie, Steko1381 showed that three hours 
after an injection of 1.7 lmol  of ethionine per gram body weight into young rats. 
the livers contained 3.1 pmol of the sulphonium compound per gram of fresh tissue, 
compared with the formation of 0.4 pnol of S-adenosylmethionine per gram of 
tissue from an equimolar amount of methionine. Six hours after the oral 
administration of ethionine to partially hepatectomised rats, the concentration of 
S-adenosylethionine in the liver may rise to as much as 3040 times that of 
S-adenosylmethionine after the feeding of methionine3xs. These values indicate the 
rapid withdrawal of the naturally occurring S-adenosylmethionine for normal 
metabolic needs and the relatively slow metabolism of the ethyl analogue. 

Exogenously applied ethionine, through its ready conversion into 
S-adenosylethionine, causes a marked fall in tissue ATP levels, particularly in the 
Iive$36.3X7 . This ‘ATP-trapping’ action of ethionine, in addition to reducing the 
supply of ATP for S-adenosylmethionine synthesis, has adverse effects on other 
ATP-requiring processes, one of these being protein synthesis. This has been 
observed in animals, bacteria, and protozoa, and results in turn from a depression 
of the synthesis of RNA370.3*8. The administration of methionine does not seriously 
deplete tissue ATP levels, probably because of the rapid turnover of the 
S-adenosylmethionine produced. 

S ~ h l e n k ~ ~ ~  has shown that small amounts of S-adenosylethionine accumulate in 
yeast when the cells are exposed to ethanethiol. S-Ethy!cysteine and 
5’-ethylthioadenosine are also precursors of the sulphonium compound in C. utilis, 
possibly as a result of being converted into e thane th i~ l ‘~ .~’~ .  

2. Metabolism 

The types of metabolic reaction undergone by S-adenosylethionine resemble 
those previously described for S-adenosylmethionine. There is no evidence. 
however. to indicate the existence of enzymes specific for the ethyl analogue. 
M ~ d d ~ ~ ~  has shown that it serves as a substrate for S-adenosylmethionine lyase, being 
split to 5’-ethylthioadenosine and a-amino-y-butyrolactone, but at 30% of the rate 
of cleavage of S-adenosylmethionine. At high concentrations S-adenosylethionine 
acts as a competitive inhibitor of 5‘-methylthioadenosine formation from 
S-adenosylmethionine. The ethyl compound is a poor substrate for 
S-adenosylmethionine d e c a r b o ~ y l a s e ~ ~ ~ .  although as with S-adenosylmethionine. 
decarboxylation is markedly enhanced by putrescine. 

There is accumulating evidence that S-adenosylethionine can act as a substrate for 
a number of methyltransferases, giving rise i~ ethylated metabolites. However. their 
formation is often appreciably slower than that of the naturally occurring methyl 
compound~39~.  Homocysteine S-methyltransferase is one of the least specific of the 
methyltransferases. and the enzyme from S. cerevisine can utilize the ethyl analogue 
almost as effectively as S-adenosyl-L-methionine itself1”.383. Ethionine is a product 
of the reaction: 

S-Adenosylethionine + Homocysteine -+ S-Adenosylhomocysteine + Ethionine 

S-Adenosylethionine also proved to be as effective as S-adenosylmethioninc in the 
S-alkylation of foreign thiols, such as 0-methylmercaptoethanol. by a 
methyltransferase from rat liver r n i c r o ~ o m e s ~ ~ ~ .  

Experiments in which labelled ethionine was fed to animals established that the 
ethyl group can be transferred to form the ethyl analogues of choline and 
creatine3”. The normal methylation reaction giving rise to choline is significantly 
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depressed at  the same time, owing to competition between methionine and 
ethionine for the same enzyme systems394. The ethyl analogue of choline is, 
incidentally, an inhibitor of growth in rats395. Presumptive evidence for 
S-adenosylethionine as an ethyl donor came from the finding of Tuppy and 
D u ~ ~ ~ ~  that, in pig liver homogenates, ethionine alkylates glycocyamine to 
N-ethylglycocyami;ie, provided that ATP is present. Later, Winnick and WinnickIg5 
were able to  show directly that S-adenosylethionine N-ethylates histidine and 
carnosine in the presence of chick muscle extracts. The utilization of 
S-adenosylmethionine and S-adenosylethionine by common enzymic pathways was 
demonstrated by Stekol er ~ 7 1 . ~ " ~  who showed that each sulphonium compound 
depresses the utilization of the other in the alkylation of the precursors of choline 
and creatine in rat liver preparations. This is further confirmed by the ability of 
S-adenosylethionine to inhibit the methylation by S-adenosylmethionine of lysine 
and arginine residues in histones, catalysed by protein methyltransferases from rat 

Numerous studies have also established that the ethyl group of ethionine 
administered to animals appears in RNA and DNA398.399. Again, 
S-adenosylethionine has been shown to be the direct donor400 and to inhibit 
competitively the methylation of DNA by S -adeno~y lme th ion ine~~~ .  The injection 
of [14C-efhyl]-labelled ethionine into rats leads to the appearance of the labelled 
ethyl group in DNA and RNA as 7-ethylguanine  residue^^^'.^^*. Pegg402 produced 
evidence that the ethylation of tRNA which takes place in the livers of rats treated 
with ethionine is, a t  least in part, mediated by tRNA methyltransferases, although 
the distribution of the resulting ethylated bases is different from that found for the 
normal methylated bases. Thus, N(2)-ethylguanine, N(2),N(2)-diethylguanine, 
N(2)-ethyl-N(2)-methylguanine, 7-ethylguanine, and two N-ethylpyrimidines were 
identified as constituent bases. However, whereas the normal methylation of tRNA 
gives rise to 1-methyladenine and 1-methylguanine as major components, 
the two corresponding ethyl derivatives are not found in tRNA from ethionine- 
treated animals. This selective ethylation of tRNA base residues confirms earlier 
findings by Rosen403. 

Experiments carried out in vitro with submethylated tRNA from E. coli K12 
confirmed that rat liver methyltransferases catalyse the transfer of the ethyl group 
from S-adenosylethionine to yield residues of N(2)-ethylguanine and traces of 
N(2)JV(z)-diethylguanine, 7-ethylguanine, and ethylated pyrimidines, the rate of 
ethylation being only one twentieth of the rate of methylation by 
S-adenosylmethionine. Apparently S-adenosylethionine is not a substrate for the 
methyltransferases concerned in the formation of 1 -methyladenine and 
1-methylguanine residues. 

A proportion of the ethylation associated with ethionine administration or the in 
vitro treatment of tRNA with S-adenosylethionine may, however. take place by a 
mechanism not involving the action of methyltransferases. and there is supporting 
evidence for this from other w ~ r k e r ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ .  This alternative reaction is thought to 
account for the formation of 7-ethylguanine residues, and it is of particular interest 
that the position of guanine is also the preferred site for the action of other 
chemical alkylating agents. for example, dimethylnitrosamine (see Section IV.C.2). 
a number of which are carcinogenic406. 

S-Adenosylethionine acts in vitro as an  effective competitive inhibitor of the 
methylation of submethylated tRNA from E. coli K12 by animal and bacterial 
methyl t ransfera~e~"~.  Moreover. this is manifested as a preferential inhibition of the 
methylation of adenine and cytosine residues by S-adenosylmethionine. the uracil 
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and guanine methyltransferases being more resistant to  the inhibitoflo8. This 
contrasts with the effect of ethionine, also an inhibitor of tRNA methylation a s  
referred to  earlier. which appears to  oppose selectively the methylation of uracil 
residuesJoy. S-Adenosylethionine is also an inhibitor of the D N A  modification 
methyltransferases and restriction e n d o n u ~ l e a s e s ~ ~ ~ .  

I t  is not yet possible to  connect the carcinogenicity of ethionine with any o n e  of 
the mechanisms by which it acts a s  an antagonist of methionine, for example its 
replacement of methionine in proteins, its ATP-trapping action, ethylation of bases 
in nucleic acids, o r  induction of submethylated nucleic acids. However, its 
biochemical behaviour does lend support to the hypothesis of Borek and Kerr3I1 
that aberrant methylation of nucleic acids is an important event in the development 
of tumours. 

V. MEDICAL AND AGRICULTURAL ASPECTS 
TO complete this account of the biochemistry of sulphonium salts, mention must be  
made of their significance in other aspects of biology, for example pharmacology, 
therapeutics and agriculture. A t  present only a small number of these compounds 
appear t o  have applications in these areas, but they are a far from neglected group 
of substances, judging by the steady reference to  them in journals and the patent 
literature. It will therefore not be surprising if more sulphonium compounds of 
practical value in a biological context emerge in the near i'iiture. 

As mentioned in the Introduction, sulphonium compounds first aroused interest 
biologically through their pharmacological properties when they were found to  
mimic quaternary ammonium salts in exerting a curare-like action on skeletal 
muscle, causing paraly~is l -~.  T h e  ability t o  block neuromuscular transmission by one 
of several mechanisms is a property of many quaternary ammonium salts including 
members of the polymethylenebis(trialkylammonium) series, such as hexameth- 
onium and decameth6nium. which are  widely used as drugs. Their sulphonium 
analogues, hexamethylene-l,6-bis(dimethylsulphonium) and decamethylene-1,lO- 
bis(dimethylsulphonium) halides, respectively, also act in a similar manner, 
although they are generally less potentJI0."'l. With this type of compound the 
number of methylene groups present in the chain determines the nature of the 
pharmacological activity as  well as its potencyJ". 

O the r  effects produced by quaternary ammonium salts and likewise by their 
sulphonium analogues are a reduction in blood pressure (due to their ability to  
block neural transmission in the sympathetic nervous system), antihistamine 
activity, and the inhibition of gastric and salivary secretion. Several 
monosulphonium salts, e.g., trimethylsulphonium. alkyldimethylsulphonium, and 
alkyldiethylsulphonium halides, show anticholinesterase, activity which increases 
appreciably in ascending the series CH3 to  C5H11. Replacement of methyl by benzyl 
gives a n  even greater increase. Among the monosulphonium compounds. 
2-phenylethyldimethylsulphonium iodide shows a strong sympathomimetic effect. 
Two other  compounds of this type are thiospasmin [ 2-(phenylcyclohexyl- 
acetoxy)ethyldimethylsulphonium iodide] 87 and hydroxythiospasmin 88. Thio- 
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spasmin has strong spasmolytic properties! that is, it acts as a muscle relaxant, 
and appears to be more effective than currently available nitrogen-containing drugs 
used for this purposeJ13. The hydroxy derivative is less toxic than thiospasmin 
itseIfJl4, and both compounds reduce gastric and salivary secretion in man. 

Sulphocholine (2-hydroxyethyldimethylsulphoniu~n salt) 27 is a substrate for 
choline acetyltransferase, and its 0-acetyl derivative, the sulphonium analogue of 
acetylcholine, is hydrolysed by cholineesterase. Sulphocholine resembles choline 
in many of its pharmacological propertiesJI5. The ester, succinylbis-(sulpho- 
choline dibromide 89, actively blocks neuromuscular transmission, but is 
longer acting than succinylcholine and is less toxic than its nitrogen a n a l o g ~ e ~ ~ ~ ~ ~ l ~ .  

Several reports suggest that sulphonium compounds containing 2-chloroethyl 
groups have a cytostatic action in experimental animals when given by injection. A 
pronounced inhibitory effect on the development of Ehrlich carcinoma in mice, as 
well as of other tumours in rats and mice, has been claimed for 
tri(2-chloroethyl)sulphonium chloride and for alkyldi(2-chloroethyI)sulphonium 
 halide^^^^.^". 

Turning to the naturally occurring sulphonium compounds, S-adenosylmethionine 
exerts indirect pharmacological effects of a profound nature as a result of its 
participation in the biosynthesis and further methylation of biogenic amines, as 
discussed in Section IV.C.l. It has also been found to reduce the cholesterol 
content of the blood. This may be related to its ability to mobilize phospholipids 
through the rapid methylation of phosphatidylethanolaniine to lecithin. 
S-Adenosylmethionine does have direct effects on tissues, although these have not 
yet been exploited to any extent. For example, when injected together with glucose 
into dogs, i t  shows adrenaline-like characteristics in raising the blood sugar level 
more than does glucose alone, and the level subsequently declines less rapidly. 
Tests on laboratory animals show S-adenosylmethionine to have anti-inflammatory 
and analgesic propertiesJz0. The aggregation of blood platelets which normally 
follows the addition of ADP to platelet-rich plasma was found to be completely 
inhibited by S-adenosylmethionine irz vifro. The effect in the whole animal, 
although short-lived, was without side effects and could be of possible use for the 
prophylaxis and treatment of vascular thromboses-”’. 

Dimethyl-P-propiothetin exhibits no outstanding pharmacological properties, but 
its methyl ester has a high degree of activity ip stimulating the parasympathetic 
nervous system. Thetin esters of the type R’R”SCH2CHzCOOR I-. where R, R’, 
and R” are alkyl groups, are reported to show higher muscle relaxant and 
anti-acetylcholine activity than structurally analogous quaternary ammonium 
compounds. 

In recent years there has been a spate of reports on the therapeutic properties 
of S-methylmethionine. I t  was found in 1955 that the development of 
experimentally induced gastric ulcers in guinea pigs could be prevented by the oral 
administration of extracts from cabbage leaves. and the factor responsible was 
named ‘vitamin V4”. Further workJz3 suggested that the anti-ulcer factor was 
identical with S-methylmethionine. already established as a constituent of 
cabbage3I. S-Methylmethionine given by mouth to various animal species has since 
been shown to exert a preventive action against the development of gastric ulcers 
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induced by pyloric ligation, the administration of arsenic compounds, food 
deprivation, the injection of histamine, or stress42J428. This property of the 
sulphonium salt is not shared by other closely related compounds; methionine in 
particular has no alleviating effect on such ulcers. The effective dosage rate for 
S-methylmethionine is 0.5-1 g of the chloride per kilogram of body weight per day 
over a 14-day period. At this level the compound reduces peptic activity without 
affecting the pH or the free acidity of the gastric juiceJ28. I t  also enhances the rate 
of healing of ulcers produced by the ingestion of acetic acid, and its 
anti-inflammatory properries afford protection against lesions of the  gastric mucosa 
caused by large doses of aspirin429. The anti-ulcer activity of S-methylmethionine 
has been the subject of several  review^^^^.^^', and a number of patents have been 
filed for its use in the treatment of gastric ulcers and other gastric disorders. 

S-Methyimethionine is also ciaimed to stimulate skin regeneration and the 
healing of wounds in experimental animaIs432,433. When given by injection to guinea 
pigs it appeared to increase the formation of antibodies to protein allergen from 
horse serum, and given orally i t  was found to lower t h e  permeability of skin 
capillaries and to potentiate the anti-inflammatory effects of small doses of 
aspirin429. Daily injections given to rats at a level of 28 mg of the chloride per 
kilogram of body weight are reported to raise the number of circulating blood 
platelets by 30% with no significant effect on the leucocyte count. Furthermore, 
intramuscular injections of the compound seem to  be effective in the alleviation of 
acute neuralgia, arthritis, and rheumatism in patients43J. Its ability to increase the 
survival of X-irradiated mice has been linked with a protective effect against 
degeneration of the intestinal mucosa resulting from radiation damageJ35. 

Another feature of the seemingly limitless therapeutic activity of 
S-methylmethionine, and one which may have some bearing on its anti-ulcer 
properties, is its effect on blood cholesterol levels. It has been found that the serum 
cholesterol content of rats injected with the compound are lower than those of 
control animals4". The blood bilirubin level is also lowered in humans437. When 
administered intravenously, S-methylmethionine has a preventive effect against 
dietary hypercholesteraemia in rabbits438. This seems to be a fairly specific action, 
for dimethyl-y-butyrothetin, which lacks the u-amino group, is less effective and 
methionine has negligible activity. Doses of 20 mg of S-methylmethionine chloride 
per day given orally to rabbits fed for 30 days on a diet containing 0.4 g of 
cholesterol per day prevented the rise in blood cholesterol and the development of 
atherosclerosis. S-Methylmethionine is therefore a sulphonium salt which could 
have widespread clinical applications in the future. 

So far, sulphonium compounds have made relatively little impact as agricultural 
or horticultural chemicals. A number of patents describe sulphvnium salts with 
insecticidal activity, for example various arylmethylphenacylsulphonium 
tetrafluoroborates for the control of corn root worms (Diabrotica species), and 
benzyldimethylsulphonium and p-nitrobenzyldimethylsulphonium tetraphenylborates 
for use as nematocides. Metcalf and coworkersJ3' found that the introduction of a 
sulphonium group into the insecticide 00-diethyl  S-2-ethylthioethylphosphoro- 
thiolate by its conversion into the corresponding methosulphate increased the 
anticholinesterase activity 100-fold, and yielded a compound with high systemic 
activity against insects infesting the cotton plant. 

In the field of fungicides, a number of ethylenebis-sulphonium bromides, e.g. 
compound 90, are claimed to control soil-borne pathogens. such as Pyrhium 
ultjmum, which attacks pea seedlings. 2-Hydroxyethylsulphonium methylsulphates 
of structure RCH3SCH2CH20H CH3S0Y. where R = C ~ - C I O  n-alkyl. are also 
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C S ~ C H ~ C H Z H ~  2Br- 

(90) 

reported to be fungicides with low phytotoxicity and to control pea rust almost as 
effectively as the commonly used dithiocarbamate maneb. 

Since a number of quaternary ammonium and phosphonium halides are widely 
used as plant growth regulators. i t  might be expected that sulphonium salts would 
show similar properties. Numerous patents, in fact, claim plant growth regulatory 
activity for alkyldimethylsulphonium salts, which are said to induce stimulation of 
leaf growth, hasten fruit ripening and abscission, and increase the flow of latex 
from rubber trees. Similarly, isopropyldimethylsulphonium bromide has been 
reported to increase the crop yield of wheat and barley when given as a spray 
treatment, while 2-bromoethyldimethylsulphonium bromide enhances the 
respiration of potato plants and aids in frost protection440. 

Several dialkylethylsulphonium iodides, including 2-chloroethyldimethyIsul- 
phonium and 2-hydroxyethyldimethylsulphonium iodides, when applied to the soil 
after sowing, have been claimed to  reduce the height of wheat plants to a greater 
extent than the well known growth retardant chlormequat (2-chloroethyltrimethyl- 
ammonium chloride). In a survey of the plant growth regulator activity of a 
wide range of onium salts, Wain and coworkersJ4' tested the effects on wheat, pea, 
and dwarf bean seedlings of fourteen sulphonium bromides added to the soil o r  
to the nutrient culture solution. Benzyldimethylsulphonium bromide and the corre- 
sponding mono- and dichlorobenzyl compounds reduced plant height, particularly 
in the case of wheat, but were phytotoxic and also suppressed root growth. Various 
benzyldi-n-butylsulphonium bromides at  concentrations as low as M also caused 
dwarfing of wheat plants and produced other abnormalities akin to those associated 
with the action of the growth retardant maleic hydrazide. Allyldimethylsulphonium 
bromide brought about a reduction in stem internode length with no serious side 
effects, although this compound was less effective on a molar basis than the corre- 
sponding quaternary ammonium analogue or chlormequat itself. 

Among other miscellaneous effects of sulphonium compounds may be mentioned 
the possible use of triphenylsulphonium chloride as a soil conditioner. When 
applied to the soil surface it is reported to improve the tilth and to lead to an 
improved germination of lettuce, peas, oats, and other crops. When used as a foliar 
spray, i t  was found to aid control of iron chlorosis o n  the foliage of roses, pears, 
and lemons. The sulphonium compound appears to mobilize iron in the plant under 
conditions when it  is in a form unavailable for chlorophyll synthesisjj'. 
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